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The accumulation of the facts of science, as well as the interpretation,
evaluation, and application of these facts, is a continuing process. It
must follow, then, that the teaching of science cannot remain a static
procedure and that new texts of science must from time to time be
written.

This textbook of botany represents the authors’ ideas of some of the
gradual changes in objectives, content, emphasis, sequence, and pro-
cedure in general botany that are necessary to incorporate eff=ctively
appropriate new discoveries in science and their various applications
to human welfare. For anyone to assume that these features of general
botany are already standardized is to close one’s eves to the continual
increase of new material available for general bOfdl]V courses as well
as to a scientific consideration of the problems of teachmg.

Present-day Dotanists, morcover, cannot escape responsibility for
some share in a general educational program for students and laymen.
Many students of diverse interests elect general botany as their sole
requirement for a course in science; a smaller number will enroll
because of a desire for special training in the subject, still others merely
because it is one of the science requirements in the college program.
We cannot meet our obligations to these students merely by insisting
that they memorize what scientists have discovered or by trying to tell
them what the scientific method is and what may be accomplished
by it. For the scientific method to become meaningful and a habit of
procedure, the students must experience it repeatedly and see it ex-
emplificd as a normal part of classroom procedure as well as a fait
accompli in the literature they are required to read.

As all botanists are fully aware, plants are complex systems influenced
by and in turn influencing other systems of their immediate environ-
ment, both animate and inanimate. There can be no clear appreciation
of the fundamental interrelations among these dissimilar systems with-
out some basic knowledge of the organization of the structures and the
nature of the processes inherent in them. In short courses in totany
much of the time in the classroom must necessarily be devoted to acquir-

vii
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ing this preliminary background. For that reason we have included in
the textbook numerous discussions of various kinds of interrelations for
further consideration outside of class.

Botany is primarily a concrete science and is most effectively ap-
proached through a first-hand study of plants. We have found class dis-
cussions while observations are being made a most satisfactory ap-
proach. A workbook is available as a convenient aid in some of the class
periods and as a means of further suggestions for work outside class
periods. The textbook has been written primarily to supplement what is
observed and discussed. It is intended to help students review, organize,
amplify, and correct their own observations, inferences, and ideas,
whether they obtained them first-hand or by hearsay. We have tried to
interfere as little as possible with the teacher who prefers to have stu-
dents observe and discuss plant phenomena before books are consulted.
Nearly every chapter has been written with the assumption that it will
not be read by the student until the instructor thinks that the student’s
own observations and inferences should be supplemented by what is
written. The sequence of topics within a chapter is not always the best
one to follow in observation and oral discussion.

Since there is no fixed standard of knowledge and procedure that one
may rely upon indefinitely and in all circumstances, we have tried to
present a cross section of what appears to us to be in keeping with the
immediate present. We believe that there is a body of basic information,
scientific inferences, and points of view about the plant part of our en-
vironment that is as important a background for students who intend to
major in any phase of plant science as it is for that much larger group
of students who are taking the course in botany as part of their general
education. Our aim has been to help the students organize that back-
ground and appreciate some of the numerous interrelations of plants
and of plants and animals, particularly man. It is of course impossible
to incorporate in a book of this size all the information demanded by
students while they are comparing observations and inferences. Further-
more, some of the information needed is best supplied by the teacher,
either directly or through the assignment of specific observations or
references.

Many general topics are not discussed completely in any one place in
the book, as they are in an encyclopedia. Here only so much of a topic
as is needed is discussed when first introduced. In later chapters further
information is added from time to time as it becomes appropriate.
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The general course may begin at different seasons of the year, when
readily available plant materials may differ greatly. For that reason the
first five chapters contain discussions of materials which are useful in
approaching the study of plants under different conditions. As the back-
ground of information increases in subsequent chapters, the interrela-
tions discussed become more intricate and the student is expected to
participate more and more intelligently in discussions involving a knowl-
edge of structural systems of cells or of whole plants, of sequences of
events in the development of a plant or of the whole life cycle, of the
intimate relations of chromosomes and hereditary factors, of the interre-
lations of physiological processes and development, of physiological
processes and environment, or of a combination of all these phenomena.

Material from all the artificial subdivisions of botany is included not
because we intended to survey the entire field, but because the synthesis
of material from all phases of botany is necessary to give a student a
general perspective of his relations to his plant environment.

In keeping with the scientific attitude we have persistently tried to
maintain a terminology and phraseology consistent with the views of
special students in the various phases of botany, and to avoid language
patterns characteristic of abandoned ideas and interpretations. Proce-
dures in teaching that help students learn to educate themselves by
means of observations accompanied by the drawing and evaluation of in-
ferences necessarily include a concurrent regard of precision in the use
of language. There is no place in these procedures in botany for the
perpetuation of such language patterns as those characteristic of the
carly concepts of the food of plants, of nutrients, of personification and
deification, of structures and processes for this and that purpose, of
stimulus and response, and of statements in which the subject could not
possibly perform the action denoted by the verb. Since the text is to be
used following class discussions, we hope we have not departed too
often from the precision expected of the students.

Another of our aims has been to help students thoughtfully arrive at
reasonable and usable concepts rather than memorize proposed defini-
tions, and to come to the realization that much of our knowledge about
plants is in reality a summation of best inferences, i.e., inferences which
are often referred to as scientific conclusions, principles, definitions,
natural laws, and in many instances as facts. If there is a recognizable
limit to a course in general botany it must be related to the time when
students have learned what can be done with facts, have become accus-
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tomed to a scientific approach, and are able to consider plants from
about as many general points of view as the instructor can, but in less
detail.

The authors are grateful for the criticisms they have received since
the first publication of this book. Many suggestions have been helpful
in clarifying both subject matter and presentation. Suggestions which
would have necessitated departures from our primary aims, such as more
detailed discussions of structures or further analysis of experimentally
unsolved problems, have been accepted by citing references that may
be consulted. We are concerned chiefly with helping general botany
students acquire certain basic facts and an awareness of scientific proce-
dures that they may retain and use throughout life, rather than with
attempting to familiarize them temporarily with all the detailed facts
about plants that specialists know and use in their work. General botany
is not the last course in botany for those who become interested in some
special phase of plant science.

The major changes in the second edition include a comprehensive re-
vision of the index, the correction of errors, simplification of discussions
and terminology, and the inclusion of some new illustrations and ref-
erences, and of new facts and ideas that have been contributed by the
thousands of research workers in the many specialized fields of plant
science.



ACKNOWLEDGMENTS

OO OO OO OO-OCOOOC

The authors are deeply indebted to their associates at The Ohio
State University and Northwestern University, to Dr. O. F. Curtis of
Cornell University, to Dr. C. L. Wilson of Dartmouth College, and to
Dr. W. F. Loehwing of the State University of Iowa for their sym-
pathetic and helpful criticism of the original manuscript.

The illustrations have been secured from many sources, and are
properly credited to those who have furnished the photographs, nega-
tives, and materials from which photographs were made. We are
particularly indebted to the World Book Company for permission to
use some of the drawings and illustrations in the General Botany pub-
lished by them. Through the courtesy of the U.S. Forest Service, the
U.S. Soil Conservation Service, the U.S. Department of Agriculture,
and the New York Botanical Garden, it has been possible to obtain
photographs suitable for illustrating the various vegetation types of
North America and some of the features described in other chapters.
Miss Jane Roller, of Washington, D.C., has made many of the new
drawings. Mr. Eugene B. Wittlake has made some of the diagrams
and most of the photomicrographs. Mr. Gordon Crowl, Mr. Fred
Norris, and Mr. Clyde Jones have made photographs of experiments,
cultures, and some landscapes especially for this book.

The greatest debt of all, of course, is to the thousands of fellow
scientists who cannot be mentioned individually but whose scientific
efforts have supplied humanity with an ever-increasing fund of valuable
data and scientifically evaluated conclusions free for all to use. A rela-
tively few references appear at the end of certain chapters. The in-
structor will be able to add others equally good.

-

. N.
. C.
. H.

’—]cn*—]

Columbus, Ohio
Evanston, Illinois
September 1, 1952

xi






TEXTBOOK OF BOTANY

OCOOOOOOOTOOOOOOCCOOOOOTOOOOOOOOOOOCOOOCTOOOCTOOOCOOCTOOOOOOOOTOC OO






CHAPTER 1

PLANT SCIENCE

OOOOOOOOOODOOOOOOODOOOTOODOODOOODOODOOODOOODOODOODOODOOODOODD

Every animal is in some way dependent upon plants every moment of
its life. One may well begin the study of botany by inquiring into the
ways in which man and other animals of his own community are de-
pendent upon plants and plant products, or are otherwise influenced by
plants. This local survey may be extended into other communities and
geographic regions. If the inquiry is also projected into historic and pre-
historic records one may learn how plants and a knowledge of plants
have played a significant and at times a decisive role in the advance and
decline of civilizations in many parts of the world.

Everywhere man and other animals use plants directly as food, or eat
other animals that feed on plants. Directly or indirectly all animals are
dependent upon plants as the source of food. During the growth of the
animal a part of this food is transformed by physiological processes into
the substances of which the body is composed. A larger part of it is
oxidized within the tissues of the animal, and energy is liberated. As a
result of this liberated energy the temperature of the body of the animal
is often maintained above that of its surroundings, and the animal is
also able to move about and to do other kinds of work.

Through the burning of such plant derivatives as wood, coal, petro-
leum and gas in furnaces or engines man secures light, heat, electricity,
and mechanical energy by which he has been able to modify his immedi-
ate environment, supplement his own ability to move about, and trans-
port materials and supplies wherever they are needed or desired. These
two products of green plants—food substances and chemically bound
energy—are indispensable to all living organisms.

There are also certain substances derived from plants which are essen-
tial to the health and well-being of all animals—for example, the vitamins
and the mineral elements chemically bound in organic compounds.

With the progress of civilization many other plant products have be-
come indispensable or at least highly desirable. From plants we obtain
the materials of which most of our houses are built, finished, and fur-

1
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nished. Much of our clothing is made from plant fibers. Paper and rubber
made from plant products have increased our means of communication
and transportation. Many of our beverages and some of our important
medicines contain plant derivatives. A large part of the population earns
a living by supplying itself and the rest of society with plant parts or
plant products.

Certain of the larger plants are used to beautify our homes, to decorate
the landscape, and in other ways to add to the enjoyment of living. We
use trees to protect us from intense heat and light. Forested areas have
become the centers of many forms of sport and recreation. They are also
continuous sources of cover and food to countless animals both large and
small. Plants not only hold the soil against erosion by wind and water,
but they improve its texture and composition; and myriad microscopic
plants contribute to its fertility.

But the relation of plants to animals is not wholly beneficent. Weeds,
for example, decrease the yield of crops and greatly increase the labor of
cultivating them. Many plants contain toxic and irritating substances that
cause suffering, illness, or the death of human beings and other animals.
Certain microscopic plants may invade the tissues of the animal body
and lead to disease and death. Others cause diseases and destruction of
the larger plants, and still others grow on commercial food products in
shipment and storage and lessen their value or destroy them. Such plants
test the ingenuity of every generation of human beings to devise means
of avoiding, controlling, or eradicating them.

The value of plant science to society has been increasingly appreciated
as knowledge of plants has advanced. The farmer who plants a field; the
orchardist who attempts to secure a crop of fruits; the florist who seeks
the production of ornamental plants and flowers; the forester who tries
to obtain a profitable yield of timber on a tract of land; the gardener who
supplies our markets with edible and succulent leaves, stems, and roots;
industrialists who seek to find new sources and new forms of plant prod-
ucts to meet our social needs; and the conservationists who strive to
preserve our soils from wind and water erosion and to rescue our disap-
pearing fish and game animals—all these find themselves confronted by
an often bewildering array of problems that lie within the field of plant
science, or botany.

Many of these problems have been solved by a study of the structures,
the chemical composition, the physiological processes, the heredity, and
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the life histories of plants; or by a study of plants in relation to soil and
climatic conditions. Other problems have been solved through the dis-
covery of facts about the growth and chemical diversity of bacteria and
fungi, their various effects on the growth of other organisms, and the
means of controlling their development.

Numerous unsolved problems remain. That society recognizes the
need of continued and far-reaching research with plants is attested by
its maintenance of forest and agricultural research stations in every
country and in nearly every state and province throughout the world.
Through the years these institutions have provided an increasingly im-
portant addition to rescarch by teachers and graduate students in col-
leges and universities. As a result of these investigations each generation
has an increased wealth of botanical knowledge available for both per-
sonal and social needs. Through instruction one may readily learn how
to select and apply a portion of this accumulated knowledge.

Thus far we have stressed the importance of plants and of the science
of plants mainly in relation to human economics, occupations, health,
and the survival of all animals. The gencral desire of man to know and
interpret his environment and to speculate about himself and his environ-
ment must also be emphasized here. Plants are a conspicuous and impor-
tant part of that environment. In addition to the interrelations of plants
and animals there are many important relations among plants them-
selves, between plants and their physical environments, and between
the parts of each individual plant. These interrelations have been and
still are interpreted on the basis of several diverse assumptions ranging
from magic to science. Throughout the ages some of these interpreta-
tions, whether obtained in the classroom or elsewhere, whether correct
or incorrect, have become a part of the general outlook and culture of
everyone. A study of plants as part of a general education would be
quite inadequate unless it included interpretations of these interrelations
based on present scientific knowledge and method. In the chapters that
follow we shall find that an understanding of these interrelations on the
basis of evidence is not only a matter of personal interest, but one that
is both desirable and necessary for the welfare of society.

What is a plant? When we pull weeds in a garden, mow the grass on
a lawn, enjoy the shrubs and trees in parks and forests, we readily recog-
nize these living organisms as plants. Stale bread and fruit may be cov-
ered with mold (Fig. 1). We have all seen other fungi (Fig. 2) in the
form of mushrooms in fields and woods. The surfaces of ponds and moist
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Fic. 1. A common mold on a bunch of grapes. Photo from U. S. Department of
Agriculture.

Fic. 2. One of the common edible mushrooms (Coprinus). Photo from W. G.
Stover.
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F1c. 8. Brown seaweeds (Algae) on rocks at low tide, New York Harbor. Photo from
New York Botanical Garden.

soil at times become green with “pond scums”—microscopic plants that
may be distinguished as algae. Those who have visited the seashore are
familiar with “seaweeds,” which are other and larger kinds of algae
(Fig. 3). Tree trunks and rocks that have long been exposed to the
weather are often partially covered by gray-green or highly colored
patches of lichens (Fig. 4). Everyone who even occasionally strolls on
forest trails distinguishes some of the mosses (Fig. 5) and ferns (Fig. 6).
Much of the decay of plant and animal products, and many of the dis-
eases of both plants and animals are due to the presence of bacteria (Fig.
7). All these organisms are plants.

On first thought it may seem rather easy to answer the question: What
is a plant? But we may be thinking only of such plants as trees, shrubs,
and herbs, and of such animals as men, dogs, and birds. When we in-
clude in our survey mosses, algae, fungi, bacteria, and numerous kinds
of one-celled animals, the observable differences among plants are often
far more striking than those between certain plants and certain animals.
This fact makes it surprisingly difficult to list any group of qualities that
are characteristic of plants alone.

Similarity of plants and animals. The larger plants differ from the
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Fic. 4. Lichens growing on a vertical rock face. Photo by C. H. Jones.

larger animals in so many ways that they not only are readily distin-
guished but are commonly thought to be quite unrelated. To suggest
that horses and trees have certain characteristics in-common may seem
absurd. But students of living organisms have found that many of the
processes in plants and animals are either identical or essentially similar
if the basis of comparison is limited to certain fundamental features.
Among the microscopic organisms are many that resemble animals quite
as much as they resemble plants; and except for the many things one
may learn about plants and animals in trying to do so, it would be futile
to try to classify them strictly in either category. The reader may be
content to call a certain object a plant because it looks like a plant. One’s
concept of what looks like a plant, however, is dependent upon the vari-
ous kinds of plants he has seen and recognized as such.
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Fic. 5. A mat of moss plants (Hypnum) on a decaying log. Several “mushrooms”
are also present. Photo by E. S. Thomas, Ohio State Museum.

Concepts versus definitions. Perhaps you will be amazed to learn that
even botanists cannot give you an acceptable definition of the term
plants. How much disturbed should you be? Since you are an animal,
would it be reasonable to expect you to know what an animal is? Can
you give an acceptable definition of the term animals? Even if defini-
tions can be given when a new subject in botany is opened up for dis-
cussion, it may be well to postpone them, for there are almost always
excellent opportunities for you to discover for yourself certain things
about the phenomenon in question. Shortly you may discover that, al-
though you have not learned to make an acceptable definition, you have
acquired usable concepts which you can continue to enlarge as your
knowledge and understanding increase. In this way you will become
able to help formulate, evaluate, and apply definitions rather than
merely memorize them. A definition may be faulty. Moreover, there are
many plant phenomena about which we must be content with reasona-
ble concepts—for example, growth—as well as plant and animal.

The biological sciences. Knowledge that pertains to plants or animals
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Fic. 6. Polypody fern on a cliff edge. Photo by C. H. Jones.

Fic. 7. A, photograph of masses or colonies of bacteria that have grown on agar
in a petri dish; B, bacteria of fire blight from a similar culture when magnified
about 2000 times.
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or to both is called biological science. The range of biological informa-
tion that has accumulated through the centuries—but more especially
during the last hundred years—is now so extensive that no one person
is entitled to be called a biologist in the sense that he is a master of the
whole field. The facts and principles that have been or may be derived
from the study of plants are called botany, and the knowledge similarly
gained from the study of animals constitutes zoology.

Because of the great diversity of structures and life relations among
the many species of both plants and animals, botanists and zoologists
have difficulty in viewing their subjects as wholes. Most botanists have
become especially interested in some one or only a few of the many
phases of the subject, such as the classification of plants, their physi-
ology, their structure, life histories, diseases, heredity, geography, or
geological history. This specialization has certain advantages in research
and in practice. But the behavior of plants, in the broadest sense, results
from interactions among processes characteristic of many special fields
of study. Thus in the interpretation of plant phenomena we are forced
to seek an ever-widening background of biological, physical, and chemi-
cal knowledge.

In a general study of plants we shall be concerned not with the special
phases of the subject, but with that general background which experi-
ence seems to indicate is most worth while to anyone. We may begin our
study as indicated at the beginning of this chapter, or we may prefer to
go into the field and learn to distinguish plants from other objects in our
environment. The plants growing all about us are just as important ob-
jects of study where they grow as are the materials carried to the lab-
oratory, and they may be studied much more frequently and leisurely.
These are two possible methods of approach for beginners. In Chapters
IT to VI several other approaches to the study of plants are suggested;
any of them may be preferred to the ones suggested in this chapter.



CHAPTER 11

THE PARTS OF PLANTS

OOOOOCTOCOOOOOOOCOTOOOCTOOOCOOOCOCOCOCOCOCOOOCOOOOCOO OO OOOCOCOCOOOOCOOOOOOTOC

The principal parts, or organs, of the more familiar seed-bearing plants
may be distinguished in a bean plant as it develops from the seed that is
planted to the seeds that are harvested. This life cycle from seed to seed
includes part of two life histories, or generations, of beans; for like a
human being each bean plant begins its existence as a single cell. The
young plant, or embryo, already visible in the seed developed from a
fertilized egg. After the germination of the embryo in the seed the rest
of the life history of the bean plant as well as the development of the em-
bryos of the next generation may be completed in a few weeks. Some of
the structural changes that occur in a growing bean plant may be visual-
ized by studying Figs. 8 and 9, but much more can be learned by plant-
ing several bean seeds and watching the changes that occur in the plants
from day to day.

Within the seed coat is an embryo consisting of a short stalk (the
hypocotyl) and a pair of very large, thick, leaf-like structures (the
cotyledons) which are at the first node. At the apex of the hypocotyl is
a terminal bud (the plumule), and at the other end is a root tip from
which the primary root develops.

Two or three days after the seed is planted, the primary root begins
to elongate. It breaks through the seed coat and penetrates into the soil.
From the primary root lateral roots grow more or less horizontally. The
young plant is now firmly anchored, and the rapid growth of the hypo-
cotyl lifts the cotyledons well above the soil surface.

As the cotyledons increase slightly in size the broken seed coats fall
away. From the plumule a stem bearing leaves begins to develop. A
lateral bud soon becomes visible in the axil of each leaf. Each bud con-
sists of a stem tip bearing embryonic leaves. The first true leaves that
develop at the second node of this stem are simple, opposite, and heart-
shaped. From the terminal bud another stem segment (internode + 3rd
node) grows, and from this third node only one leaf forms—this time a

leaf of three leaflets. Growth in height continues by the development of
10
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Fi1c. 8. Early stages in the development of a bean plant.

D

additional stem internodes and new leaves at the nodes until 5 or 6
leaves are formed. In the meantime, leaf-bearing branches may also be
developing from the lower lateral buds. These four distinct parts—the
roots, the hypocotyl, the stems, and the leaves—constitute the vegetative
organs of the plant. Internally they are all interconnected by veins, or
vascular bundles (Fig. 10).

Usually after the formation of leaf-bearing branches, another type of
branch that bears flowers appears. Within a few days a pod, or fruit,
begins to develop from the pistil of the flower. As the pod increases in
size, seeds develop in it and soon enlarge to the size of the seed that was
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FLOWER

PISTIL OF]
LOWER

(N, F

ICOMPOUND
LEAF

ISIMPLE LEAF

STEM
ICOTYLEDON @

HYPOCOTYL

Fic. 9. Diagram of older bean plant: stem with leaves and flowers, and with fruits
(pods) of various ages from the pistil. The seeds are borne within the fruits.

planted. When the seeds are mature the life cycle of the bean plant is
complete. The flowers, fruits, and seeds are often spoken of as the re-
productive organs of the plant in contrast to the vegetative body made
up of roots, hypocotyl, stems, and leaves. The major part of the various
food-making processes occur in the vegetative organs. Other processes
in reproductive structures result in the formation of seeds. Growth and
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Fic. 10. Diagram of some external and internal structures of a seed plant.

the utilization of food occur in all organs of a plant. Every generation of
a seed plant is in general a repetition of the same orderly sequence of
vegetative structures followed by reproductive structures.

From past experience you probably have formed general ideas of
these several parts of plants. But if these ideas are vague they will not be
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useful in either recading or discussion. To regard a leaf merely as the
part that is green, a root as the part in the ground, and a seed as what
one plants is quite inadequate. If enough plants are examined it will be
discovered that any of these organs may be green, any of them may be
found underground, and all of them are planted by man. A stroll on the
campus or in nearby gardens and conservatories for the purpose of learn-
ing to distinguish the parts of plants will be much more profitable than
a search for technical book definitions.

Roots, for example, are usually thought of as cylindrical, more or less
tapering, underground structures. From observations of tropical plants
in conservatories, of mature vines growing on walls, and of mature corn
plants in a field one will learn that roots are not always underground.
Stems are still more variable in form. They usually are aerial cylindrical
structures, but some develop below the soil surface and may become
greatly thickened like the tuber of Irish potato. Among the lateral out-
growths of stems are the leaves. Only in a few plants will leaves be
found originating from other organs. There are myriad forms of leaves,
but generally they are flat organs with a very large surface compared
with their weight. Leaves above the surface of the soil are usually green
during at least part of the year. Beginning with such general ideas, one
may readily build more accurate and usable concepts of these organs
through further personal observations.

Flowers are of every size from a twentieth of an inch to three feet in
diameter, and of every color, often of superb and startling mixtures of
colors. Usually flowers are easily recognized, but careful observation is
needed to decide what is the flower in the flowering dogwood, Indian
paintbrush, calla lilly, jack-in-the-pulpit, snowball, poinsettia, and hy-
drangea. Brightly colored parts are not found exclusively in flowers. Nor
are flowers always brightly colored, as may be discovered by examining
flowers of grasses, sedges, and several kinds of trees.

Fruits usually develop from the pistils or from the pistils and ad-
joining parts of flowers. The name fruit is applied to a great variety
of structures, such as the dry fruits of the grasses, and “sticktights,”
as well as the succulent berries of the grape and tomato, the fleshy ap-
ples and pears, the pumpkins and melons, the firm green fruits of the
walnut and of osage orange. To obtain some notion of the remarkable
variety of fruits it is best to observe the transition from flowers to fruits
on many kinds of plants at any time such observations can be made in
the field or greenhouse.
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Seeds develop from certain structures in the pistil of the flower and
are borne inside the fruit. They may be very minute; they rarely exceed
a few inches in length. Their most general characteristic is the presence
of a firm coat or shell surrounding an embryo plant from which an adult
plant may develop more or less like the plant on which the seed was
borne.

Length of vegetative period. The bean plant matures in a few weeks;
that is, the formation of reproductive organs takes place after a relatively
short vegetative period. The vegetative period of plants may be either
long or short; it depends both on the kind of plant and on the environ-
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Fic. 11. The duckweeds are the smallest of the flowering plants: A, Wolffa
Columbiana; B, Lemna minor; C, L. trisulca, and D, Spirodela polyrhiza, natural
size; E, Wolffia, enlarged; F, flowers of L. trisulca on floating plants, natural size;
G, a flower of L. minor, much enlarged. F and G drawn from photographs by
W. H. Camp and L. E. Hicks.

ment. Some of the autumn flowering plants start from seeds in the
spring. Some grasses, clovers, primroses, and carrots start from seeds
in late summer and remain in the vegetative condition until the second
summer. The so-called century plant grows vegetatively 20 to 30 years
before it bears flowers, fruits, and seeds. Woody plants grow vegetatively
from a few to many years, and then for many succeeding years repro-
duce during each growing season. In later chapters it will be shown how
the vegetative period of a plant may be lengthened or shortened by such
external factors as light, temperature, moisture, and soil salts.

We have referred thus far only to the more familiar seed-bearing
plants, most of which have the seven principal plant organs in one form
or another. Some seed plants lack one or more of these organs. Some of



F1c. 12. The stems of the giant cactus do not bear leaves. Some of the shrubs
in this desert scene have leaves only during rainy periods. Photo by U. S. Forest
Service.

Fic. 13. A flower and buds of Rafflesia, a root-parasite in the East Indies. The
species pictured above occurs in the Philippines. A species in Sumatra closely
resembles it in form and habit and has flowers three feet in diameter. Photo from
Philippine Bureau of Science.



[Chap. 1T THE PARTS OF PLANTS 17

the duckweeds have a small globose body with no distinction of root,
stem, or leaf; others have a flattened body with a well-formed simple
root; all of them have flowers, fruits, and seeds (Fig. 11). The well-
known Spanish “moss™ of the South has no roots (Fig. 223, page 508).
Many cacti are notable for the absence of leaves (Fig. 12). In some
plants, such as the dandelion and the common plantain, the stem is
merely a small flattened cone at the top of the root. The tropical para-
sitic plant Rafflesia has neither roots nor leaves—just a short stem, a
flower, a fruit, and seeds (Fig. 13).

Ferns have roots, stems, and leaves but no flowers, fruits, or seeds.
The pond scums and seaweeds (algae) have none of these organs,
and certainly there are no organs closely resembling them among the
fungi. It is evident that none of these organs is essential to all plants, but
they are generally present in seed-bearing plants. As we shall see later,
certain fundamental processes are usually associated with each of them
but are not necessarily limited to them.



CHAPTER II1

LEARNING TO NAME PLANTS
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We shall not get very far in the study of plants without studying them
in the ficld and greenhouse. In order to observe and discuss plants in-
telligently, we must have appropriate names for them. Many common
plants have local names which may suffice for ordinary conversation.
But the names applied in one community may be different from those
in another. Furthermore, the same name is often used for quite different
plants in other localities. Many other plants lack common names. To
overcome these difficulties scientific names have been given to all the
known species of plants, and by agreement these names are used and
understood by botanists everywhere.

Botanists have recognized and named more than a quarter of a million
species of plants. As a beginning it will be sufficient to know some of the
local seed-bearing plants. Many plants can be recognized readily by
their leaf and stem characters. For the recognition of others, flowers,
fruits, and seceds may have to be observed. Names of plants may be
obtained from others who know them or from published “keys.” To make
the simplest keys or to use those made by others, it is necessary to ex-
amine the external features of leaves and stems and become acquainted
with the terms that are applied to their parts, forms, and arrangements.

The parts of a leaf. If one examines a leaf, such as that of Japanese
quince, it is evident that it consists of a broad, thin blade, a narrow
cylindrical petiole, and at the base of the petiole a pair of small ap-
pendages, the stipules. A leaf consisting of these three parts is frequently
called a complete leaf. The primary parts of a complete leaf, then, are
the blade, petiole, and stipules (Fig. 14).

The stipules are usually small structures; but some of them, such as
those of pansy, Japanese quince, and garden pea, are large and blade-
like. Those of buckwheat and smartweed are sheaths surrounding the
stem for some distance above the point of attachment. Stipules of the
greenbrier are tendrils, and those of the black locust are spines.

18
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Some leaves have no apparent petioles and are described as sessile.
The leaves of many grasses, such as those of oats, wheat, and bluegrass,
have neither petioles nor stipules; the blades are attached to the stem by
a sheath which may be long or short. At the top of the sheath is a collar-
like extension called the ligule. The ligule of the bamboo and certain
other grasses may consist merely of several long bristles.

Fic. 14. Diagrams of some parts of leaves. A, blade, petiole, and stipules of
apple leaf; B, stem of pea bearing leaves composed of two large stipules, leaflets,
and a terminal tendril; C, sessile leaves of zinnia; D, blade, ligule, and sheath of a
grass leaf.

The needle leaves of such trees as pines and spruces appear super-
ficially to be quite unlike those of broad-leaved trees. The leaves of
pines and larches are in clusters, or fascicles, at the end of short dwarf
branches. Spruce, fir, and hemlock have solitary leaves. The leaves of
arbor vitae are small scales oppositely arranged on the stem.

The veins. The most conspicuous structures of an elm leaf are the
veins. The large vein near the middle of the blade is the midrib. In a
maple leaf there are several prominent veins which are called the prin-
cipal veins. In general, the smaller veins form a network and unite with
larger veins, which in turn connect with the midrib or the principal
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veins. These larger veins are smallest at the apex and margin of the learl
and gradually become larger, toward the middle and base of the blade.

Fic. 15. Arrangement of the Larger veins. The leaves of magnolia (A) and tulip-
tree (B) exemplity pinnate venation; red bud (C) and black maple (D), palmate
venation. Veins may also be parallel as in the bamboo (F) or dichotomous as in the
ginkgo (E). From drawings by C. H. Otis, Mrs. A. E. Hoyle, and C. J. Cham-
berlain. Fig. E from Texthook of Botany (Coulter, Barnes, and Cowles), Amer.
Bk. Co.

Fic. 16. The leaves of bitternut hickory and clammy locust are pinnately com-
pound (A-B). Those of Aralia and horse chestnut are palmately compound (C-D).
From drawings by Mrs. A. E. Hoyle and E. B. Wittlake.

The arrangement of the veins of a leaf is termed venation. There are
four general arrangements of the principal veins in leaves that are easily



{Chap. 111 LEARNING TO NAME PLANTS 23

Fic. 18. Diagram of leaf arrangement on stems, as seen from above and from the
side. A, oppositely arranged leaves; B-D, alternately arranged leaves. B, the one-
half, or two-ranked, arrangement; C, the one-third, or three-ranked, arrangement;
D, the two-fifths, or five-ranked, arrangement.

that is, the spiral passes through 3 nodes before completing a cycle and
the fourth leaf-base is directly over the first—they are said to have the
1/3 alternate arrangement. These leaves occur in three ranks on the
stem. This arrangement is best seen in the sedges.

Many trees have a more complicated leaf alignment. A spiral drawn
around the stem from one bud to another directly below it passes through
5 nodes and twice around the stem; the sixth bud is directly below the
first bud. This arrangement is called the 2/5 alternate type. Still other
leaf and scale arrangements may be found, such as 3/8, 5/13, 8/21. The
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numerator of any fraction in the series is equal to the sum of the two
preceding numerators. The same relationship holds for the denominators.

These arrangements of leaves are not invariable. Owing to the influ-
ence of light on the growth of stems and leaves that are not equally illu-
minated on all sides, the stems become twisted and the arrangements are
altered.

Other stem characters. Certain other stem characters are often used to
identify trees and shrubs. Since a bud is present in the axil of each leaf of
most deciduous trees and shrubs, bud arrangement is a useful character
in the dormant season when there are no leaves on the stems. Buds differ
in size and form in different species. Their outer scales may be smooth
or hairy. Leaf scars, which are left when the leaves have fallen, also have
rather definite shapes and patterns. The outer covering or bark of a twig
may be green or gray or brown, and various other descriptive terms are
applied to its surface, such as smooth or rough, ridged or warty. In a
few instances the color and form of the pith may be distinctive.

Keys to plants based on vegetative characters. If we examine a maple
tree we notice that its leaves are simple, lobed, palmately veined, and
oppositely arranged on the stem. No other trees in North America have
all four of these characters. The eastern hemlocks have short-petioled,
needle-like flattened leaves with white lines on the under surface. When
characters such as these are definitely assorted and grouped so that by
careful reading and comparison with the specimen in hand we may find
the name of the plant, we have what is known as a key.

Many keys have been published for the plants of local, state, and
national regions. Local keys are usually more convenient because the
number of plants included is smaller. For the beginner those based on
such external characters of leaves and stems as are outlined above are
most useful; moreover, they are quite adequate for the identification of
most trees and shrubs.' Keys are often based on the forms and detailed
structures of flowers, fruits, and seeds; such keys are necessary to identify
many of the common herbs. Keys based on both vegetative and repro-
ductive characters are more difficult to use since they imply considerable
knowledge of structures and terminology.

Species and genus. No one expects anything but an oak tree to develop
from an acorn, or anvthing but a hickory tree from a hickory nut. To go

! Every student should find the most convenient keys to the trees, shrubs, and herbs
of his re j{lon There are many keys available that cover limited areas. These have been
pubhshe by agricultural experiment stations, museums, state academies of science, and
various other institutions.
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a step farther, when white-oak acors are planted the individual trees
that develop are normally all white oaks like the parent trees. These
individual white oaks all belong to a single species. Similarly black oaks
develop from the acorns of black-oak trees, and only yellow oaks grow
from yellow-oak acorns.

Species that have many fundamental characters in common are
grouped together as a genus (plural genera). We do this in common
speech when we speak of the “oaks,” and we identify the species when
we say this is a white oak or a black oak. Botanists long ago began the
use of Latin names in order to avoid the confusion arising from the
fact that common names applied to the same plant in different localities
differ widely, and the impossibility of learning these common names in
several hundred languages. The Roman name of the oak is Quercus and
the Latin word for white is alba; hence the name chosen for white oak
is Quercus alba. All oaks belong to the genus Quercus, and for each
species a second name is chosen by the author who first describes the
species; by agreement subsequent authors use this same name. This is a
great convenience, for students of all countries can use the same lan-
guage when referring to the names of plants. These names have come
into such general acceptance in all scientific writings that they are often
spoken of as “scientific names” in contrast to the “common names” which
may vary in every locality and country.
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CHAPTER IV

SEASONAL ASPECTS OF PLANTS
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The succession of the seasons and the changes in plants and landscapes
associated with them are familiar to everyone who has lived in the tem-
perate zone. Even in the tropics there are but few localities in which
seasonal changes in weather and in plants do not occur.

_Changes in plants during the year have always attracted attention,
even of primitive men. They have inspired much prose and poetry, as
well as scientific study and description. Explanations for their occurrence
were proposed so far back in the history of the human race that they
became an important part of mythology and folklore. Even today news-
papers and magazines frequently contain stories that are merely new
versions of these ancient myths which ascribed supernatural and mys-
terious powers of foresight to plants and animals alike.

The changes that occur in the form and appearance and in the relative
abundance of different species from season to season may be seen in the
lawns, pastures, cultivated fields, and forests of your own community.
An accurate account—a diary—of such observations over a period of a
few years would include many valuable botanical data. This is another
way in which the study of plants may be approached.

Many seasonal phenomena may be studied best as individual prob-
lems during appropriate seasons when the material is abundant and
observations may be made over extended periods of time. As an aid to
such preliminary observations, certain facts about seasonal aspects of
plants have been brought together in this chapter. Data helpful in further
observations and interpretations are included in many of the subsequent
chapters.

There.are such great differences in the behavior of individual species
that few generalizations apply equally to all kinds of plants. Some of
the questions and problems that are sure to arise from your own pre-
liminary observations may be solved by further study or by well-planned
simple experiments. Let us begin with plants in autumn when most
courses in botany begin, and, by following the cycle of the seasons, con-

26
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sider some of the most apparent changes that occur in plant processes
and plant organs.

The autumnal aspect. The summer with its long days, high tempera-
tures, and intense light is waning. The effects of cooler weather and of
the shorter period of daylight upon certain chemical processes in plants
soon become evident in the leaves of our deciduous trees and shrubs.
The green color of chlorophyll gradually disappears, and the yellow pig-
ments with which the green pigment had been associated in the cells of
the leaves now become conspicuous. In many leaves there is an addi-
tional formation of other pigments which range in color from red to
purple and which are called collectively the anthocyanins. As the season
advances both the yellow pigments and the anthocyanins break down;
and brown substances, especially tannins, increase and modify the leaf
color. When the autumn is characterized by bright sunshine and moder-
ately cool weather coloration is at its best. When frost occurs early or
when the weather is wet and cloudy, the anthocyanins are formed to
only a slight extent and the yellow and brown pigments are dominant
in the landscape (Plate 2).

These autumn color changes in the leaves of many deciduous trees
contrast sharply with the persistent green color of both the needle-leaved
and broad-leaved evergreens. Many herbs likewise remain green through
the winter months, at least in parts near the soil. Furthermore, the leaves
of some trees and shrubs remain green until after they have fallen to
the ground.

Colors and pigments. The color we ascribe to an object or substance
depends upon the kinds of light rays that pass from it to the retinas of
our eyes. When a beam of “white” light passes through a clear glass
prism the rays of different wave length are separated by refraction
and appear as bands of color (Plate II). Similarly we see a rainbow
when the different rays of ordinary daylight are reflected to our eyes in
separate bands by drops of water in the atmosphere. On the one side of
the bow we perceive the longer waves of light as red, on the other side
the short waves as violet. Between these extremes the bands of orange,
yellow, green, blue, and indigo represent in order color perceptions re-
sulting from the effects of rays of successively shorter wave lengths.

The colors of objects are also partly dependent upon the relative sensi-
tiveness of our eyes to the different rays of light. They are especially
sensitive to the rays we perceive as green and yellow.
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The various chemical compounds in plants absorb certain light rays
and reflect others. We receive our color impressions from the reflected
rays. As a matter of convenience we call these compounds pigments and
we ascribe to them the colors perceived through the eye when light is
reflected from them. Thus we speak of green pigments, yellow pigments,
and various others from red to violet. Among the most important pig-
ments in plants are chlorophylls (leaf green); the carotenoids (includ-
ing carotenes and xanthophylls), varying from pale yellow to orange-
red; and the anthocyanins, varying from red through blue to violet.'

Pigments and the colors of leaves. The colors of certain leaves—for
example, the purple-leaved coleus and canna—may result from a com-
bination of all these pigments. The anthocyanins may occur in the outer
cell layers of the leaf, the chlorophylls and carotenoids in the inner cell
layers. When a red leaf is placed in hot water the anthocyanins disap-
pear from the cells into the water and the green color of the chlorophyll
within becomes evident. The chlorophylls and carotenoids may be dis-
solved from the leaves by alcohol, and then separated from each other
by appropriate chemical means. Carotenoids are always present in green
leaves, but their presence is obscured by the chlorophylls until the latter
disintegrate. Surprising as it may seem, the carotenoids may be present
in as large amounts in the leaves of midsummer as in the yellow autumn
leaves.

In many common trees and shrubs the anthocyanins are formed mainly
in the autumn; in others, such as certain varieties of maple, the young
leaves also may be red. The anthocyanin in purple varieties of beech,
plum, hazel, and barberry is evident throughout the growing season.

1 Pigments Apparent Color Chemical Composition
Chlorophyll a Bue-green CpH7O:N Mg
Chlorophyll b Yellow-green CpsH7006N Mg
., Carotenes Yellow to red CyoHes
NXanthophylls Yellow Cyoll60)
Anthocyanins Red to blue Yarious combinations of C, H, and O

The anthocyanins are very complex substances composed of a few fundamental com-
pounds (antlmc vanidins) combined with various sugars and sometimes with various organic
acids also. lhey are soluble in water and occur in the solutions in the plant cells. Some of
the anthocyanins, such as those in certain varieties of apples and peaches, are formed only
in light especially of short wave length. Others, such as those in red beets and radishes, may
be f()rm('(‘ in darkness. C hlorophylh and carotenoids are not soluble in water and are
formed in definite bodies in the prnto asm known as plastids. The carotenoids of plants
when caten by animals reappear in yvrl()w cream, yellow body fat, egg yolks, and butter.
Carotene has recently been shown to be the forerunner of vitamin A The molecule of the
vitamin is just one-half of the carotene molecule.



PrAaTE II

Above: Autumn coloration under cool moist conditions, Cook Forest, Pennsylvania. Photo
by G. S.\ Crow}l. Middle: Autumn coloration under warm drought conditions, central
Ohio. The broad-leaved trees in both pictures are the same species. Photo by G. S.

Crowl. Below: The spectrum of sunlight.
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Many other examples of leaf pigmentation may be found in every
community.

Pigments not limited to leaves. Of course these pigments are not
limited to the leaves of plants. The presence of chlorophyll in most
herbaceous stems and the young stems and twigs. of woody species is
familiar to all. Likewise, certain parts of flowers are usually green, and
the term “green fruits” has come to be a synonym of young fruits in
common specch. Many varieties of fruits remain green when ripe, while
in others the chlorophyll disintegrates and the associated yellow pig-
ments become more evident. In still others anthocyanins partially or
wholly mask the yellow. Some sceds, such as those of certain varieties
of peas and beans, are green. Chlorophyll is formed in the aerial roots
of many orchids and in the roots of many other plants when they are
exposed to light.

The carotenoids seem always to be present wherever chlorophyll
occurs. They may also occur in the absence of chlorophyll. Carotenoids
are the underlying cause of the yellow and orange colors of the flowers
of zinnias, sunflowers, and goldenrods; of the fruits of oranges, lemons,
and tomatoes; and of the seeds of corn, peas, and clover.

The anthocyanins are most conspicuous in red, purple, and bluc
flowers and fruits; but purple cabbage, potatoes, popcorn, and beets
exemplify their common occurrence in other plant parts. Among the
fungi (molds, lichens, mushrooms) other pigments may be as brilliant
and varied as are those in our common green plants.

Pigment formation dependent upon both heredity and environment.
Among the common plants one may find some species that lack antho-
cyanins, while others are without chlorophyll and carotenoids. The
absence of a pigment from a plant, or a part of a plant, may be due to
its heredity, its stage of development, or some condition in the environ-
ment of the plant. Chlorophyll is not formed in the cells of toadstools
or in “Indian pipe” (Fig. 19) in any environment. Neither is it formed
in some parts of variegated leaves under any circumstances. The other
pigments also may be absent from certain plants regardless of the con-
ditions under which they develop. The absence of pigments in these
plants must be due to the hereditary constitution of the plant.

Environment and chlorophyll. Any condition that is necessary for the
maintenance of the plant is indirectly essential to the formation of plant
pigments. There are, however, certain conditions that are more directly
related to it. In most plants light seems to be necessary for the making
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/ Fi1c. 19. Indian pipe (left) and pinesap (right), two seed plants that lack
chlorophyll. These plants are common in moist woods where there is a thick layer
of leaf litter and humus on the soil.

of chlorophyll. We are all familiar with blanched celery in which the
part deprived of light lacks chlorophyll, or with the white and yellow
potato sprouts that develop in a dark cellar. During the warm nights
of early spring bluegrass grows rapidly, and in the early morning the
base of the blade that grew during the night is disclosed by its lack
of chlorophyll. But in some plants light is not necessary for the formation
of the green pigments. Green seedlings of spruce, pine, and other coni-
fers may develop in the dark. Grapefruit and lemon seedlings, certain
algae, and the sporelings of mosses and ferns may synthesize chlorophyll
in darkness if they are supplied with sugar.

Sugar is one of the substances from which the chlorophylls are made,
and from the formulas of chlorophyll (page 28) it is evident that com-
pounds of nitrogen and magnesium are also utilized. Experiments have
shown that manganese and iron are essential to the formation of chloro-
phyll, but they do not constitute a part of the chlorophyll molecule.
The seedlings of some green plants growing at temperatures below
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50° F. may fail to form chlorophyll, and unless the temperature is raised
they ultimately die.

Environmental effects on carotenoids. The formation of the yellow pig-
ments is also dependent upon certain environmental conditions. The
seedlings of some varieties of corn and other plants are conspicuously
yellow when growing in darkness; others, such as oats, are colorless
under the same conditions and become yellow only when exposed to
light. Perhaps there are certain factors that might be substituted for light
in these cases, but they have not been discovered. Seedlings in which
chlorophyll is made in the dark also contain carotenoids.

Anthocyanins and the environment. The roots of some plants, such as
beets and radish, become red or purple in darkness; but light is neces-
sary for the formation of anthocyanins in most leaves and fruits. In
some instances the blue and violet rays are necessary. In both leaves
and fruits intensity of color is increased by abundance of light, relatively
low temperature, and a low supply of nitrates and certain other in-
organic ions in the soil. Apparently these environmental conditions in-
fluence the formation of anthocyanins partly through their influence on
the sugar content of the cells, but many other conditions within the cells
are necessary for the formation of anthocyanins.

Leaves and fruits on the same tree or on the same variety of tree in
different local situations may differ widely in the amount of anthocyanin
they contain. Peaches in the top of the tree, and apples fully exposed to
the sunlight are redder than those inside the crown and shaded by the
outer foliage. The more intense coloring of fruits from the Northwestern
States as compared with those from the Eastern States exemplifies this
same principle. Low night temperatures also are very important in the
accumulation of sugar and the formation of bright colors in apples.

At low temperatures anthocyanin formation increases in many ever-
green plants; for example, the leaves of certain varieties of juniper and
arbor vitae become copper-colored in autumn, and similar changes oc-
cur in many heaths, of which the cranberry is an example (Plate III).

The intensity of anthocyanin colors of flowers may vary with light
intensity. The red color in some flowers is associated with an acid
condition, and blue with an alkaline condition. If a red geranium petal
is crushed on a blotter and held alternately near ammonia and acetic
acid, one may see these color changes. Similar color changes may also
be seen in the uncrushed petals. This change in color does not occur in
all anthocyanins because of the presence of certain ions, such as potas-
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sium. The flowers of the cobaca vine change from green to red, and
finally to violet, as they fade. Some rose flowers are pink when the buds
unfold and bluish when they fall. Flowers of the French hydrangea are
blue when the plants grow in acid soils containing salts of aluminum.
They are rose colored when the plants grow in alkaline limestone soils
where the aluminum salts are insoluble. It must be remembered that
the anthocyanins form a very large group of chemical compounds, and
the behavior of the pigments of any particular plant may be explained
only by the properties of the particular pigments present in that plant,

Deciduous and evergreen habits. Another striking autunin phenomenon
is the falling of the leaves from many species of plants. This has been
shown to be definitely related to the shortening daily period of light.
During the summer a specialized layer of cells, called the absciss layer,
forms at the base of petioles and leaflets. The subsequent disintegration
of this layer may be started by conditions within the leaf brought about
by a variety of external conditions such as drought, change in length
of day, low temperatures, or leaf injuries. Ilence any one, or all, of these
conditions may bring about leaf fall. Trees and shrubs that lose all or
nearly all of their full-grown leaves annually are said to be deciduous.

In contrast to deciduous plants are those in which the life of any one
leaf extends through several years. These plants may have either broad
or needle leaves and their appearance varies but little from season to
season; the most familiar examples are the evergreen trees and shrubs.
Many herbaceous plants also have green leaves during the winter, as for
example, the common dandelion, evening primrose, teasel, and chick-
weed. These also might be classed as evergreens.

Dormancy and periodicity. The gradual lowering of the temperature
and decrease in the length of the daily light period lead not only to
pigment changes and leaf fall, but to the death of many plants that
started from seed the preceding spring. Some part of the plant, how-
ever, remains alive and dormant throughout the late summer, autumn,
or winter. The part or parts that remain alive and dormant vary greatly
with the kind of plant. If the plants have completed one life cycle—in-
cluding germination of the seed, vegetative development, flowering,
fruiting, seed formation, and death—within a single warm season, they
are called annuals. The dormant organ of such plants is the sced. The
seeds of some annuals, however, may germinate in the autumn; the
plants pass the winter in the vegetative condition and bear seed the fol-
lowing spring.
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Above: Tundra plants, including a 40-year-old nearly prostrate willow, White Horse
Pass, Alaska. Photo by W. H. Camp. Below (left): The snow plant (Sarcodes) parasitic
on fungi in the pine forests of the Sierra Mountains, California. The plant develops
soon after the snow melts. Photo by W. H. Camp. Below (right): A Florida lichen,
in which the fungus is parasitic on purple bacteria. Photo by G. S. Crowl.
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When the life cycle from sced germination to seed formation covers a
part of two warm seasons the plant is called a biennial. Shepherd’s-purse
may grow as an annual or as a biennial in certain climates, and wheat is
cultivated both as “winter wheat” and as “spring wheat.” Varieties of
wheat have been selected for each of these growth regimes.

During the life cycle of many biennials the first season of growth
ends with the formation of a thickened root, a short stem, and a rosette
of leaves near the soil surface. These young plants remain dormant dur-
ing the winter and in the second growing scason their life cycle is com-
pleted by the development of upright stems, flowers, fruits, and seeds.
Then the plant dies. Whether certain plants grow as annuals, biennials,
or perennials depends upon the temperature, length of day, and length
of the growing season to which they are exposed.

FiG. 20. Diagram of winter rosette of leaves of teasel (A), and of evening
primrose (B).

The perennial herbs are like annuals and biennials in having a vegeta-
tive stage previous to the formation of flowers and fruits, but differ
from them in having continuous vegetative growth and seed formation
for many successive seasons. The annual active period of growth of
perennial herbs is followed by a dormant one when most of the living
plant is underground, with no parts extending much above the soil sur-
tace. Some of these plants have “winter rosettes™ (Fig. 20) of leaves,
others have very short lateral branches with small leaves, and still
others have large buds above ground. Some of the perennial herbs may
continue living indefinitely. Perhaps some have been living in their
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present localities for centuries; but since a part of the underground roots,
or stems, dies each year and new parts are added each year, the age of
the oldest part of the plant body is rarely more than 3 to 10 years.

Trees and shrubs are woody perennials; they may live 5 to 10 years
or longer before they begin to bear flowers, fruits, and seeds. Any horti-
culturist or forester will tell you that there is great variation in the
abundance of reproductive structures in trees from year to year and that
certain trees bear fruits and seeds only once in several years. This
periodicity is dependent in part on weather and soil conditions, and in
part on heredity.

Winter aspect. The most distinctive feature of plants in winter is
the dormancy of most plant organs (Fig. 21). The internal causes of

Fic. 21. A forest in winter when all the aerial parts of plants are dormant. Photo
by C. H. Jones.

dormancy characteristic of late summer and autumn usually disap-
pear during the winter months, but owing to low temperatures no growth
occurs. Many plants will start developing at this time if they are moved
into a greenhouse.

Nevertheless, some processes continue within plants that have every
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appearance of being dormant. Roots develop slowly in unfrozen soil, and
there may be some movement of materials within the plant body. In
plants with green parts (winter wheat, bluegrass, and evergreen trees
and shrubs) food manufacture may occur when daytime j@mperatures
are above the freezing point. Witch hazel and alders may flower during
winter thaws, as well as during late autumn and early spring.

Winter and early spring are the best periods in which to study the
characteristic buds, twigs, and bark of the woody perennials. By means
of these characteristics one may readily learn to identify trees in winter.

The leaves of temperate evergreens vary in their endurance of freez-
ing temperatures. A sudden exposure to low winter temperatures during
midsummer kills them. Most of them, however, withstand temperatures
well below the freezing point after they have become “hardened” by
cxposure to the gradual changes in temperature during autumn. But they
do have limits below which injury or death results from low tempera-
tures. In some species injury results only when the low temperatures
continue for several days. Others are killed by exposure to temperatures
below freezing for a few hours. Twigs and parts of larger stems also
may be killed by low temperature. In any part of the temperate zone
trees and shrubs may be “killed back” by extremely low temperatures.

The amount of “winter injury” varies from year to year, and many
interesting problems occur to the careful observer. Winter injury may
result from low temperature alone; but in many instances it results
from a drying up of the plant during sudden thaws in late winter or in
early spring while the soil is still frozen. The roots of winter wheat and
other grasses are often broken or pulled from the soil as it is heaved by
the formation of layers of ice beneath the surface of the soil. When sub-
zero temperatures occur, the water in the buds, twigs, and smaller
branches is frozen. Still lower temperatures may even freeze the water
in the trunks of large trees. A sudden drop to a very low temperature
may result in the splitting of the wood and bark.

There is another effect of winter that is quite beneficial, or even neces-
sary, to many plants. Many seeds and buds do not germinate readily
unless they have been exposed to temperatures near the freezing point
for several weeks. Many plants, such as blueberries, unless exposed to a
low temperature in the dormant period, do not grow well during the
following season. Neither of these cases of “winter conditioning” de-
pends upon actual freezing; indeed, many plants grow best after an
exposure to a temperature of 5° to 10° above the freezing point for a
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few months. Tulip, hyacinth, and narcissus bulbs that are to be “forced”
into early blooming are planted out-of-doors; after several weeks of
winter temperatures they are brought indoors. Without this low-tempera-
ture treatment of the bulbs, the new plants will develop poorly and bear
malformed flowers or none. Inquiry among local nurserymen will prob-
ably disclose other practical problems connected with the winter season.

Fic. 22. Springtime: Winter dormancy is broken and the beech leaves are

unfolding.

Spring aspect. The lengthening of the daylight peri?)d and increase in
temperature bring to an end the dormant period of plants. Lawns and
fields begin to green through renewed growth of dormant leaves and
buds. Buds on many trees and shrubs enlarge and a new set of twigs
and leaves develops (Fig. 22). This is the best time of year to see that
the buds of woody plants are stem tips bearing either leaves or rudi-
mentary flowers, or both, usually with an outer covering of scales. Exami-
nation of trees and shrubs at this time will disclose not only these three
types of buds, but also several ways in which buds “open” and enlarge.
This is the time of year when you can learn by your own observations:
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which buds on different plants open first and from what buds the current
year’s branches develop, whether the extension of the main stem or
branch always develops from the terminal bud, and if the branches from
all lateral buds grow equally. You can also ascertain whether leaves and
flowers develop on twigs from the same or from separate buds, which
of our common trees blossom before the development of leaves, and
whether these flowers are borne on twigs of the previous year or only on
new twigs. These are but a few of the questions that may be answered
by a study of woody plants in the field.

With the coming of spring countless millions of seedlings appear in
every unoccupied plot of ground. New branches develop on perennials
and biennials, and leaves are followed soon after by masses of flowers of
every imaginable hue. Spring is the period of most rapid development
in most plants, partly because the overwintering parts have been “condi-
tioned” by the low temperature and partly because of increased light,
increased length of day, and an abundance of available water in the soil.
After growth has started it may be retarded either by drought or by low
temperatures. On the other hand, elongation of the stems and expansion
of the leaves of most trees and shrubs stop within a few weeks, even if
temperature and moisture conditions continue unchanged. The growth
of new stem segments is definitely limited by internal conditions and
their elongation usually ceases by late May or June in northern latitudes.
Sprouts from stumps and pollarded trees continue to elongate for several
weeks more.

This is the period when many of the flowering plants of densely
shaded woods have their annual development, flower, fruit and return
to dormancy. In the open there are many plants in which the period of
development continues into the summer and autumn before flower, fruit,
and seed formation closes the annual cycle.

Spring, then, is the period of most active growth of roots and shoots
of woody plants. It is the period of most active utilization of food, and
the period of rapid respiration and food synthesis. The high rates of
these processes stand in sharp contrast to their much lower rates during
the winter season.

Summer aspect. With the coming of the longest days temperatures
are high, and available soil water on the average begins to decline.
Growth of plants, as a whole also declines, but many of the flowers of
springtime are now being followed by fruits and seeds.
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The development of branches and the enlargement of trunks of trees
and shrubs are greatly reduced. Soil water declines to the point where
many plants with shallow root systems wilt, and summer leaf fall may
take place. Some plants or plant parts may become dormant as a result
of high temperature and the long daylight period.

There are fewer plants in bloom in midsummer than in spring or
autumn. The smaller grasses have attained maturity and completed their
life cycles. The larger grasses, such as corn, continue development and
bloom in summer. Summer is the period of greatest food accumulation
in the stems and roots of biennials and perennials. It is also the period
when fungi and bacteria cause numerous plant diseases and rapid decay
of organic matter. Insects also have reached maximal abundance, and
their injuries to leaves and stems and fruits become most apparent.

Some plants bloom only when the days are long and the nights are
short. As a result the summer season is the time of flowering of corn,
clover, mallows, cotton, and many other plants.

As the days become shorter at the close of summer and the tempera-
tures decline, increased water is available in many parts of the United
States because less of the rainfall is lost by evaporation. The water rela-
tions of plants are improved over those of the summer and the growth
of many herbaceous plants increases. Not infrequently a second wave of
flowering occurs in some plants, such as violets, that bloom abundantly
during the spring months.

But the further decline in temperature brings the conditions of au-
tumn, and we have completed our very brief view of the more noticeable
seasonal phenomena. We have observed that certain vegetational aspects
are characteristic of each season; that some phases of growth belong to
one season rather than to another; and that dormancy, growth, maturity,
and death of plants form a regularly recurring cycle.

The problems of plant science are all about us and each season
brings its own challenges to investigation and understanding. We need
not confine our outdoor study of botany to a single environment, to
one season of the year, or to any one locality.
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CHAPTER V

LOCAL PLANT COMMUNITIES

OOOOOOOOOTOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOONOE

Under natural conditions plants live in communities; no plant lives alone.
A potted fern at a window appears to be alone in an environment con-
sisting only of the physical factors of the soil, atmosphere, water, gravity,
and radiant energy from the sun. Its roots, however, are surrounded by
millions of microscopic plants and animals whose numerous activities
may influence the development of the fern. As we shall see later, some
of the activities of these minute organisms are beneficial to the larger
plant, others are detrimental. Some of them are known to cause diseases
of the roots or of the whole plant.

Plant communities. A lawn is a familiar plant community in which
the development of each individual plant may be influenced by the
plants that surround it. The intermingling of grasses and clover with
dandelion, plantain, and several other weeds is an illustration of the fact
that plant communities in nature are mixed populations composed of
several kinds of plants. Only in pure cultures, carefully prepared in
laboratories, may one expect to see plant communities composed of but
a single species of plant. In the practical consideration of certain com-
munities one may choose to disregard the microorganisms and look
upon a field of corn, of wheat, or of any cultivated crop as a community
of only one species if all visible weeds have been removed. The forester
may even disregard all the plants in a forest community but the trees,
and speak of a pure stand of beech or of hemlock. Usually in any mixed
population of plants a few species are much more abundant or modify
the habitat more than others; they are referred to as the dominant species
of the community. Plant communities are named according to their
dominant species; for example, a bluegrass lawn, a pigweed com-
munity, a tall-bluestem prairie, an oak forest, a beech-maple forest, an
elm-ash-silver maple forest.

Mutual effects of plants within a community. In lawns, pastures, or
golf courses in which Kentucky bluegrass is the most abundant and
dominant plant, the presence of the grass in some way interferes with

40
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the growth of clover and weeds. If the bluegrass is carefully removed,
the weeds and clover rapidly increase in abundance. Similarly the pres-
ence of weeds interferes with the growth of bluegrass. When one re-
moves the leaves of a single large dandelion plant from a lawn for the
first time he is usually amazed by the area of soil from which bluegrass
was excluded by their presence. Trees with low branches may interfere
with the growth and dominance of bluegrass in a lawn unless the trees
are very small. Many people plant grass seed beneath such trees every
autumn. The grass grows well throughout autumn and during the follow-
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F1c. 23. Bluegrass may grow beneath a tree if all the branches of the tree are
several feet above the ground. The diameter of the root system of a tree in a lawn
may be as much as 5 times the diameter of the crown of the tree.

ing spring, but by late June or early July it becomes yellow and dies.
If all the branches of a tree are high above the ground, bluegrass may
continue to grow indefinitely beneath it (Fig. 23).

Succession. Since each plant in a lawn is influenced in some way by
the presence of other plants, the relative abundance of bluegrass or of
any other species of plant in the lawn may not remain the same from
year to year. During one growing season some species may increase
while others decrease in abundance. That is, the composition of a mixed
population of plants is not constant; it changes in time as a result of the
mutual effects of the plants upon each other and of increase and decrease
in light, water, soil fertility, and other external factors. It is this in-
stability of a mixed population of a community that concerns the owner
of a beautiful lawn. Gradual changes in the relative abundance of the
constituent species may in time result in a community that is very
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unlike the original one. Some of the species of the first community may
be entirely eliminated and other species may migrate into it from neigh-
boring communities. Through such changes one plant community may
be gradually replaced by another, a process that is referred to as the
succession of plant communities.

The principles of dominance, changes in mixed populations, and suc-
cession referred to above are abundantly illustrated by local plant com-
munities in lawns, parks, vacant lots, eroding slopes, abandoned farms,
and forest remnants. All of these contain excellent field material that may
be studied first-hand. Lawns are especially valuable materials for study
because they may be observed conveniently and they probably attract
the interest and add to the pleasure of more people than most other
types of plant communities. Furthermore, -they are similar to the com-
munities of cultivated grasses in pastures, golf links, parks, and college
campuses; consequently, many of the facts and principles discovered
about one of these communities may apply equally well to the others.
In this chapter we shall refer principally to the more evident facts about
local plant communities that occur in the Central States. Explanations
of many of the observations will appear in later chapters.

Changes in mixed populations of plants. The results of a very exact
study of changes in the composition of a mixed population of plants in a
pasture in New York during a five-year period are represented by the
diagram in Fig. 24.

Note changes in relative abundance of the seven species of plants
during the year in which the seeds were sown, and for each of the next
five years. The change in composition of the plant population from year
to year is merely the result of a relative increase in abundance of certain
species and a relative decrease of others. Red clover is entirely elimi-
nated at the end of the third year. Here then is an example of a change
in a mixed population of plants over a period of years that is due neither
to changes in the heredity of the plants nor to changes in climate or soil.
It is due to the characteristic differences in the growth of the several
species of plants and to their effects upon each other. One of the most
important changes is the gradual increase and dominance of bluegrass.

One may ask why lawns, pastures, and parks everywhere do not in the
course of time become dominated by Kentucky bluegrass. An analysis
of the areas not dominated by bluegrass reveals that they are either very
wet, very dry, very acid, sandy, shaded, or deficient in certain inorganic
salts, especially of nitrogen, or that they are areas where the soil tem-
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Fic. 24. Diagram of changes that occurred in a mixed population of plants in a
pasture during a period of five years following the first year, when the seeds were
sown with those of a nurse crop, such as oats or rye. The comparative yield of each
kind of plant from year to year is given. Bluegrass is the only species that continued
to increase in amount every season. Data from R. G. Wiggans.

peratures are high in summer. Evidently bluegrass can become the sole
dominant only in those areas in which each of these several environ-
mental factors does not exceed a certain intensity. Where one of these
factors is exceedingly high or low, a bluegrass lawn may be obtained
only if one is willing and able to adjust the environmental factors to an
intensity that is more favorable to the growth of bluegrass. Kentucky
bluegrass is most likely to become dominant in lawns with moderate
moisture and temperature, abundant light, and loamy soils that are
slightly acid but rich in salts of nitrogen, phosphorus, and potassium.
With persistent effort one can adjust the relative amounts of most of
these environmental factors.

Preference may be given, however, to another kind of grass that will
grow better than Kentucky bluegrass under the local conditions. There
are several varieties of bent and fescue grasses that grow well in soils of
greater acidity. Consequently in the acid soils along the Pacific Coast
and in the New England States bent grass lawns are more common than
they are in the Central States. Where the light is insufficient for the
growth of Kentucky bluegrass, certain varieties of bent and fescue
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grasses may still grow well. In cool temperate climates other species of
bluegrass ( Poa trivialis and Poa annua) are frequently planted in shaded
parts of lawns. These two species of bluegrass do not survive on hot dry
soils during the summer months. Kentucky bluegrass is also limited in
this respect. In the Southern States one may expect to find Kentucky
bluegrass as a dominant plant in lawns only at high elevations or where
the surface temperature of the soil is reduced by partial shade. The
characteristic lawn grasses of these states are Bermuda grass during the
summer months and Italian rye grass during the winter months. Near
the Gulf borders carpet grass, centipede grass, and St. Augustine grass
dominate the lawns.

The above facts about lawns and pastures sufficiently demonstrate
how the composition of a plant community is influenced by the climatic
and soil factors, and also by the effects of plants on cach other. Theyv
also illustrate that certain blologlcal facts and principles may be ap-
plicable in theory and practice in any part of the world. On the other
hand, there are many facts and prmClples that cannot be generally
applied because of local and regional diversity in soil, climate, and avail-
able species.

Owing to the great diversity in cultivated plants and in environments,
at least one agricultural experiment station with several substations is
maintained in every state of the Union, and the effects of local differ-
ences are continuously investigated. Anyone who wishes to supplement
his own observations on lawns or other economic plant communities will
find valuable assistance in the weed manuals and other publications of
the nearest experiment station.

Bulletins on lawn-making frequently contain information about cer-
tain animals that destroy lawn plants or bring about changes in the
composition of plant communities. Recent publications are the most
desirable because some of the earlier recommendations for the care of
lawns have been revised as new facts were discovered. For instance, field
tests have shown that the traditional method of applying lime to all grass-
lands not only is unnecessary but may even bring about undesirable
results in certain types of soils. Many owners enjoy making their own
tests by applying various fertilizers to small strips in the lawn. Such tests
are reliable, inexpensive, and a source of valuable information from
year to year. Salts valuable as lawn fertilizers' are often mixed with

1In experiment station records the amounts and kinds of these salts that should be
added to the soil are usually indicated by a brief statement such as 1 lb. of 10-6-4 fer-
tilizer mixture per 100 sq. ft. The abbreviation 10-6-4 refers to the percentages of
certain compounds of nitrogen, phosphorus, and potassium respectively in a fertilizer.
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inert matter and sold on the market under the erroneous name of “plant
foods.” This misleading use of a name is one of many examples in which
a scientific truth is ignored and denied for alleged commercial advantage.
We shall learn later that the food used by plants is the same as that used
by animals.

A change in the proportion of salts containing nitrogen, phosphorus.
and potassium may affect the composition of a plant community. For
example, soluble nitrogenous fertilizers may result in an increase in the
amount of bluegrass and a decrease in the amount of clover, while phos-
phate fertilizers may result in a marked increase in the amount of clover.
In the North Central States many pastures are dominated by poverty
grass and weeds; bluegrass and clover are present but not abundant.
Agronomists found, by means of hundreds of demonstration plots in
these states, that the addition of 300-400 pounds of acid phosphate per
acre results in a marked change in the composition of this pasture com-
munity. They also showed that this change will occur without the addi-
tion of lime except when the soils are very acid. At first there was a rapid
increase in the amount of clover, followed later by an increase of blue-
grass. Within two years these pastures had become dominated by clover
and bluegrass, and by the close of the fourth year they were bluegrass
pastures. For the farmer this procedure increases the value of the pasture
from 200 to 300 per cent, and for others there is the pleasure of resting
the eye on luxuriant green pastures.

There is also an interesting biological background to this sequence.
The increase in clover followed the application of phosphate and re-
sulted in conditions becoming favorable to bluegrass. The practice of
using clover and other legumes as a means of enriching the soil is as
old as the history of agriculture, but it was not known until near the
close of the last century that the enrichment is due to the process of
nitrogen fixation by bacteria that inhabit the nodules of the roots of
legumes.

Animals, like plants, are dependent upon compounds containing cer-
tain kinds of mineral elements. They obtain nearly all of these com-
pounds either directly or indirectly from plants. We, for instance, obtain
them when we eat vegetables, meat, and dairy products. In this way
some of the phosphate added to the pasture is gradually removed by
the grazing animals. Some of it also disappears from the land by erosion
and in drainage water. After several years the phosphate supply in the
pasture gets so low that clover and bluegrass begin to decrease in
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abundance, and poverty grass and weeds again increase. When clippings
are continuously removed from lawns a similar loss in inorganic salts
results and the growth of bluegrass and clover declines.

The succession of plant communities. One might refer to the demon-
stration cited above as an example of a poverty grass and weed com-
munity being succeeded by a bluegrass-clover community. The succes-
sion in this case, however, consists only of a change in the relative
abundance of species already present. Succession in which there is also
the added feature of species invading the community from neighboring
communities may be observed locally by noting (1) the kinds of pioneer
plants that first occupy an eroding soil slope or some other bare soil area,
and (2) the kinds of plant communities that successively follow each
other on this same area through the years. One may shorten his period
of observation and obtain a similar story by noting the kinds of plant
communities that now occupy artificially made slopes of different known
ages. They may be found around any town where local construction
work involves the movement of large quantities of soil.

The pioneer plants that occupy such bare areas must of course start
from seeds that have been carried to the area by some means, and they
consist of annuals, biennials, and perennials that can survive in the
extreme environmental conditions that exist there. Most seedlings perish
in such situations. The presence of the pioneer plants brings about
changes in the habitat. They check erosion, increase the shade, and thus
decrease the temperature of the soil surface on hot summer days. Cer-
tain kinds of plants that were unable to survive in the pioneer condi-
tions may then develop on the area and increase in number. Their
abundance may bring about conditions in which many of the pioneer
species are unable to survive. One of the most striking changes that
occur on such areas is the gradual disappearance of most of the pioneer
annuals and biennials, and the final dominance of perennials. Perennials
dominate the vegetation of the world, except in pioneer habitats.

This occupation of bare soil areas by a pioneer plant community, the
subsequent elimination of the pioneers, and the succession of other plant
communities exemplify some of the fundamental processes occurring in
the revegetation of areas on which the original communities were de-
stroyed by man, by fire, by wind, or by water.

As a nation we have recently become much concerned about the rapid
run-off of water from our agricultural lands and the amount of soil car-
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ried away from them (Fig. 25). Soil that has been thousands of years in
forming under the influence of climate, larger plants, and micro-
organisms is being washed from the land to the sea in some places at the
rate of more than 70 tons per acre annually. The subsoil that is exposed
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Fic. 25. During the century and a quarter that the plants in this cemetery in
Ohio have checked erosion, sheet erosion on the adjacent gently sloping farm land
has removed the upper three feet of soil. Photo by C. H. Jones.

after a few years is a very poor habitat for most plants (Fig. 26). Where
the soil is completely covered with vegetation the amount of erosion
annually is so small that it can scarcely be measured; the run-off of
water after rains is also reduced to a minimum. One of the important
problems in any worth-while soil conservation program is to discover
better methods of speeding up the natural processes of revegetation
wherever practicable, and of preventing further unnecessary destruction
of established vegetation.

A first-hand study of local plant communities that occur on lawns,
campuses, eroding slopes, vacant lots, abandoned farms, or in forest
remnants introduces one to many botanical facts and principles. It also
raises numerous questions about the social behavior of plants, which
in turn depends upon the effects of the environment on the physiologi-
cal processes within these plants. These processes and their relations to
environment and plant behavior are subjects of discussion in later chap-
ters. The study of plant communities may lead not only to their biologi-
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F1c. 26. One way of destroying a valuable heritage. The fertile top soil that
was formed during thousands of years has been eroded from the hill in the center
of the picture through bad farm practices. Photo by G. S. Crowl.

cal analysis, but also to an understanding of their economic, esthetic, and
recreational possibilities. For the beginner those interests and appeals
are most valuable which come to him through his own observations.
Summary. The vegetation of any soil area is a mixed population of
several kinds of plants, some of which are readily visible, others micro-
scopic in size. The relative abundance of the different kinds of plants in
the mixed population, and also the kinds or species of plants present in
it, vary from place to place. These variations in the composition of plant
populations result in the formation of many different kinds of plant com-
munities, which we may recognize and name on the basis of the more
abundant or dominant species. The composition and distribution of these
communities are dependent upon the influence of the plants upon each
other, upon the animals that are present, and upon the factors of soil
and climate. Owing to all these factors, the composition of a plant com-
munity on a given area changes in time. This change may be rather
rapid or almost imperceptible, but it finally leads to one community
being succeeded by another. The change in composition may consist
only of changes in the relative abundance of the species already present
in the community, or it may be due in part to the invasion of the com-
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munity by species from neighboring communities. These changes are not
due to an alteration in the heredity of the species involved. Changes in
heredity, however, must not be overlooked, for they are known to occur
at times, as we shall see in later chapters. The processes of revegetation
of denuded lands are important in conserving soil.
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CHAPTER VI

POINTS OF VIEW IN THE INTERPRETATION OF PLANT
BEHAVIOR
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We have been concerned thus far mainly with the acquisition of easily
observable facts and relations. We have seen how some of the resem-
blances and differences among plants may be used in distinguishing
and naming trees, in observing seasonal changes in plants, and in
studying the mixed plant populations of lawns and other local areas.
There is a further use of facts and observations that leads to a clearer
understanding and interpretation of the plant world.

The how and why of natural phenomena have always challenged
thoughtful persons, and out of their observations and experiments have
come a vast store of information and a great improvement in economic
and social welfare, as well as more adequate explanations and more
discriminating philosophies of life phenomena. Numerous individuals
have directed their efforts toward the discovery of new facts and new re-
lations among natural phenomena. Their discoveries have raised step by
step the level of explanations and clarified our understanding of the
sequence of natural processes. Still others have from time to time applied
previous discoveries to the needs and betterment of society. Both types
of contributions have given us a valuable social heritage which we
should try to understand, perpetuate, and increase.

When we attempt to interpret natural phenomena that lie within the
field of plant behavior we strive to use intelligently the contributions
of others. Considerable as our progress as individuals may be, we cannot
hope by our own observations to explain more than a small fraction of
the problems of plant behavior even though we devote a lifetime to it.
Our ability to utilize the discoveries of others, however, depends upon
our efforts to observe at first hand and to comprehend what we see.

Older points of view.‘As far back as human records go, man has at-
tempted to account for himself and his surroundings. Primitive man
lived in most intimate contact with nature. Wishing to survive, he was
compelled to give attention to other animals, to light and darkness, to
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flood and drought, and to trees and herbs. He came to regard all these
objects and processes of his environment as separate entities. Before he
recognized their relation to one another, he had very definitely related
them to himself as either benevolent or malevolent. Lacking the facts
and the methods for testing the soundness of his ideas, he attempted to
explain w7ly, without knowing how natural phenomena take place. To
him all natural objects appeared to be more or less human-like or god-
like. Accordingly he attributed to other animals, to plants, to the moon
and other inanimate objects the same abilities, motives, and emotions he
recognized within himself or attributed to various deities. In other
words, he personified and deified them.

The cruder of these explanations of physical phenomena have passed,
but—if we may judge by the accounts of biological phenomena in pop-
ular literature—plants and animals are still looked upon as objects that
can control their behavior and growth, read the future better than we
can, and make plans accordingly. The authors of these accounts have not
really progressed much beyond certain inhabitants of the West Indies
who still fear the “duppy” that resides in the silk-cotton tree. To some
of these authors there is a duppy or mystic directing spirit in every plant,
while to others the will of the plant itself directs the behavior.

For example, who is not familiar with such alleged explanations as
these: that trees in a forest grow tall and straight because they are try-
ing to reach the light; that stems and petioles of plants growing at a
window bend toward the window in order to get more light; that potato
sprouts and stems of seedlings in a dark room grow longer in search of
light; that plants produce seeds in order to propagate their kind, or to
store food for future use or for the use of animals; that roots grow deep
into the soil or toward a cistern in search of water; finally, that plants
do this or that particular thing in order to adapt themselves to their
environment?

Do not all these statements imply that the plant is conscious of its
present and future needs and strives by various means to satisfy them?
Whatever happens, according to this point of view, the plant is always
forward-looking. In this type of explanation of natural phenomena every
act is assumed to be purposeful.

Alternative point of view. An alternative point of view is taken by
those who regard each event in a sequence of dependently related proc-
esses not as the purpose but as the consequence of the preceding events
or processes. Working from this point of view, the student tries to rec-
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ognize and understand the processes and conditions which bring about
the phenomenon he wishes to explain. From this point of view natural
events are assumed to follow each other in a cause and effect sequence,
and explanations are obtained only through the discovery of the se-
quence of causes and effects.

All of us, therefore, are faced with deciding whether we shall accept,
as explanations of natural phenomena, those that are based on needs and
purposes or those that are based on consequences of preceding condi-
tions and processes.

Interpretations exemplified. Everyone is familiar with the evapora-
tion of water, with the formation of clouds, and with rain. Does water
evaporate from the earth’s surface in order to form clouds, or is this
evaporation of water merely the consequence of a series of events that
may be traced to molecular motion? Do clouds form to produce rain, or
are clouds a consequence of a series of events that we may trace back
to the evaporation of water? Does the rain fall in order to moisten the
soil and keep the streams flowing, or because the force of gravity on
larger drops forming in the atmosphere exceeds the forces of air move-
ment and resistance? The origin of the large drops may be traced back
through smaller and smaller particles to water vapor and its relation to
the temperature of the atmosphere. In this brief outline we have merely
suggested a few of the many facts and relations that must be appre-
hended before these phenomena can be seen as cause and effect se-
quences. Most persons, however, prefer to seek such data rather than ac-
cept as an explanation for rainfall the statement, “It is necessary to wet
the soil and to make plants grow.”

Explanations of physical and chemical phenomena have for the most
part passed out of the stage of personification. It would be hard to find
people who would consider the statement, “Sodium unites with chlorine
in order to form sodium chloride or common salt,” a satisfactory explana-
tion of the union. No one would explain the flow of water downstream
as a striving of the water to get to the sea. Feature writers would never
dream of accounting for the movement of electrical energy from dyna-
mos through wires to motors by saying, “The energy is needed to turn
the motors.” Most readers would not be satisfied with the substitution
of purpose, necessity, or use, for cause in such examples.

But when biological phenomena are being described and explained
many writers feel no need for securing the results of experimental study.
On the contrary, they proceed with their discussion of natural processes
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as if the processes were occurring to meet the needs and desires of the
plants and animals.

During the last quarter-century great advance has been made in ana-
lyzing the chemical and physical phenomena that underlie plant be-
havior and plant processes. Much remains to be discovered in this field,
but a broad foundation has certainly been built, mostly by those who
have applied the principles of chemistry and physics to the study of
biological processes and have approached problems from the point of
view of causal sequences. :

A little better understanding of this point of view may be obtained
if we briefly sketch one of the examples of the effect of light on growth

Fic. 27. Potato sprouts that have grown from tubers in different light intensities:
1, in a greenhouse; 2, in a darkroom. Photo by F. H. Norris.
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in length of stems of sprouts and seedlings. Fig. 27 is an illustration of
the familiar fact that stems of potato sprouts in a dark box in a home or
a greenhouse grow in length more rapidly than those of sprouts exposed
to bright light outside the dark box. How shall we account for this?
Evidently we cannot infer that the stem in the dark box is growing
long in search of light without consciously or unconsciously assuming
that it knows there is light outside the box and “by taking thought” can

-

Fic. 28. Differences in stems and leaves of bean seedlings that grew in different
light intensities: 100%, 50%, 0%. Photo by F. H. Norris.

increase its growth in length as it desires. In making these assumptions
would we be personifying the stem, or deifying it? Need more be said
about these assumptions?

Let us try another approach. The sprouts growing in the dark have
comparatively small leaves and lack the familiar green color. Before in-
ferring that these facts need to be considered in explaining the differ-
ences in the growth in length of the stems, note the photograph of bean
seedlings in Fig. 28. The seedlings designated A grew in bright light,
those designated B grew in shade, and those designated C grew in a
nearby ventilated dark box. There were no appreciable differences in
the other environmental factors. The stems of the seedlings that grew
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in the shade and in darkness are longer than those that grew in bright
light. The seedling from the dark box has small leaves and lacks chloro-
phyll, but the seedling in the shade is green and has larger leaves than
the one in bright light. Hence, we may safely infer that the green color
and the size of the leaves are not causes of the differences in growth in
length of the stems. Again we have made the wrong approach.

Suppose we shift our attention from the more rapid rate of growth in
length of stems in the dark to the slower rate of growth in length of the
stems in the bright light. From physicists we learn that light does not af-
fect plants unless it is absorbed by them. Hence the stems of the sprouts
and seedlings in the dark are not affected by light, they are not attracted
by light, nor is their growth in length affected by it. This is only another
way of saying that a factor cannot do anything to a plant in its absence;
to be the cause of something it must be preseht. Incidentally, the fore-
going disposes of the notion that darkness accelerates the growth in
length of stems, for darkness is merely the absence of light. Of all the
suggestions we have made, the best inference, therefore, is that under
certain conditions bright light checks the growth in length of stems of
sprouts and seedlings. This inference has been sufficiently confirmed in
many critically conducted experiments to be accepted as a principle we
may use as a basis of explaining certain other growth phenomena.

For example, when a rapidly growing plant is placed in a room near a
window or when it is in other locations in which the light intensity is
greater on one side of its stem than on the opposite side, the stem visibly
bends toward the brightly lighted side within an hour. Can a reasonable
explanation of the bending of the stem be made on the basis of the prin-
ciple cited above? Try it. Many chapters later you will be able to give a
more detailed explanation.

From further observations you may learn (1) that the stem bends only
near its tip, and (2) that it grows in length only near its tip (see also
Fig. 32, page 69). Is the fact that these two processes occur in the same
region of a stem merely a coincidence or is there a causal relationship?
Here again you are supposed to be able to arrive at a reasonable answer
and defend it.

All this time you have probably been wanting to know the answer to
three other questions: (1) How does light retard the growth in length
of stems? (2) Why do stems of plants in bright light sometimes grow in
length faster than those in shade (Fig. 29)? (3) Why do stems often
grow in length more during the day than at night?
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You can understand the answer to the last question now, for you know
that the temperature is often much lower at night than during the day.
An increase in temperature from 55° F. at night to 90° F. during the
middle of the day may result in a fourfold increase in the plant’s rate of
growth in helg,ht unless the supply of water is low. However, when the
nights are warm or the supply of water is low, the rate of growth may be
much less in the middle of the day than it is in late afternoon or early
morning and during hours of darkness.

By the time you have completed Chapter XIX you will have enough
facts to answer the second question without help, and after you have
completed Chapter XXIV you can give a reasonable answer to the first
one.

Interpretation of hereditary differences. The earlier paragraphs in this
chapter have centered on differences in plant behavior which are due
to a lack of uniformity in the environment. In Chapter I attention was
called to other differences, such as the presence of leaves, roots, and
seeds in some plants and their absence from others in all environments.
Many writers seem to think that such structures developed to meet a
need. The student of plant processes, however, is more likely to regard
the origin of these structures as consequences of changes that occurred
within the cells of remote ancestors without reference to the needs of
the plants of today. To him they are the result of heritable alterations
in the chemical and physical composition of the protoplasm. Purpose can
scarcely be thought of as the cause of these minute changes in the com-
position of the protoplasm, or of the far more striking differences in
structure and development that result from them. If these changes did
not result in the death of the organism, the plant survived and the al-
terations were transmitted to the offspring. Such alterations in proto-
plasm and their transmission from one generation to another are dis-
cussed in the chapters on chromosomes, heredity, and variation.

Idea of best inference. Can one know by inference? Are all inferences
equally valid? Suppose a friend who thinks the earth is flat challenges
you to prove it is not flat. In reply you cite all the lines of evidence of
the rotundity of the earth. But when you have done this have you done
any more than show that the best inference is that the earth is sphere-
like? Perhaps more important is the fact that you are as sure of this best
inference concerning the shape of the earth as you are of the shape of a
marble or tennis ball you have held in your hand. What, then, is a fact?
As we proceed you will learn that much of our dependable knowledge
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Fic. 29. The growth of young trees among the older trees in a forest is very slow.
Spruce and fir forest in New Hampshire. Photo by U. S. Forest Service.
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was gained by discovering enough facts to arrive at the best inference,
Will plants bear leaves next year? Was Plato once a baby? Can you
“prove” either of your answers? Are you sure they are the best that can
be given? Why had your friend failed to draw the best inference about
the shape of the earth?

Summary. Man seems always to have felt an urge to account for him-
self and for his surroundings. Perhaps this urge had its origin in the
fear of the unknown rather than in the intelligent curiosity that incites
the student of modern times. Until man began to apprehend the proc-
esses of nature and to perceive the consequences of one process in rela-
tion to another, there could be no scientific approach to interpretation.
The myths that had grown up about the objects and processes of the
physical world had to be replaced by facts and interpretations in accord
with the general principle that what happens is a consequence of pre-
ceding events without reference to future needs or purposes. In in-
terpreting the biological world on the basis of the principle of causality,
progress has been comparatively slow. Personification of plants and ani-
mals is still chosen by many writers as the basis of interpreting biological
phenomena. Only the more thoughtful ones are skeptical of interpreta-
tions that ascribe conscious effort to all sorts of living organisms. Slowly
during the last century, and much more rapidly during the present one,
biologists have paved the way for a more intelligent interpretation of
biological phenomena. The work of all our biological research institu-
tions is directed toward the discovery“of the facts and interdependence
of biological processes. Perhaps the greatest need today is that the aver-
age citizen should become as intelligently conscious of advances that
have been made in the scientific interpretation of his biological environ-
ment as he is of those in his physical and chemical world. This chapter
emphasizes the importance of clearly recognizing the different points of
view from which interpretations of plant behavior are made.



CHAPTER VII

CELLS AS BIOLOGICAL UNITS
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The development of every science is invigorated and its aims are
redirected from time to time as the result of some important invention.
A striking example in the field of biology is the invention of the micro-
scope in the seventeenth century. Superficial observation and study of
plants had been going on for untold centuries. The origin of many of our
most important cultivated and medicinal plants antedates the oldest
archeological discoveries. In Europe and Asia several thousand plants
had been described by the time that the invention of the microscope
made it possible to examine their more minute structure and to discover
that many plants consist only of single cells.!

Cells. The early microscopists were so fascinated with the world of
minute plants and animals previously unseen and unsuspected that they
studied and described them in preference to the finer structures of the
larger plants. Cells were seen and recognized as structural parts of
plants, but for a hundred years ohservations were limited mainly to cell
walls. In the latter part of the 18th century various microscopists began
to study.«cell contents.” By the middle of the 19th century it became
evident to a humber of eminent biologists® that the properties which we
associate with life are the properties of that part of the cell contents
which had come to be called protoplasm Moreover, its organization into
cytoplasm and nucleus, and the enclosed vacuole had been recognized.
Many biologists had by this time accepted three general principles: (1)
that the bodies of all living organisms are composed of cells, or products
of cells; (2) that in certain features the cells of plants and animals are
essentially alike; and (3) that protoplasm is the physical basis of life
phenomena. To these principles we may add (4) that when plants are

1 One of the oldest books containing plant descriptions extant is Shéng-Nung’s Tree
and Herb Book, compiled before the Christian era. In it 252 species of plants are classified
according to their al eged medicinal values.

2 Attention may be calied especially to Robert Brown, von Mohl, Schleiden, Schwann,
Du]ardm, Niigeli, Payen, Cohn, and Schultze, whose contnbutlons are admlrably discussed
in L. W. Sharp’s Introduction to Ci ytology, 3rd ed., McGraw-Hill Book Company, Inc.,
1934, pp. 422-447.
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similar it is because their protoplasms are similar, (5) that when plants
develop or behave differently in the same environment it is because their
protoplasms are unlike, and (6) that life is a recognized property of a
very complex physical-chemical (colloidal) system.
Parts of the cell. As shown in Fig. 30, the essential parts of the usual
enlarged plant cell may be outlined as follows:
1. The protoplasm, differentiated into cytoplasm, nucleus, and
plastids.
2. The vacuole—a cavity within the cytoplasm filled with water con-
taining sugars, salts, acids, and other substances largely in solutior:.
3. The cell wall—a more or less complete covering around the proto-
plasm. Fine strands of protoplasm sometimes extend through the
wall from one cell to another.

' !§ nucleus -

} protoplasm
— cytoplasm

— vacuole

\

B

Fic. 30. Plant cells as seen through a microscope: A, a meristematic cell com-
gosed of a nucleus and cytoplasm surrounded by a cell wall; B, an older cell which
as become enlarged by growth of the cell wall and the formation of a large central
vacuole; C, cell B as seen in perspective; D, starch grains formed in plastids in a
cell of a potato tuber; E, chloroplasts in a cell of a moss leaf.

In order to appreciate protoplasm as the medium in which the numer-
ous chemical and physical processes of the cell occur, it will be neces-
sary to digress for a moment and consider some of the properties of
different states of matter. You have seen solid crystals of sugar and salt
disappear as they dissolved in water. You are also familiar with gelatin
and fruit jellies in which organic matter is dispersed in water without
being dissolved. Protoplasm seen through the microscope resembles a
jelly more than a solution.

The solid, liquid, and gaseous states of matter are familiar to every-
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one. But when matter is dissolved in water or when, as in jelly, it is
dispersed in water without dissolving, such strikingly new properties
become evident that we must recognize two additional states of matter:
solutions and colloids.

Solutions. When a substance dissolves in water its particles become
subdivided and separated as molecules. The molecules of salts, acids,
and bases are to some extent further separated into ions. The resulting
solutions are either colorless or colored homogeneous liquids, and the
particles remain equally dispersed throughout the solution because of
their constant motion. For example, if a gram of table salt (sodium
chloride) dissolves in a glass of water the solution remains colorless, but
if a similar amount of copper sulfate dissolves in the water the solution
is blue.

When salts, acids, and bases have dispersed in water as ions, each ion
has a characteristic positive or negative electric charge. Many of the
reactions which occur in solution are the result of these electric charges:
particles with unlike charges attract each other and unite, and those
with similar charges repel each other. For instance, if one pours the
above solution of copper sulfate into the solution of sodium chloride,
the resultant solution will contain temporary molecules, or compounds,
of NaCl, Na:SO,, CuCl,, and CuSOys; and also the free ions: Na*, Cl-,
Cu'’, SO, .. . etc. A solution is a stable system in which one or
more substances become so finely divided in the form of molecules and
ions that they become dispersed among the molecules of the water
throughout the system.

Colloidal systems. When substances are almost completely insoluble
in water it is possible by various means to subdivide them into very
small particles which when dispersed in water continue to remain sepa-
rated and distributed throughout the water for a long time. If grains
of sand or pellets of clay are dropped into a beaker of water, they
immediately fall through the water to the bottom of the beaker. If the
pellets are crushed and the beaker is vigorously shaken for a moment,
the smaller particles of clay are held in suspension in the water and it
may remain turbid for an indefinite time. Streams and ponds that do not
become clear on long standing are excellent examples of turbid suspen-
sions. Some of the suspended particles in a drop of turbid water may
be seen through a microscope.

Turbid water due to fine clay therefore illustrates a suspension in
which solid particles are dispersed in water. Each particle is a cluster of
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molecules and has a definite surface which is electrically charged. In very
fine suspensions the particles may not scttle out for months or years,
because of the constant bombardment of the water molecules and be-
cause the particles have similar electric charges. Suspensions differ from
solutions in that the water and the particles dispersed in it form a two-
phase system. The one phase is the solid particle, the other is the water,
and between each particle and the surrounding water is a definite
surface of contact. When a mass is broken up into fine particles, the
aggregate surface of the particles is enormous. For example, a one-
centimeter cube has a surface of 6 sq. cm., but when disintegrated into
particles of colloidal size the combined surfaces of all the resulting par-
ticles are equal to about 1.5 acres.

Another type of colloid is exemplified by milk, in which proteins and
fat-like compounds (lipoids) are dispersed in water which contains
other proteins, salts, and sugar in solution. Dispersed throughout this
liquid phase of milk are numerous visible globules composed largely of
fat. These globules slowly rise to the surface and form a layer of cream.
In butter the phases are reversed; fine droplets of water are dispersed in
fatty material. White of egg is a typical protein-in-water colloidal sys-
tem; the yolk is a colloidal system of many phases, with fats, proteins,
pigments, and other substances dispersed in water. When white of egg
is heated or treated with alcohol, vinegar, or strong salt solutions it
coagulates. When meat, which is largely protein, is boiled it also coagu-
lates. Gelatin desserts and fruit jellies are familiar examples of colloids.

When a gram of gelatin is dispersed in 50 grams of hot water a highly
fluid colloid, called a sol, is formed. When it cools and stands for a few
hours it becomes a semi-solid jelly, or gel. The gelatin becomes finely
divided and dispersed in the water but does not dissolve. 1ts particles
are much larger than molecules. Owing to the elasticity and certain
other properties of this type of colloid, the dispersed particles are
thought to be fiber-like and arranged like twigs in a loose brush heap.

When a gelatin-water gel is heated it becomes highly fluid, but after
it cools and stands for a time it again becomes organized into a more
or less rigid gel. Thus the gel and sol states of a colloid may be reversible,
and the change from the one to the other may be brought about by
changes in temperature, water content, acidity, or any one of several
other conditions. Drastic changes in the internal organization of a
colloid may result in coagulation.

Protoplasm is a very complex colloidal system with protein, carbo-
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hydrate, fat, and lipoid phases dispersed in water, in which are various
salts, sugars, acids, and other soluble compounds. Many of these sub-
stances are chemically unstable and react with extreme readiness. All
masses of protoplasm have a surface film rich in lipoids which prevents
unlimited dispersion and keeps the mass intact.

The highly reactive character of the protoplasmic system at ordinary
temperatures is one of its most important properties. Since it is a col-
loidal system there are very large surfaces between the water and the
other phases, and here surface energy may bring about reactions not
possible in a solution. These surfaces also accumulate electrical charges
which may be significant in reactions. Because it is a many-phase sys-
tem, a change of one phase may result in the alteration of other inter-
locking phases and the modification of the whole protoplasmic system.
Like gelatin and jelly, protoplasm is more or less elastic, and some of its
constituents may have a brush-heap structure.

Furthermore, protoplasm is a self-perpetuating system, in that it can
combine foods (carbohydrates, fats, and proteins) into the system and
enlarge its mass. It is evident, therefore, that the jelly-like part of the
cell which was named protoplasm is not a single chemical substance.
Life, like all the other distinctive properties of protoplasm, is a result of
the chemical components and their complex organization in a colloidal
system. When the system is disorganized the distinctive properties disap-
pear, for the materials or compounds are not alive.

Cytoplasm. The protoplasm in most plant cells is organized into
cytoplasm, plastids, and nucleus. In young cells these parts completely
occupy the space within the cell wall (Fig. 31). As the cell enlarges,
microscopic droplets of liquid become visible in the cytoplasm, the col-
loidal matrix is drawn together, and the droplets coalesce, forming larger
water-filled cavities called vacuoles. In most plant cells the coalescence
of small vacuoles results finally in the formation of a single vacuole, and
the cytoplasm with its embedded plastids and nucleus becomes relegated
to a thin layer lining the cell wall. In other cells the nucleus may retain
its central position, supported by cytoplasmic strands which are the
remnants of the cytoplasm separating the several vacuoles before they
coalesced into the single large one.

Cytoplasm is usually granular in appearance because of the presence
of particles of various foods and other substances. Cytoplasmic move-
ments (streaming) may be seen in the cells of some plants.

Plastids are protoplasmic bodies in the cytoplasm. Special reactions
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Fic. 31. Photomicrograph of a vertical section of a stem tip in a reproductive bud
of coleus. The small meristematic cells nearest the apex are completely filled with
protoplasm. The older cells which have become enlarged and vacuolate are similar
in structure to B and C in Fig. 30. Photo by T. J. Johnson,

take place in them, often resulting in the accumulation of particular
substances, such as starch and chlorophyll. There are usually several to
many plastids in each cell; and as the cells multiply by division, the
plastids also increase in number by division. They are named on the
basis of certain substances that accumulate in them, as shown in
Table 1.

In very young cells there are small colorless plastids (leucoplasts)
that apparently may develop into these more specialized types, depend-
ing upon environmental conditions.

The nucleus. The nucleus is usually more refractive to light than the
cytoplasm and under the microscope appears brighter. Often its proto-
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TasBLE 1. Names of P]astlds and Thelr Chardcterlstlc Contents

Names of Plastids Characteristic Contents
Green plastids or chloroplasts. Chlorophylls, carotenes, and xanthophyll,
sometimes minute starch grains.,
Starch plastids or amyloplasts. Starch grains.
Fat plastids or claioplasts. Oils and fats.
Color plastids or chromoplasts. Pigments found in chloroplasts, also red,

vellow, and other pigments.

plasm is denser dl](l forms a more rigid gel, but sometimes it is a fluid
sol surrounded by a membrane. Chemically it differs from the cytoplasm
in that the proportion of proteins is less and its proteins are far more
complex.” They are relatively high in phosphorus and possibly on this
account more reactive. There seems to be good reason to regard the
nucleus as the center of many cell activities; as we shall see in a later
chapter, it contains certain very minute bodies (chromosomes) that are
the carriers of many of the hereditary factors of the plant.

The vacuole. At maturity the vacuole occupies most of the space in-
side the cell walls; it is filled with “cell sap,” a solution of sugars, salts,
acids, and other soluble compounds. It may also contain colloidally dis-
persed proteins, carbohydrates, and other less soluble substances. Some
of the substances in solution readily pass from the vacuole into the sur-
rounding cytoplasm or from the cytoplasm to the vacuole; others do not.
Sometimes crystals of salts accumulate in the vacuole, or the cell sap may
become colored with pigments as in the cells of many flowers, fruits,
and red autumn leaves.

The cell wall. The outermost part of a plant cell is the cell wall,
formed at the surface of the enclosed protoplasm. During cell division
the first wall between the daughter cells is composed of pectic material,
and on the inside of this pectic wall (middle lamclla) successive layers
composed of cellulose or of cellulose and pectic compounds are de-
posited. Sometimes other substances, such as cutin and lignin, accumu-
late in cell walls and thereby change their properties. Most cells on the

outer surface of plants contain cutin in the outer wall. The cells in wood
Purine or adenine
: +
Nucleie acid Sugars
Nucleo-proteins +
Protein base | phosphoric acid
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exemplify walls that started as pectic compounds and cellulose and
became lignified. Cell walls also possess colloidal properties and swell
in water. They are composed of small submicroscopic particles between
which molecules of water may penetrate and be held tenaciously.

The cell as a whole. From this description of the parts of the cell and
the study of cells with a microscope, it should be possible to picture
the cell as a structural unit, and at the same time as a dynamic unit, dis-
playing those properties and processes commonly associated with living
organisms. Some of these structures and processes may be briefly sum-
marized.

1.
2.

3.

All plants consist of one or more cells.

Cells are formed by the division of previously existing cells, and
less frequently by the fusion of cells.

The properties associated with life reside in the protoplasm, which
is a complex colloidal system of proteins, carbohydrates, fats, and
lipoids permeated by a water solution of acids, bases, and salts,
many of which are highly reactive. Owing to the enormous sur-
faces between the water and the colloidal particles the proto-
plasmic system contains surface energy and electrical energy not
characteristic of solutions.

The protoplasm therefore is a chemical and physical system, no
one constituent of which is living; the qualities that distinguish
protoplasm from non-living systems result from the unique organi-
zation of atoms, ions, moleculcs and colloidal particles with their
associated chemical, e]cctucal, and surface energies.

. The protoplasmic system sustains itself in the presence of food,

and can combine food substances into its own structure and
thereby increase its mass. In other words, it grows.

In the development of the plant cell, vacuolation occurs and the
cytoplasm at maturity becomes a sack-like layer surrounding a
solution of sugars, salts, acids, and very dilute colloidal dispersions
in the water of the vacuole.

During its development, the usual plant cell also becomes sur-
rounded by a cell wall—at first primarily of pectic material, later
of cellulose layers—which may be altered in several ways. The
cell wall has a high water content during the active life of the
cell.

The large proportion of water pervading all parts of the cell con-
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10.

11.

stitutes a medium in which the movement of materials and the
chemical and physical changes within the cell readily occur.

. As a result of the chemical changes constantly going on in the

cell, electrical energy is released as in a battery, and one end
of the cell usually has a higher electric potential than the other.
Consequently most cells are polarized, and their opposite ends may
behave differently.

In cell masses of the larger plants electric potentials also develop,
and the apex of a plant organ may become electrically negative or
positive to the base.

Since the living part of the cell is protoplasm, it is the protoplasm
that dies when a cell or any group of cells dies.

With these principles in mind, one has a basis necessary for interpret-
ing the various extraordinary reactions of living plants. Today we know
only a minor part of the energy and material relations within plant cells,
but our present knowledge is certainly sufficient to lead us to doubt the
necessity of assuming the presence of mysterious forces to account for
the behavior of organisms.



CHAPTER VIII

THE TISSUE SYSTEM OF LEAVES
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In the preceding chapter, cells are described as unit structures embody-
ing several interrelated physical and chemical systems. Cells are con-
sidered as the physiological units of plants because they are the smallest
bits of protoplasm known to be capable both of independent existence
and of reproduction through division. In later chapters less highly organ-
ized cells of bacteria and certain algae are described. There are several
thousand species of plants that live as single cells. In other thousands
the cells are aggregated in colonies in which the individuals cells arc
more or less independent. In the larger and more familiar plants the mil-
lions and billions of cells of which they are composed remain not only
firmly attached but are to some extent mutually dependent. During the
development of these plants, systems of cells called tissues are formed by
cell enlargement and differentiation.

Cells and tissues. The cells of a given tissue may have a common
origin; all of them may be similar in position, shape, texture, or color;
or several different kinds may form a distinct structural complex. Never-
theless, the tissues of many common plants may be distinguished readily.
In this chapter we shall try to picture the tissues of a leaf, emphasizing
the fact that the leaf, or foliage organ, like other organs of a plant, is a
system of tissues, the cells of which are differentiated, but intimately
related, structurally and physiologically.

Leaf bud development. Leaves develop from buds; they first become
visible through the microscope as small protuberances (primordia) in
the meristematic’ region near the growing apex of the stem (Fig. 32).
The cells of the primordium divide and continue to produce new cells—
all very similar in size and shape. The uniform brick-like cells of the leaf

L A primordium (pl. primordia) is the beginning, original, or rudimentary state of an
organ—in most cases, a minute mound of similar cells. The term meristem (Greek
meris = a divider) refers to any part of a plant in which cell division, enlargement, and
differentiation are possible or taking place; it often is a synonym of growing region.
Meristematic cells, tissues, and regions are sometimes called embryonic cells, tissues, and
regions. After cells and tissues are mature they may again become meristematic through
changes in their immediate environment, and cell division begins again.

68




[Chap. V1II THE TISSUE SYSTEM OF LEAVES 89

Sy
\"‘o‘;’;:";itah
SR
.0"0\"'%2”‘"‘&5.

L5
| T B
-..=l='=ilig§|-='§'~*,o
” I .--.. |.-€§;{“I‘V.'.y
IR MERTEE L
[} (] 1 Sy 3"
iat e Ml '.Ig' TR
g §£'a'=ulln§ LE

Fic. 32. Diagram of vertical section of a vegetative bud of coleus. Compare it with
N Figs. 31 and 83.

primordium are completely filled with protoplasm and become stratified
in several (5-8) layers. As this protuberance expands farther—becoming
more leaf-like, but still very small—cells in the middle layers divide
irregularly and form groups of cells from which the vascular tissues of
veins develop (Fig. 33).

In the leaves of many of our trees, to which the above description
particularly applies, this entire development proceeds slowly through
the spring, summer, and autumn months within the buds. By the end of
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PALISADE

} MESOPHYLL

STOMATE VEIN

F1c. 33. Cross sections of leaves. A-E, sections of embryonic leaves from the termi-
nal bud of a tobacco plant in the order of relative age. The oldest leaf (E) in the
series was less than one centimeter in length. F, cross section of a small portion of a

blade of a mature leaf of tobacco. Modified after G. S. Avery.

winter some of the leaves in the bud have attained their characteristic
pattern in miniature. The cells of the prospective future veins are slightly
differentiated, whereas the remaining ones are still similar. Thus far cell
division has been the dominating process of development. All cells re-
main in complete contact and there are no intercellular spaces.

Leaf development. With the warmer weather of the following spring,
growth is renewed. The stem tip and young leaves expand and press the
bud scales apart. During the rapid increase in size, cell enlargement and
cell differentiation dominate the growth process, leading to the forma-
tion of the distinctly different tissues as seen in microscopic sections.
Cell division usually stops first in the epidermis, next in the spongy meso-
phyll, and last in the palisade mesophyll. Cell enlargement, however,
continues longest in the epidermis; as a consequence, the cells of the
spongy tissue are pulled into an open meshwork, and the palisade cells
become separated laterally. Meanwhile the veins have increased in
diameter. Expansion of the leaves follows rapidly after the opening of
the buds; they often double their size within twelve hours. In some
plants with small leaves the whole development from leaf primordium



[Chap. VLI THE TISSUE SYSTEM OF LEAVES 71

to mature leaf may occur at a rather uniform rate during ten days to
two weeks. In large-leaved plants, such as tobacco, the leaves grow for
a month or more before becoming mature.

Leaf tissues. When we look at the surface of a magnified leaf we can
see that the epidermis is composed of a layer of angular or interlocking
cells (Fig. 34). The outer cell wall contains a deposit of cutin, a fat-
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F1c. 34. Arrangement of tissues in a leaf of the common periwinkle (Vinca).
Courtesy of World Book Co.

like substance. This cutinized layer is often called the cuticle. It may be
very thin, or it may be so thick that the outer wall is the most conspicu-
ous part of the epidermal cell.

In the lower epidermis, and sometimes among the upper epidermal
cells, paired specialized guard cells partially separate and form a pore
or stomate.” When open, the stomates are passages connecting the air
within the intercellular spaces of the leaf with the external atmosphere.

Between the upper and lower epidermis there are several layers of
cells constituting the mesophyll. The upper layers usually have elongated

2 Some authors prefer stoma (Greek = mouth: pl. stomata); in either case the adjective
is stomatal.
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vertical cells, the palisade layers; and the lower have irregular cells
more or less parallel to the leaf surface forming the spongy layers. Among
these cells the vascular bundles—the veins—form a network extending
to every part of the leaf. The midrib and larger veins increase in thick-
ness and may become several times as thick as the rest of the blade. Each
vascular bundle consists of xylem and phloem tissues surrounded by one
or more cell layers of bundle sheath. In the larger veins and petioles of
leaves the xylem and phloem may be surrounded by heavy-walled fibrous
sclerenchyma,” or the sclerenchyma may be massed above and below the
vascular tissues, as in many grasses. In the smaller veins the bundle
sheath consists of thin-walled cells. So completely do the veins penetrate
all parts of the mesophyll that any one mesophyll cell is rarely more than
a few cells away from a vein (Fig. 52, page 111).

The xylem consists of elongated cells, and of tube-like vessels (xylem
tubes) that originate by a disintegration of the cross walls in strands of
several or many successive cells (Fig. 32). The xylem of a single vein
usually contains several of these tubes—hence the name vascular bun-
dle. The movement of water to the mesophyll occurs mostly in these
tubes. The spiral thickening in xylem tubes in the leaves of many plants,
such as nelumbo or geranium, is readily seen when segments of the blade
or petiole are pulled apart. Because of thickening and lignification of
their walls some of the xylem cells become wood cells.

The phloem tissue is composed of elongated small cells which differ
from those of the xylem in that they retain their protoplasmic content at
maturity. Foods move from the mesophyll cells through the phloem
tissue to other parts of the plant.

The petiole. The petiole connecting the blade of the leaf with the
stem consists essentially of one or more vascular bundles and associated
fibers embedded in parenchyma tissues. The bundles are continuations
of the vein system of the blade, and at the basal end connect with the

¢ The names of several common plant tissues are formed from the Greek word enchyma
receded by a descriptive prefix. Early plant anatomists held that all tissues are derived
me a “fundamental” soft tissue, or parenchyma, a general term still used for thin-walled
tissues such as occur in many cdible fruits, pith, and the soft parts of leaves, stems, and
roots. The term sclerenchyma is applied to hard tissues, such as the thick-walled fibers
of wood, flax, and hemp; and to the rounded grit cells such as occur in pear fruits and in
the bark of many trees. When mature, sclerenchyma cells die, and only the heavy walls
persist. Chlorenchyma is any tissue containing chlorophyll, whether in leaf, stem, root, or
other part of the plant. The term collenchyma is applied to soft tissue in which the cell
walls are thickened irregularly, especially at the ang*es. These cells retain their Yrotoplasm
and may be rounded or elongute(}. They occur in thick veins of leaves, in petioles, and in
herbaceous steins. Mesophyll (middle leaf) consists of parenchyma; it may be properly
called chlorenchyma only when it is green.
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bundles of the stem. Near the junction of the petiole and stem there is
a short region in which the sclerenchyma is either less or absent, and
in which parenchyma cells rich in cytoplasm form a disk-shaped layer
several cells thick across the petiole, except in the bundles. This is the
absciss layer (Fig. 35). It is formed during leaf development.

Later as the cell walls of this layer disintegrate many of the cells be-
come separated. The middle lamella and sometimes other layers of the

Fic. 35. Vertical sections of the bases of two petioles of coleus leaves: A, in
which the absciss layer is almost fully developed, and B, in which abscission is
nearly completed. Photomicrographs by R. M. Myers.

cell walls become jelly-like or are dissolved, and the petiole is separated
from the stem. The leaves of deciduous trees may be supported for a
time by the vascular strands, but these are ultimately broken. The break-
down of the absciss layer in the petiole of some herbaceous plants may
take place and the leaf abscise within 48 hours. This process is retarded
by hormones from the blade and hastened by such conditions as drought,
injury to the blade, low and high temperatures. Abscission is usually
preceded or followed by changes in the cells attached to the stem below
the absciss layer. These changes result in the closure of the vessels and
the development of scar tissue evident in the leaf scar. Abscission is not
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The stomates. In describing the epidermis the paired guard cells
which surround the stomate were mentioned. These are highly spe-
cialized cells formed by subdivision of epidermal cells; unlike the or-
dinary epidermal cells, they contain green plastids (Fig. 36). In tree
leaves the guard cells do not separate until the leaf has attained a fourth
or a third of its size. In many leaves they are found exclusively, or
mostly, in the lower epidermis. Less frequently they are most abundant
on the upper surface; they rarely occur in equal numbers on both sides
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Fic. 36. Stomates in relation to guard cells, subsidiary cells, and ordinary epidermal
cells. Lower epidermis of (A) Boston fern, (B) Zebrina, and (C) corn.

of the leaf. Stomatal openings are so minute that the area of an average
pinhole may be equivalent to that of 2000 to 2500 stomates. On many
common leaves, however, there are from 100 to 600 stomates per square
millimeter of leaf surface, and when they are open théir total area may
be equal to nearly 1 per cent of the lower leaf surface.

The most remarkable thing about stomates is that they are opened by
the swelling and arching of the guard cells, and closed by the shrinking
and straightening of these cells. When a plant is moved from darkness
to light, the guard cells are affected by light and their internal pressure
increases, causing them to separate and open the stomate. On a warm
day this opening may take place in about 15 to 30 minutes. Thus in the
summertime stomates open after sunrise and remain open for two or
more hours, depending on conditions discussed in Chapter XXIII. The
closing of the stomates depends on a number of factors, mostly internal.
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Here it need be emphasized only that external factors—light, water, and
a warm temperature—are the most important prerequisites for their
opening.

Summary. A leaf is a more or less flattened organ that develops from
a leaf primordium, which originates in the meristematic tissue at the
growing point of a stem. The blade may be sessile, or it may be sup-
ported at some distance from the stem by a petiole. The latter is essen-
tially a structure containing vascular bundles surrounded by other
tissues. The usual blade is a flattened body with an epidermis which is
perforated by stomates that are opened and closed by guard cells.
Within the blade, the mesophyll consists of several layers of parenchyma
cells which are variously arranged and partly in contact with the inter-
cellular air spaces that ramify throughout the leaf. The air spaces are
continuous with the outside atmosphere when the stomates are open.
Within and throughout the mesophyll there extends an ever-branching
vascular system of water-conducting and food-conducting tissues that
are in contact with most of the mesophyll cells, and never more than a
few cells removed. Some or all of the mesophyll cells contain chloroplasts
and chlorophyll. The larger veins of the leaves are often ensheathed
with hard sclerenchyma fibers. These fibers increase the rigidity of the
blade; but the collapsing of wilted leaves is evidence that they
are not sufficient to hold the blade upright. Owing to the formation of
layers of cutin, external cell walls of the epidermis may be more or less
impervious to water.

The mesophyll is a system of living cells connected with the stemn
by water- and food-conducting tissues, distributed in a labyrinth of air
passages through which water vapor, oxygen, carbon dioxide, and other
gases can move freely. The whole is enclosed by a cutinized epidermis,
in which are stomates that may be open in warm sunlight, thus connect-
ing the internal with the external atmosphere.



CHAPTER IX

ENVIRONMENT AND LEAF DEVELOPMENT

Development of a leaf begins with the terminal growth of a primordium.
This terminal growth in a fern leaf may continue long after the base of
the leaf is mature. The tender, young coiled tip of a growing Boston
fern leaf is familiar to all. In the broad leaves of common trees and
shrubs all parts of the blade continue to grow and mature about the
same time, though growth continues longest in the base. In the leaves of
grasses, iris, aloe, and pine the basal region remains meristematic much

SHEATH

Fic. 37. Growing regions of leaf blades indicated by stippling. The fern leaf
(A) continuous growth longest at the apex, and grass leaves (B) longest at the
base. The growth of leaves similar to those of the sunflower (C) is much less
localized.
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longer than the apical portion. Hence these leaves continue to elongate
from the base after the other portions are mature. When growing plants
of grasses and aloe are placed in a dark box the leaves continue elongat-
ing; their white or yellow basal portions are the growing regions.
In early spring one may often see the same thing in bluegrass lawns
before sunrise. When bluegrass is clipped the clipped leaves continue
their elongation. Cutting the tip of a fern leaf removes the growing
region, and growth of the leaf stops. Appreciation of these three types
of leaf development (Fig. 37) may aid in the interpretation of many
leaf phenomena.

During development leaves may be subjected to drought, to intense
light, shade, or darkness, to high and low temperatures, and to numer-

Fic. 38. Cross sections of leaves of sugar maple from different environments:
A, section of a very young leaf with the usual three layers of mesophyll cells which
do not increase in number in some environments; B, scction of a leaf from the
base of a tree in a forest; C, section of a leaf from the middle of the crown of an
isolated tree; D, section of a leaf from the side of the crown exposed to the sun.
Drawings redrawn from G. H. Smith (A) and from H. C. Hanson (B-D), American
Journal of Botany.

ous other external conditions. The effects of these environmental factors
on the growth processes within the cells may bring about an increase or
decrease in the division, enlargement, and differentiation of cells. Conse-
quently any change in the intensity of these factors during the growth
period of a leaf may result in distinct differences in form and structure.

Light and leaf size. Leaves that have developed in full sunlight are
usually smaller and thicker than the corresponding leaves that have
developed in partial shade. The lobes of leaves, such as those of oak
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and maple, are also thicker as well as narrower and longer when the leaf
grows in bright light. The thickness of leaves in full sunlight may be
as much as 2 or 3 times that of similar leaves that developed in shade.
Studies of leaf development have shown that in moderate shade the
number of cell layers of mesophyll is the same as in the embryonic leaf,
while in full sunlight the number of these layers may be increased (Fig.
38). Moreover, there is increased elongation of cells at right angles to
the leaf surface; that is, more of the mesophyll cells become palisade
cells.

In dense shade the leaf blades of many plants mature at an early stage
of development and remain smaller and thinner. In total darkness such
blades develop little or not at all. Corn and other parallel-veined leaves
are exceptioﬁs in that the blades of seedlings may enlarge in darkness
even more than in light. Petioles generally lengthen more in shade and
darkness than in light. Internally, the vascular tissues of the petiole and
blade become differentiated more in full sunlight than in darkness.

Light and epidermal cells. From what evidence there is, it appears that
in any one species the larger size of shade leaves is usually due more to
the greater enlargement of the cells than to the increase in number of
cells (Fig. 39). Likewise, the total number of stomates in these leaves
may not increase, since the proportion of epidermal cells from which
guard cells develop is about the same in both sun and shade.

The mean number of stomates per 100 original epidermal cells is as
follows:1!

European beech Shade leaves 10.7 Sun leaves 10.4
Black elderberry Shade lcaves 15.5 Sun leaves 16.1
Mgyrtle blueberry Shade leaves 12.2 Sun leaves 14.5

There are more epidermal cells and more stomates per square milli-
meter of surface in sun leaves than in shade leaves when the plants grow
out-of-doors. Under these conditions the leaves are heated more than in
shade, and evaporation of water from them reduces the water content
of their cells. Since, in growth, enlargement of cells depends in part on
water pressures inside them, sun leaves have smaller epidermal cells,

! Data from E. J. Salisbury, Philos. Trans. Roy. Soc. London, 216:1-65, 1927. The
mean number of epidermal cells and pairs of guard cells, respectively, per square mm.
in sun and in shade are given as follows:

European beech Shade leaves 1157 and 145 Sun leaves 1905 and 222
Black elderberry Shade leaves 268 and 47 Sun leaves 581 and 112
Blueberry Shade leaves 545 and 90 Sun leaves 1049 and 132
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and more per unit area; likewise their guard cells are smaller, and the
pairs of guard cells per unit area are more numerous. When moisture

SHADE FORM SUN FORM

Fic. 39. Relation of growth of leaf tissues of wandering jew (Tradescantia) to
light. Leaves (A) on plants shaded by two layers of cheesccloth are broader and
thinner, and have shorter palisade cells, larger epidermal cells, and fewer stomates

per square millimeter than leaves (B) on plants exposed to full sunlight. From
F. H. Norris.

conditions are controlled so that evaporation from the leaves is about
the same in sun and in shade, the numbers are approximately the same
for equal surface areas. The effects of intense light upon leaf develop-
ment are similar to those of drought.
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Light and leaf structure. Following is a comparison of leaf structures®
in a cross section of Rhododendron catawbiense from a spruce-fir forest
(shade) and from a heath-bald (sun) on Mt. LeConte in the southern
Appalachians, elevation 6600 ft. Evaporation of water from the Rhodo-
dendron plants in the heath-bald was about 3.5 times greater than from
those in the forest.

Sun

Shadc Sun Ratio Shade

Average leaf dimensions 13.5 X 5.9 cem. 6.9 X 3 cm. 0.25
Mean thickness of leaves 0.358 mm. 0.525 mm. 1.5
Mean thickness, upper cuti-

cle 6.0 microns 8.9 microns 1.5
Mean thickness, upper epi-

dermis 11.0 ” 18.5 ” 1.2
Mean number layers of pal-

isade 2.5 ” 4.5 ” 1.8
Mean thickness, palisade

layers 70.0 ” 144.0 ” 2.1
Mean thickness, spongy

parenchyma 253.0 ” 321.0 ” 1.6
Mean thickness, lower epi-

dermis 10.5 ” 16.2 7 1.5
Mean thickness, lower cuti-

cle 29 7 67 7 2.3

The development of the finer veins of the leaf is similarly affected,
and the meshes (“vein-islets”) enclosed by the veins are smaller in sun-
light than in shade. The area of vein-islets probably is determined not
directly by sunlight, but indirectly by the increased evaporation and the
decreased expansion of the leaf cells, as are leaf size, thickness, num-
ber of stomates, and epidermal cells per square millimeter. In all these
phenomena hormones may play an appreciable part.

When an environmental factor is changed, all the tissues of the leaf
may not be affected equally in their development. The enlargement or
the differentiation of one tissue may be increased or decreased more than
that of others. If the growth of the epidermis is checked sooner than
that of the mesophyll, the mesophyll cells will be closer together and the
air spaces smaller. If the growth of mesophyll cells is checked sooner

? Calculated from sections near the midrib. From S. A. Cain and J. D. Oliver Miller,
Amer. Midland Naturalist, 14:69-82, 1933.
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than that of the epidermis, the leaf will have larger air spaces. Air-space
differences usually result in either an increase or a decrease in the area
of mesophyll wall surface exposed to the air spaces. The area of this
exposed mesophyll surface may become several times greater in leaves
growing in full sunlight than in leaves growing in shade, although the
epidermal surface is greater in the latter. The relation of the efficiency

of a leaf to the area of mesophyll wall
surface will become evident in later
chapters.

If the edge of a blade matures before
growth stops in the middle, stresses de-
velop within the leaf and it may become
convex or curled. The rigidity of many
large leaves and the curving and twist-
"ing of petioles is due to such internal
stresses and strains between tissues.

Light and leaf position. Plants placed
at a window are exposed to only a fourth
or a fifth as much light as plants out-of-
doors; moreover, most of the light strikes
only one side of the plant. This unequal
illumination of opposite sides of the
growing leaf blade results in an unequal
growth in length of opposite sides of the
petiole. Except in a very young leaf, in
which the converse may occur, the cells
on the shaded side lengthen more than
those on the lighted side. The greater
elongation of the petiole on the shaded
side is evident in the bending of the
petiole toward the window. Apparently
the quantities of hormones in the lighted
and shaded sides of the blade are un-
equal, and their consequent unequal dis-
tribution on opposite sides of the petiole
results in a greater lengthening of the
cells on the shaded side. Likewise there
are unequal quantities of these hormones
in the exposed and shaded blades in a

Fic. 40. When the growing
stem tip of the mermaid weed
is submerged, the leaves that
develop are finely divided;
when it is in air, the leaves that
develop are not divided.
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leaf mosaic; consequently there are differences in growth in length of
their petioles.

The lengthening, bending, and twisting of petioles among adjacent
leaves on inclined stems, and on vines growing on walls, often result in
an arrangement and spacing of blades which when viewed from the di-
rection of the most intense light appear as “leaf mosaics.” The mosaic
arrangement of leaves in rosettes is illustrated in Fig. 20, page 33.

The leaves of prickly lettuce and other “compass plants™ growing in

WARM DRY

s

Fic. 41. Effects of temperature and drought on leaf size and structure of the
sour dock. In the warm dry culture the plants wilted daily. The temperature of the
substrate in the “cool moist” culture was on the average 10 degrees below that of
the “warm moist” culture.

COOL MOIST

dry, intensely lighted habitats become twisted to a more or less vertical
position in a north-south plane. In shade, these leaves have the usual
oblique or horizontal position (Fig. 341).

Water and leaf structure. Some plants that grow partly submerged
have finely divided leaves under water and nearly entire leaves above
water. The mermaid weed ( Proserpinaca), for example, grows well both
on moist soil and in water. It is what may be called a highly plastic
species since its leaf types are readily changed. As long as the leaf
primordia are under water the leaves that develop are divided. If the
leaf primordia are raised above the water, undivided serrate leaves re-
sult (Fig. 40). Moreover, if the stem tip is held alternately above and

$ Lactuca scariola, L. saligna, Silphium laciniatum, and S. terebinthinaceum.
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F1c. 42. The English gorse growing in moist places has leafy shoots; in dry situa-
tions the shoots are largely spines and thorns. After Lothelier.

below the water, successive tiers of divided and undivided leaves may
develop on the same stem. The epidermis of submerged lecaves may have
paired guard cells which do not separate and form stomates. Internally
the submerged leaves have considerably less differentiation of cells and
tissues than do the aerial leaves.

In a preceding chapter attention was called to the chemical effects
of light and temperature on the greening of leaves, on autumn colora-
tion, and on abscission of leaves. Some of the effects of drought and
temperature on the development of leaves are illustrated in Fig. 41
Drought often increases the spinescence of plants (Fig. 42).

Some of the variations observable in leaves that grow out-of-doors
are the results of changes in such factors as light and water, similar to
those discussed in this chapter. When individuals of the same species
grow in very dissimilar habitats, environmental effects on leaf form often
make it difficult to identify the plants. Keys to plant species are based
on heritable characteristics as developed in a single natural habitat,
preferably a favorable one.



CHAPTER X

HEREDITARY DIFFERENCES IN LEAVES
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All leaves develop from a small mound of meristematic cells near the
tip of a stem, and all these primordia look much alike. From the leaf
primordia of elm trees simple pinnately veined leaves develop, but from
the leaf primordia of the sugar maple five-lobed palmately veined leaves
develop. The leaves of horse chestnut and buckeye become palmately
compound, and those of the ash become pinnately compound. Since
these characteristics regularly appear in any, or all, of the environments
in which the trees grow, it is evident that these variations in leaf devel-
opment, form, and structure are the result of hereditary differences.
Heritable variations in leaves have been occurring throughout the
millions of years that leaf-bearing plants have existed upon the earth. If
one were to begin studying these variations by noting all of the minute
heritable differences in the form and size of teceth and lobes on leaf
margins, or in the form, number, and arrangement of epidermal hairs on
leaves, he would undoubtedly conclude that heritable variations in leaves
are legion. He would probably conclude also that for every one of these
variations that may be of some advantage to the plant there are hundreds
of others that are of no particular value or harm to it. Regardless of their
value or lack of value to the plant, all of them are the result of the same
general changes in the composition and arrangement of molecules in the
hereditary units of matter (genes) in plant cells. “Rain falls alike upon
the just and the unjust” because the factors underlying the formation of
clouds and rain bear no relation to justice. Similarly, the factors underly-
ing the origin of heritable variations bear no relation to their value. Dis-
similar variations occur in leaves of plants growing in similar habitats
and, conversely, similar variations occur in leaves of plants growing in
dissimilar habitats. A few kinds of variations have survived more abun-
dantly in some habitats than in others. Many of the heritable variations
in leaves are interesting as phenomena of nature. Man makes use of
them also as a means of classifying plants, for various sorts of decora-
tion, and as a source of certain economic products. We shall not at this
84
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time consider how hereditary differences occur, but limit our attention
to a few expressions of them in leaves. (See also Figs. 14-17.)

Size and form. The smallest flowering plant in North America is a
little globular duckweed (Wolffia) about 2 millimeters in diameter, with-
out distinct root, stem, or leaf (Fig. 11). The opposite extreme is repre-
sented by palms with leaves 20 feet long. The native fern from which
the Boston fern was derived grows in the Everglades region of southern
Florida and has been found with leaves over 20 feet in length. Pines have
needle leaves which in some species may be more than a foot long;
structurally they are quite different from the leaves thus far described
(Fig. 324). Iris is readily recognized by its sword-like vertical blades and
the tightly folded sheath enclosing the stem and younger leaf bases.
The cactus (Opuntia) has small temporary succulent leaves (Fig. 43).
Victoria regia of the Amazon River, the largest of the water lilies, may
have floating blades 5 feet in diameter with petioles 2 inches thick and

Fic. 43. The cactus (Opuntia) in which the younger stem segments and fruits bear
small, awl-shaped, succulent leaves. Photo by G. S. Crowl.
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Fi1c. 44. The largest of water lilies, Victoria regia, in bloom. Photo from New York
Botanical Garden.

20 feet long (Figs. 44 and 45). The century plant (Agave) has a type
of hard leaf with a heavy base and thickened blade, often variously
curved because of unequal growth (Fig. 46). At the time of flowering
the upper leaves of poinsettia are bright red. The leaf (spathe) that sub-
tends the flower cluster in the calla lily becomes white before the flowers
mature.

Parts of leaves are sometimes so unusual that it is difficult to identify
them as such. The stipules of the black locust tree develop as a pair of
spines at the base of the leaf. The stipules of pea vine are leaf-like, and
the terminal three or five “leaflets” are tendrils. On smartweeds the
stipules form a sheath about the stem, whereas on rose leaves they are
attached to the side of the petiole. The various species of asparagus have
only very small scale leaves; the leaf-like organs are branches of the
stem. All gradations between leaves and spines may be found on the
common barberry. Near the stem tip bud scales develop from primordia
similar to those of foliage leaves (Fig. 82, page 246).
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Fic. 45. Petiole and under side of leaf of Victoria regia. Photo from New York
Botanical Garden.

Structures. Only a few of the striking differences in the structures of
leaves are illustrated in this chapter. Simple one-celled hairs, or multi-
cellular branched, stellate, and shield-like hairs are characteristic of
certain leaves. The pine needle has peculiar chlorenchyma cells, and
resin ducts. In the aloe leaf the chlorenchyma is a peripheral layer en-
closing a mass of large, thin-walled gelatinous cells that have a high
water-retaining capacity. The leaves of many aquatics that extend or
develop above the water level are noted for the large proportion of air
cavities extending not only throughout the leaf but downward into the
stem and roots. The relative numbers of stomates and their occurrence
on the two sides of a leaf are characteristic of a given species (Table 2,
page 89). The number of stomates per square millimeter varies from
place to place on a particular leaf, and the average of several counts
must be taken when comparisons are made.
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Fic. 46. Agave in bloom. From U. S. Biological Survey.

The pulvinus. At the base of the leaves and leaflets of certain plants,
such as beans, clovers, honey locust, and red-bud, there is a thickened
portion of the petiole, termed the pulvinus. It is composed primarily of
parenchyma cells; the veins are more nearly central in it than they are
in the rest of the petiole (Fig. 47). Water passes into or out of the cells
more freely on one side of the pulvinus than on the other. This unequal
movement of water causes unequal enlargement or shrinkage on oppo-
site sides of the pulvinus, and a consequent movement of the attached
petiole and blade. A more detailed account of the movement of water
into and out of cells is included in Chapters XXII and XXIII.

In a pulvinus of the sensitive plant (Mimosa pudica) such changes
in water content may be brought about on a warm day by simply touch-
ing the leaf. The observed effects are a lifting of the leaflets, a gradual
closure of the branch “petioles,” and a downward movement of the main
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TasLE 2. Average Number of Stomates per Square Millimeter on the Upper
and Lower Surfaces of a Variety of Leaves!

Tree Leaves Herb Leaves >

American beech Up. 0 Giant ragweed Up. 100
(Fagus grandifolia) Lo. 100 (Ambrosia trifida) Lo. 200
Yellow oak Up. 0 Hemp Up. 18
(Quercus muhlenbergia) Lo. 330 (Cannabis indica) Lo. 230
Black walnut Up. 0 Prickly lettuce Up. 85
(Juglans nigra) Lo. 460 (Lactuca scariola) Lo. 125
Tulip tree Up. 0 Cattail Up. 225
(Liriodendron) Lo. 240 (Typha latifolia) Lo. 235
Cottonwood Up. 55 Jack-in-the-pulpit Up. 0
(Populus deltoides) lo. 85 (Arisaema triphyllum) Lo. 32
Scarlet oak Up. 0 Willow herb Up. 80
(Quercus coccinea) Lo. 1038 (Dianthera americana) Lo. 80
Water lily Up. 460

Shrub Leaves (Castalia odorata) Lo. 0

Sassafras Up. 0 Cow vetch Up. 130
(Sassafras variifolium,) Lo. 35 (Ficia cracca) Lo. 44
Grape Up. 0 Corn Up. 70
(Vitis bicolor) Lo. 72 (Zea mays) LLo. 88
Cranberry Up. 0 Fescue grass Up. 200
(Oxycoccus macrocarpus) lLo. 632 (Festuca sylvatica) Lo. 0
Hydrangea Up. 0 Blucgrass Up. 160
(Hydrangea arborescens) lLo. 25 (Poa pratensis) Lo. 104
Maple-leaved viburnum Up. 20 Water plantain Up. 50

(Viburnum acerifolium)  lo. 80 (Alisma plantago) Lo. 86

<<

petiole.” This collapse of the whole leaf is in no way due to a mere re-
laxing of the leaf. The petiole is actually forced downward by the change
in size of the cells of the pulvinus. Many of these leaves have charac-
teristic positions with reference to the sun on bright days, and some
“follow the sun” from morning to evening. These movements occur
readily with changes in light intensity provided the temperature is high;
if it is Jow, they are slow or do not occur at all.

! Data from papers by G. W. Blaydes, E. J. Salisbury, and L. E. Yocum.
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F1g. 47. Pulvinus and section of pulvinus from leaf of sensitive plant, both en-
larged. When the leaf is touched, the water in the cells on side A passes outward
into the intercellular spaces, causing the cells partially to collapse. The pressure
of the cells on side B then forces the leaf downward. Courtesy World Book Co.

Rolling of leaves. Leaves of many grasses, especially those that live in
dry regions, have chloroplasts in part of the mesophyll tissue only.
There are other parenchyma cells, called reservoir cells, in which water
noticeably accumulates. When the plants are subjected to drought these
cells lose water and the leaves become folded, or rolled. Fig. 48 illus-
trates sections of leaves with reservoir cells. The inward rolling of
leaves of corn and beach grass, and the folding of bluegrass leaves are
common examples. These leaf movements have often been cited as ex-
amples of purposeful behavior, on the assumption that the leaves always
roll so that the stomates will be on the inside. In nature, however, one
may find leaves rolled in such a way that the stomates are on the out-
side and more exposed to light and dry winds than-before the rolling.
Bluegrass leaves which fold upward in drought have more of the
stomates on the upper surface, whereas corn leaves which roll up have
a greater number of stomates on the lower, exposed surface.

Aquatics. The leaves of submerged plants are noted for their thinness.
They are usually ribbon-like as in pondweeds, or branched and dissected
as in the water milfoil, water crowfoot, and water marigold. The leaf
blades of many aquatic plants float on the surface of the water. The
most striking features of floating leaves are the large air cavities and the
restriction of stomates to the upper surface. However, paired guard cells
often occur on the lower surfaces, and when the leaves develop above
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flavoring confections and in medicine. Other chemicals characteristic
of certain leaves are the nicotine of tobacco, cocaine of coca, theine of
tea, and atropine of the deadly nightshade.

Economic uses of leaves. The use of leaves as food for grazing and
browsing animals is of great economic importance. In connection with
grazing animals it should be remembered that insects probably remove
as much or more plant materials from a pasture than the larger animals.

The several products made from tobacco lecaves are derived from dis-
tinct and selected varieties of the plant. The aroma, color, size, and tex-
ture of these leaves may be further modified both by the conditions under
which the plants grow, and by the different methods of curing. Each
variety attains its highest quality only under certain climatic conditions
and on certain soils. For instance, the Mammoth variety cultivated in
Connecticut, Maryland, and Florida has more leaves than others. The
Cuban variety which is extensively used for cigar wrappers is sometimes
shaded with cloth to increase leaf size and decrease leaf thickness.
Burley, a coarse-textured variety, develops best on particular soils in
Kentucky; it is much used in plug and smoking tobacco. Certain varie-
ties cultivated on the sandy soils of Virginia and the Carolinas have been
preferred for cigarettes.

Grass leaves, and fibers from the agave and from a Philippine banana,
are extensively used for the manufacture of twine, ropes, and rugs.

A complete list of vegetables used as food would include a number of
tender succulent leaves that form an important item of the human dietary
in all parts of the world. Leafy vegetables are rich in vitamins; this is
possibly their greatest value, aside from their contribution to flavors
and odors.

A large and valuable literature deals with the effects of environmental
factors on heritable qualities of economic plants. In this and the preced-
ing chapter only a few examples have been cited. State and federal de-
partments of agriculture have published many bulletins dealing with
varieties of crop plants; with the particular temperature, light, moisture,
and soil conditions most favorable for their development; and with the
regions of the United States where they grow most successfully.

The references below contain additional information on hereditary
differences in leaves, as well as in other plant organs, in respect to differ-
ences in cell substances synthesized in plants from foods. Further
discussion of some of these plant products occurs in Chapter XIX.
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CHAPTER XI

A BIT OF USEFUL CHEMISTRY

DOOOVCOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOCOO

Many gross features and properties of plants may be perceived by means
of our unaided senses. With the help of a microscope, tissues and cells
can be distinguished, and with the highest powers of this instrument
many minute and important structures within the cells can be studied.
These visible units of a plant are composed of invisible units, which
may be investigated and mentally visualized by the methods devised by
chemists and physicists for studying the composition and transforma-
tions of all matter. To understand the visible structures of a plant and
the processes by which these structures are built and broken down, cer-
tain definite ideas about the invisible units of matter are essential. Con-
sequently, it may be helpful to consider briefly here a few invisible units
of matter and some of the usual chemical processes by which these units
may be combined or changed. These gencral ideas and principles will be
amplified and applied in subsequent discussions of physiological proc-
esses of plants.

Molecules and atoms. Like all other objects of our environment, plants
are composed of molecules of definite chemical composition. The proper-
ties of the microscopically visible parts of a plant—the protoplasmic
structures and cell walls—are determined in part by the kinds of mole-
cules of which they are composed, and in part by the arrangement and
organization of these molecules into aggregates. Each molecule of a par-
ticular compound such as water, sugar, or cellulose is made of still
smaller units of matter that are definite in kind and in structural ar-
rangement. The characteristic properties and reactions of molecules de-
pend upon the presence and arrangement of these smaller units, the
atoms and ions.

Water is a familiar compound, and in its simplest form its molecule
consists of 2 atoms of hydrogen and 1 atom of oxygen—briefly designated
as H20. Other designations are H—O—H and fl——OH; the first of

these indicates that both atoms of hydrogen are directly combined with
95
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the atom of oxygen, and the second indicates the electrically charged
ions into which the water molecule may be separated. A vessel of water
always contains some free H+ and OH~ ions. Likewise, every molecule
is made up of atoms held together by electrical forces.

In stable molecules the positive and negative charges balance each
other and the molecule is neutral; hence it is less active chemically than
the free charged ions. Morcover, the electrical charges are important
factors in determining the structural arrangement of the atoms and ions
within a molecule, and also the stability and constancy of the molecules.
Ions may separate under certain conditions and recombine under others
without losing their identity.

Oxygen and hydrogen are gases with specific properties. As gases
their molecules are widely dispersed. Each molecule of oxygen and of
hydrogen is composed of two atoms, expressed as O: and H.. In fact,
every chemical element (hydrogen, oxygen, nitrogen, carbon, etc.) is
characterized by a particular kind of atom.

In turn, the properties of atoms are determined by still smaller units
of which they are composed. An atom is visualized no longer as a minute
solid ball, but as a system of electrons, neutrons, and protons in which
the negatively charged electrons are arranged about a central body com-
posed mostly of neutrons and the positively charged protons. The ar-
rangement and movement of these particles within the atom have been
likened to the solar system, in which several planetary bodies (the
planets) revolve about a central body, the sun. In an atomic system,
however, the planctary electrons may not all lie in a single plane and
their orbits of motion may not encircle the central body. Since the posi-
tive charges on the protons of an atom are balanced by the negative
charges on its electrons, an atom is electrically neutral.!

Some chemical reactions are dependent upon the movement of an
electron from one atomic system to another atomic system. Since the
electron is negatively charged, the atom from which it departs becomes
a positively charged ion and the atom to which it becomes attached be-
comes a negatively charged ion, both of which are chemically active and
readily unite with other oppositely charged ions. Many of the common
salts, such as Na+Cl~, are formed by the union of oppositely charged

t For further information about the constitution of atoms see a modern textbook of
chemistry such as that by W. McPherson and W. E. Henderson, Course in General Chem-
istry, 4th ed., Ginn and Company, 1936, pp. 200-226; H. T. Briscoe, Introduction to
College Chemistry y, Houghton Mifflin Company; W. H. Hatcher, Introduction to Chemi-
cal Science, John Wiley & Sons, Inc.
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ions. Chemical unions may also occur without a complete transfer of
electrons from one atomic system to another. When two atomic systems
approach each other, some of the outermost planetary electrons may be
mutually held (shared) by both systems. Electrostatic forces hold the
two atoms together as one molecule. Thousands of atoms may thus be
held together in the largest molecules of plants and animals.

This incessant activity of electrically charged units within the atom
makes its capacity for union with other atoms more easily understood.
All of this internal activity within a molecule, say of water, may well
cause us to wonder at its stability and uniformity of behavior. When
we further attempt to picture the complex molecules and unceasing
activities within every unit of a living cell, the regularity of development
and the stability of living organisms composed of millions of cells are
still more remarkable.

Our imagination is further taxed by fossil records which show that
certain species of both plants and animals are so stable that they have

I ET

Fic. 50. Navicula lyra, a diatom present in marine deposits formed 25 to 30
million years ago. This species still lives today on sea coasts throughout the world.
Photo by Spencer Lens Co.

remained apparently unchanged generation after generation through
millions of years (Fig. 50). The stability of the cell, of the whole or-
ganism, and of the species is in the last analysis dependent upon the
stability of physical-chemical units and upon the orderliness with which
cycles of processes are repeated untold numbers of times. Cellular ac-
tivity is far easier to comprehend than cellular stability; but this very
stability is evidence of the inherent orderliness of natural processes.
Chemical processes in plants. An astounding number of different sub-
stances is formed in plants. Yet the formations and transformations of
these substances involve only a few fundamental chemical processes.
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An appreciation of four of these fundamental processes is an invaluable
aid to an understanding of many of the material and energy transforma-
tions in plants.

Oxidation and reduction. Originally the term oxidation referred to the
combining of oxygen with other elements and the consequent release of
energy. For instance, when coal burns, free oxygen combines with the
carbon in the coal, carbon dioxide (CO:) is formed, and the chemically
bound energy in the coal is liberated as heat and light. The same process
occurs when wood or natural gas burns. The burning or oxidation of
marsh gas (methane) may be indicated by a simple equation:*

Mecthane + Free __ Carbon 4 Water 4+ Free

(bound energy) oxygen dioxide energy

H

‘ Fre
. -¢
H—(‘j——H + 20, — O0—C=0+42 H—-O0—-H + encrgy
H

Similar oxidations occur in living plants when the carbon of food sub-
stances combines with oxygen and the chemically bound energy in the
foods is liberated.

When sugar is made from CO: and H:O in the green tissues of plants
the reverse of the burning process occurs. This reverse process is called
reduction. Some of the chemically bound oxygen in the CO: or H:O is
liberated, and free energy is chemically bound in the sugar that is
formed. In this particular process it is the energy of sunlight that be-
comes chemically bound in the sugar.

This early concept of oxidation and reduction is adequate for many
of the problems we shall meet in general botany. When we recognize
that free oxygen is being chemically bound in the plant and chemically
bound energy is being liberated, we may infer that oxidation is occurring
in the plant. When the converse occurs we may infer that reduction is
occurring.

For certain problems, however, we may want to think of these proc-
esses in a more fundamental way. When an atom is oxidized it may
lose one or more electrons to another atom; it thus gains in positive
charges or valence. The atom to which the electron becomes attached
gains in negative charges or valence; i.e., it is reduced. By this concept,

2 In the equations in this book in which we wish to indicate energy transformations, the

name of the compound containing chemically bound energy will be tollowed by the words
“bound energy” in parentheses.
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oxidation and reduction are seen to be complementary and simultaneous;
this fact is indicated by the term oxidation-reduction.

This concept of oxidation and reduction is held to be true for many
cases, such as the oxidation of iron and other metals. In the oxidation of
methane, sugar, and similar carbon compounds, however, the electrons
do not actually pass from one atom to another but are mutually shared
by both atoms. Oxidation and reduction are involved in all physiological
processes in which energy is chemically bound or liberated.

Hydrolysis and condensation. Some secds contain starch but no sugar.
When such seeds germinate, sugar appears in them and increases in
abundance while the starch gradually disappears. When an animal
eats a starchy food, the starch is converted to sugar in its alimentary
tract. We are accustomed to say that the starch has been digested to
sugar. The chemist refers to this process as hydrolysis because one mole-
cule of water is added to the starch molecule for every molecule ot sugar
separated from it.

The converse process also takes place in plant cells, sugar being
changed to starch. When several molecules of sugar are combined form-
ing one large molecule of starch, a molecule of water is separated from
each molecule of sugar added. Since several molecules are joined into
one larger molecule with a loss of H,O this process may be called chemi-
cal condensation. Many similar changes in the fat and protein com-
pounds in living cells occur by hydrolysis and condensation. When thesc
changes alone occur there is no gain or loss of chemically bound energy
in the compounds involved.

Attention is called to these two contrasting pairs of fundamental chem-
ical processes—oxidation versus reduction, and hydrolysis versus con-
densation—so that the discussion of food substances, their uses and
transformations may be understood more readily.

In addition to these four chemical processes, there is another in which
ions that have the same charge may replace each other in certain chemi-
cal compounds. For example, in a solution Nat and K+ may replace
each other. Likewise OH~ and NH7T may replace each other in certain
organic compounds in living cells. This is called chemical substitution.

The number of atoms in a molecule may be small, as in water (H:O),
or it may be very large, as in proteins where each molecule is composed
of more than a thousand atoms. Casein, one of the common proteins of
milk, has the formula CrosH11300224N150S:sPs. In nature, outside of living
cells, such complicated molecules are rarely formed. One of the reasons
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why discovery of the chemistry of living organisms has progressed so
slowly is the presence of such large complex molecules. Another reason
is that within the colloidal system of protoplasm with its surface energy
and electrical energy there are many chemical transformations that are
difficult or impossible to duplicate in the laboratory. Furthermore, hor-
mones and other substances may affect processes in living cells in a most
striking way when present in amounts too small to be detected by the or-
dinary methods of chemical analysis. Owing to the complexity of the
problems of biochemistry, progress is slow; but students of this phase of
biology may well be proud of the advances made during the last half-
century,

Illements found in plants. About half of the known chemical elements
have been found in plants through chemical analyses of a great variety
of specimens. But this fact is of little significance. The roots of a plant
are in contact with the water in the soil, and any soluble substance in
the soil water is likely to pass into the water within the plant and thus
be reported in a chemical analysis of the plant. On the other hand cer-
tain of these elements are known to be in the compounds of which the
plant is made. First in abundance are carbon, hydrogen, and oxygen
which occur in most plant compounds. Nitrogen and sulfur occur in all
known plant proteins. Phosphorus occurs in some proteins and in various
lipoids (phosphatides). Magnesium is one of the elements in the
chlorophyll molecule. Calcium forms salts with the acid substances, such
as pectic acid in the cell walls of plants. Any other basic ion may similarly
form salts with acid substances in plants, but its presence may not be
essential to the plant. Finally there are a few elements—namely, po-
tassium, iron, manganese, boron, and sometimes copper and zinc—which
are essential to the development of plants; but their definite relations to
plant processes are still inadequately known. Some of them are toxic to
the plant except when present in very minute amounts.

A list of the elements essential to the development of plants tells us
little about the chemical composition of plants. They do not occur in
plant tissues as free elements, but owe their importance to the part they
play in the formation of compounds and the processes they affect. They
center plants and are utilized in plants, not as free elements, but as parts
of molecules and compounds or as dissociated ions of compounds.
Oxygen, for example, enters plants as free molecular oxygen and also in
chemical combination, as in H,O and CO..
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THE FOOD OF PLANTS
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Three frequently used words will help us arrive at an understanding of
the nature of food. They are: starvation, desiccation, and suffocation.
Suffocation implies a lack of oxygen; desiccation, a deficient water con-
tent of the body; and starvation, a lack of food. More recently “mineral
deficiency” has become a common expression among physicians to denote
an inadequate supply of certain mineral salt ions. Botanists have found
these four expressions of bodily needs—mineral deficiency, suffocation,
desiccation, and starvation—equally pertinent in distinguishing the salt,
oxygen, water, and food relations of plants.

Sources of foods. The fact that cattle, dogs, birds, insects, and other
animals obtain food either by eating plants, by eating animals that feed
on plants, or by eating commercial products obtained from plants, needs
no further evidence. Equally commonplace is the admonition that to
prevent the decay of food, the infection of wounds, and occurrence of

certain discases, it is necessary to avoid, to inactivate, or to destroy cer-
tain non-green plants known as bacteria and fungi. Most non-green
plants, like all animals, must obtain food from other plants or from ani-
mals, or from plant and animal products. The green plants and a rela-
tively few species of non-green plants therefore appear to be unique
among living organisms in not being dependent upon any external source
of food.

Aristotle’s notions of food of plants. Twenty-three hundred years ago
the philosopher Aristotle, speculating on the ways of nature, concluded
that green plants obtain food from the soil. Reasoning by analogy from
his observations of animals, he concluded that the source of food of any
organism lies outside its own body. Since many green plants have parts
of their bodies in the soil, he thought that they must procure food from
that source. He had no basis for reaching a better conclusion regarding
the food of green plants because very little was known about their
physiology. The chemistry of the inorganic world also was largely a
mystery at that time. Only a few of the metallic elements had been iden-
tified; and more than 20 centuries passed before oxygen, hydrogen,
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nitrogen, carbon, and their simplest compounds were recognized and
their nature was understood. Another century had nearly passed before
the food of green plants was discovered.

Aristotle was further impressed by the absence of excretory organs in
plants, but concluded that the soil in some way acted as the stomach of
the plant and supplied it with only perfect food, from which no unused
products would accumulate and have to be eliminated. For centuries
these two notions of Aristotle prevailed and even now they have not
entirely disappeared.

The food of green plants not in the soil. During the latter half of the
last century students of plant physiology not only discarded the idea
that green plants get their food from the soil, but they discovered how
and where this food is made. In spite of all these well-publicized discov-
eries, the mistaken ideas of Aristotle are still current in conversation,
advertising propaganda, public addresses, and modern literature threc-
fourths of a century after they were adequately disproved.

Even before the numerous discoveries of the 19th century, van Hel-
mont (1577-1644), a Flemish physician and chemist, showed by a sim-
ple experiment that Aristotle’s ideas about the food of green plants were
erroneous. Van Helmont placed a willow branch in a tub of soil to
which thereafter only rain water was added for a period of five years.
At the conclusion of the experiment the willow branch had become a
small tree and had gained 2627 ounces in weight, not including the
leaves that had fallen each year. The weight of the soil in the tub de-
creased but two ounces.

In both animals and plants it is the protoplasm for which food is
necessary. We have already seen that the protoplasm of all organisms
is similar in its gross chemical composition. From these two facts alone
it appears that the food of green plants must be similar to that of ani-
mals regardless of how it is obtained.

A part of man’s food is obtained from seeds, bulbs, tubers, and roots.
If these same plant organs are placed in a vessel containing only pure
quartz sand and a little water, small plants presently grow from them.
The same results are often attained by merely placing the seeds in moist
air. Small plants will grow from detached bryophyllum leaves suspended
near a window.

During the growth of these young plants millions of new cells are
made, each composed of protoplasm and cell wall substances. For the
making of these new cells the chemically bound energy and materials in
food are necessary. One cannot avoid the conclusion that seeds, bulbs,
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leaves, tubers, and roots already contain substances from which new
protoplasm and new cell walls can be made, and from which chemical
energy can be derived. What are these substances?

Foods in cells. Thin sections of seeds or tubers observed through a
microscope are seen to be composed of numerous cell walls surrounding
rather dense masses of granules and oil droplets (Fig. 51). Similar
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Fic. 51. Illustrations of various accumulated foods in plant cells: A, protein and
starch in cells of a wheat grain; B, oil droplets in a cell from a coconut seced;
C, small starch grains in chloroplasts; D, crystals of inulin in cells of salsify root;

E, starch grains and protein crystals in cells of potato tuber. By S. S. Humphrey.

granules and oil droplets may be found in most living plant cells, but
usually in much smaller quantities. The oil droplets may be distinguished
by their appearance or by their bright red color in the presence of dilute
solutions of certain dyes, such as Sudan III. The presence of fat-like sub-
stances in plant parts may also be detected by crushing a small piece of
the tissue on paper and warming it. The fat-like substance melts and
produces a translucent oil spot on the paper. '
The remaining granules in the cells may be starch grains, protein
granules, or granules and crystals composed of certain organic com-
pounds combined with inorganic substances such as calcium and phos-
phorus. Organic substances when combined with phosphorus are fre-
quently referred to as phosphatides. Starch grains may be detected by
applying a drop of a dilute solution of iodine and potassium iodide to a
section of the plant. When treated with this reagent, starch grains may
be recognized by their various shades of blue and purple; the other
substances in the cell remain colorless or are stained light brown.
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Protein granules may be distinguished from fat droplets and starch
grains by a number of different stains; but perhaps a better concept of
proteins may be obtained by kneading a small amount of wheat flour
in water until all the starch grains have been washed from the dough.
Sugars also are present in plant cells, but they are usually in solution in
the cell and are invisible. Their presence may be detected by tasting
the plant, or by placing a section of the plant organ in a drop of 20 per
cent sodium hydroxide in which a few crystals of copper tartrate have
dissolved. If a reddish-yellow precipitate of cuprous oxide is obtained,
the presence of sugar is indicated. The reaction may be hastened by
heat (40° C.). To detect cane sugar by this method the plant section
should first be treated for several minutes with the enzyme invertase or
with a dilute acid, for instance 5 per cent citric acid.

The cell walls are made principally of cellulose and pectic compounds,
though some of them may also contain a substance (lignin) character-
istic of wood, or a fat-like substance (suberin) characteristic of cork.

All the substances mentioned above have been extracted from plant
cells by chemical methods, and most of them may be obtained on the
market in a relatively pure state. Thus one may readily buy several kinds
of sugar (especially sucrose, glucose, and fructose), starch, several kinds
of plant oils, pectic compounds (Certo), and cellulose (filter paper);
and then apply to them the tests that were proposed above for detecting
the same substances in plant cells. Some of these substances we readily
recognize as constituents of our daily diet.

Sugars. Each of the sugars mentioned above may be sold under any
one of three names. Glucose (CsI1::O4), also known as grape sugar and
dextrose, is not very sweet, but it is one of the principal sugars in plants
and also in the blood stream of animals—in fact, it is sometimes called
“blood sugar.” Fructose (CsHi:Os), also called fruit sugar and levulose,
is one of the sweetest of sugars and is common in plants.! Sucrose

* The apparent anomaly of two sugars having identical formulas (C,H,,0,), but differ-

ing in chemical properties, may be explained by the differences in the arrangement of the
atoms. Following are diagrams of these differences in glucose and fructose molecules.
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These diagrams of sugar molecules are introduced here merely to help visualize differences
in the arrangement of atoms in the simple sugars, not to memorize.
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(Ci2H:2011), otherwise known as cane sugar and saccharose, is the com-
mon household sugar. It is present in most plants and is especially abun-
dant in sorghum, sugar cane, sugar beet, and sugar maple. Each molecule
of sucrose is composed of a molecule of glucose chemically bound with
a molecule of fructose minus one molecule of water. When treated with
dilute acids, it is hydrolyzed to these two simple sugars.

Classification of foods. For convenience we may think of all thesc
substances as belonging to a few large groups of chemical compounds:
the carbohydrates, fats, and proteins. In a detailed consideration of foods
this classification is incomplete uniess numerous compounds that may be
derived from carbohydrates, fats, and proteins by chemical alteration
are assumed to be included. In any brief discussion of foods this assump-
tion is usually made. The chemical alterations of the carbohydrates, fats,
and proteins are brought about by such processes as partial oxidation,
reduction, and hydrolysis. These processes result in the formation of
alcohols, organic acids, organic bases, and other compounds which may
still be usable by organisms as food. The total number of such derived
compounds is undoubtedly very large, but aside from those formed in
digestion and fermentation their relative bulk is exceedingly small. Since
many of these derived compounds are acid or basic, they may form
numerous chemical combinations with each other and with the mineral
ions that pass from the soil into the plant.

Carbohydrates. The carbohydrates are composed of carbon, hydrogen,
and oxygen. The hydrogen and oxygen occur in the proportion of 2 to 1
as in water (H:O) and glucose (CsHi20¢). To this group belong all the
sugars, starches, inulin, and cellulose. The pectic compounds are closely
related to the carbohydrates. A molecule of pectic acid, for instance, is
composed of molecules of certain sugars chemically combined with acids
derived from sugars by partial oxidation. A molecule of starch, or of
ccllulose, is composed of many molecules of glucose in chemical com-
bination, and a molecule of inulin is composed of many molecules of
fructose similarly combined.* When acted upon by certain enzymes or
acids these complex carbohydrates are hydrolyzed to the simple sugars
out of which they were made. These complex carbohydrates are usually
inert, insoluble compounds of no food value to the organism unless they
are digested to the simple sugars which are soluble and chemically
active.

2 For a more detailed statement of the formation of complex carbohydrates, see p. 135,
Chapter XV.
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Fats. Fats and oils are likewise composed only of carbon, hydrogen,
and oxygen, but they have comparatively little oxygen in proportion to
carbon and hydrogen. There is no general chemical distinction between
fats and oils. They are distinguished by their melting points. At ordinary
room temperatures oils are liquids, while fats are solids. During digestion
fats and oils are hydrolyzed to glycerin and fatty acids.

Proteins. The proteins are composed of carbon, hydrogen, oxygen,
nitrogen, sulfur, and sometimes phosphorus also. During digestion the
large complex molecules of proteins are hydrolyzed to simpler sub-
stances known as amino acids.

When we consider all the substances that we have seen in the cells of
seeds and tubers, we readily recognize some of them as foods of man
and other animals. Four questions may now be considered. Which of
these substances are used as food in the animal body? When we buy a
pound of potatoes do we buy a pound of food? Is the food of green plants
and of animals identical? How does the green plant get food?

Foods used by man. For our own bodies we recognize as foods those
compounds which can be transformed into the substances of which cells
are composed and from which our body obtains kinetic energy by oxida-
tion. These compounds, we have already scen, are carbohydrates, fats,
and proteins, together with their partially oxidized, reduced, or hy-
drolyzed derivatives which may or may not be combined with certain
ions of the mineral salts. But as foods these compounds are subject to
one more limitation: they must be cither in a soluble state, or capable of
being digested by appropriate enzymes in the alimentary tract. The
sugars and some of the derived compounds are already dissolved in
water and may pass from the alimentary canal into the blood stream.
Our bodies synthesize enzymes that digest starches, fats, and proteins,
but not enzymeés that digest cellulose, pectic compounds, wood, cork,
and inulin. If we were entirely dependent upon our own enzymes even
a pound of dried potatoes would not be a pound of food.

The non-green plants (bacteria and fungi) also synthesize enzymes
that digest starch, fats, and proteins; and a few kinds of non-green plants
synthesize enzymes that digest cellulose, pectic compounds, inulin, and
wood. Thus the non-green plants as a group may utilize a wider range of
compounds as food than is used by animals. It is interesting to note that
some of the digestion that occurs in the alimentary tract of man and
other animals is due to the non-green plants that live there.

The food of green plants. The food of the green plant may now be
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considered. When a seed or a tuber is placed in a moist chamber and a
young plant grows from it, what substances in the seed or tuber dis-
appear as the cells of the new plant are made? They are exactly the
same kinds of carbohydrates, fats, proteins, and derived compounds that
the animal uses as food. Parts of the tuber, especially the cell walls,
remain but may be digested and used as food by certain bacteria and
fungi. From such facts as these, together with other facts that will be
discussed in later chapters, botanists regard the food of green plants to
be identical with that of animals.

The process by which the green plant obtains food, however, is unique.
The food is not obtained from the soil, from the air, from water, or
from other organisms. I¢ is made within the plant from simple inorganic
compounds obtained from the soil, air, and water. In the next few chap-
ters we shall consider material and energy transformations essential to
the food-making processes in green plants, the influence of the environ-
ment upon these processes, the consequent behavior of the plant in cer-
tain environments, and the vital importance of these transformations to
the whole biological world and to industry.

Such substances as hormones, vitamins, and enzymes, which are
essential to numerous processes in living organisms, are made from foods
and will be discussed in Chapter XIX.

Summary. In the foregoing discussion we have considered two very
different concepts of the food of living organisms, with special reference
to green plants. The older view proposed by Aristotle is based upon the
assumption that food is something that enters the organism from with-
out. A more recent concept of food is based upon a knowledge of the
physiology of organisms, that is, the ways in which substances are used
within the organism regardless of whether they are obtained from the
outer world or are made within the body. It limits food to such sub-
stances as carbohydrates, fats, proteins, and their derivatives which may
be used in cell construction and as a source of energy within the
organism.

Such a concept of food emphasizes the fundamental similarity in the
nutritive processes of the protoplasm in all plants and animals. The older
concept denies this fundamental similarity in organisms, and excludes
all the modern concepts of the food of green plants.



CHAPTER XIII

FOOD SYNTHESIS

I. THE SYNTHESIS OF SUGAR—PHOTOSYNTHESIS

Some of the significant facts that finally enabled botanists to arrive at
an understanding of the food of green plants, and a realization that this
food is actually made within the plant were briefly mentioned in the
preceding chaptcr. Much time and exact experimentation were required
to discover the simpler material and energy transformations that occur in
food synthesis, and the various conditions both inside and outside
the plant that affect these transformations. It is now common knowledge
among botanists that sugar is the first kind of food made in green plants,
and that all other kinds of food are made by chemical alterations of this
sugar. Furthermore, the facts discussed in the next few chapters will
help us see that the material make-up of all living organisms is de-
pendent upon chemical derivatives of the sugar made in plants; that the
potential cnergy in sugar is the primary source of the chemically bound
energy supply of all organisms; and that most of the encrgy that man
transforms by various means into heat, light, clectricity, and mechanical
energy may be traced back through various transformations to the
potential energy of sugar. In this chapter we are concerned primarily
with the making of sugar in green plants.

Carbon dioxide and oxygen in relation to green plants. Toward the
close of the 18th century oxygen and carbon dioxide were clearly recog-
nized and named by the French chemist, Lavoisier. Following this ad-
vance in chemistry, a number of carefully conducted experiments by
different investigators finally led to the discovery of certain fundamental
relations between these two gases and living organisms. When the green
parts of plants were exposed to light, the amount of oxygen in the sur-
rounding air increased and the amount of carbon dioxide decreased.
During the hours of darkness the converse occurred. When the roots or
other non-green parts of a plant were substituted for the green tissues
in the experiments, the amount of oxygen in the surrounding air de-
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creased and the amount of carbon dioxide increased, both in light and
in darkness. The increase in oxygen and decrease in carbon dioxide in
the surrounding air occurred only when some green tissue of the plant
was exposed to light. When animals and non-green plants were used in
these experiments, the results were like those obtained with roots and
other non-green parts of the plant. How was one to account for this
unique effect of the green tissues of plants?

The phenomenon was not satisfactorily explained until after the
middle of the 19th century. So little was known about the substances
and processes within plants and about the factors in the environment of
plants, that numerous facts had to be discovered by experimentation
before any of the various hypotheses proposed could be eliminated or
converted into a scientifically established conclusion. The facts finally
established may be represented briefly by the following equation:*

Water 4+ Carbon dioxide — ey Quear (hound energy) + Oxygen
6 II‘Z() + 6 (‘()-_) —_— > (‘6]{12()6 ‘|"‘ 6 ()2

This equation is a summary of the overall energy transformation and
of the initial substances used and the final products formed when sugar
is being made in the green cells of plants. In every gram of sugar made,
about 3.75 Calories of light energy become transformed to chemically
bound cnergy. This is enough to raise the temperature of one liter of
water 3.75° C., or to keep the reader alive for a few minutes. To show
that the source of O, is in H.O we would change 6 H.O in the equation
to 12 I1,0, add 6 H,O on the right of the arrow, and follow through with
a discussion much beyond our present aims.

Photosynthesis. This process of making sugar in the green parts of
plants is called photosynthesis (Greek, photos, light; and synthesis, put-
ting stogether), because light is necessary for this synthesis of large
molecules (CyI1,,0,) from smaller ones (CO, and H.0) .

1 One reservation to this statement should be made. The equation indicates that a
hexose sugar (the molecule being composed of 6 atoms of carbon, 12 atoms of hydrogen,
and 6 atoms ot oxygen) is formed. This is generally considered to be glucose, though the
known facts are not sufficient to exclude fructose entircly, at least in some cases. These
two sugars are the only simple sugars found widely distributed in detectable amounts as
free sugars in plants. Either of them may be formed from the other onc in plants. See
the structural formulas in the footnote on F. 104. Some investigators have suggested sucrose
(C,,H,,0,,) as the first sugar made, but the evidence is not convincing,

2 The older term, carbon assimilation, is still used by some writers; but, as we shall sec
later, the term assimilation is also used to designate the conversion of food into the
substances of which cells are composed, a process that occurs in all plants and animals.

whereas the process we are describing here occurs only in the green tissues of })lzmts.
Furthermore, the term carbon assimilation is a heritage of the early misconceptions of plant
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Chemical reactions that are brought about by light are often referred
to as photochemical reactions—reactions initiated by the collision of
photons (units of radiant energy) with some part of a molecule. There
are, of course, several kinds of photochemical reactions; but by tradition
in botany the term photosynthesis usually refers to the making of sugar
from CO: and H:O in the chlorophyll-containing cells of plants.

By comparing the relative numbers of atoms in the molecules rep-
resented in the equation on page 109 we can sce why free oxygen is one
of the products of photosynthesis. For every molecule of CO, used, one
molecule of O, is formed. From the principle first formulated by
Avogadro—that equal volumes of gases under the same conditions of
temperature and pressure contain the same number of moleccules—we
may infer that the volume of CO: consumed in photosynthesis is equal
to the volume of O: liberated. This inference has been verified by experi-
mentation. The comparative weights of the materials used and formed
during photosynthesis may also be indicated:

264 gm. CO; + 108 gm. H,0 —— 180 gm. C¢H ;04 + 192 gm. O,

Obviously if one knows the amount of CO: used in photosynthesis, he
can compute the amount of sugar made and the amount of oxygen sct
free. Similarly, if he knows the amount of oxygen set free or the amount
of sugar made, he can calculate the amount of any one of the other sub-
stances involved in the process. How can one calculate the amount of
energy that is chemically bound during photosynthesis?

It should be noted that the overall material and energy transforma-
tions that occur in the making of sugar are the converse of those that oc-
cur in the burning of sugar. If we regard the burning of sugar as an
oxidation process, we may regard photosynthesis as a reduction process.
It is the primary encrgy-storing process of the organic world.

Oxidation processes are often regarded as exothermic (heat-releasing ),
and reduction processes as endothermic (heat-storing). These terms are
quite appropriate when transformations of heat energy only are involved.
They are quite confusing, however, when these processes of living cells
result in transformations to other kinds of energy, as, for instance,
radiant energy to chemically bound energy, chemically bound energy to

nutrition. In order to avoid confusion of terms we shall refer to the above process as photo-
synthesis. The term carbon fixation is of course entirely ruled out, because carbon is
already “fixed” in CO, before the process begins, If we must substitute another term for
photosynthesis in botany, it should be “sugar synthesis.”
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light, or to electrical energy. The first is exemplified by photosynthesis,
the second by the production of light by fireflies and luminous fungi and
bacteria, and the third by the electric discharge from an electric eel.

Before photosynthesis can occur in an illuminated green cell the initial
materials, CO: and H-O, must be available. Carbon dioxide is very solu-
ble in water. Hence, all the green cells of the simpler algae that live
submerged in water, and even those in the leaves of the common water
weed ( Elodea), are in direct contact with both water and CO:. Both of
these substances pass readily into the cells and then to the chlorophyll
in the chloroplasts.

In land plants the water moves up from the soil through the roots,
stems, and petioles into the veinlets of the leaf (Fig. 52), and then passes

Fic. 52. The vein system of a skeletonized sassafras leaf. The leaf was kept in
water until bacteria had digested the epidermis and mesophyll.

from cell to cell throughout the leaf. No appreciable amount of carbon
dioxide gets to the leaves from the soil by way of the roots. It enters the
leaf from the surrounding atmosphere above the soil. Some of it may
pass directly through the epidermal cells to the chlorenchyma beneath.
Most of it passes through the stomates into the intercellular spaces of the
mesophyll, where it comes into contact with the wet walls of the
mesophyll cells that are exposed to the internal atmosphere of the leaf.
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It dissolves in the water of the cell and finally gets to the chlorophyll in
the chloroplasts (Fig. 34).

Most of the oxygen liberated during photosynthesis passes from the
cells into the intercellular spaces of the chlorenchyma, then through the
stomates into the outer atmosphere. This passage of CO: into, and of
O: out of, the chlorenchyma also occurs when photosynthesis takes place
in green stems and fruits or in any other green part of the plant. The
sugar that is not locally consumed or transformed within the chloroplasts
passes from them to all other parts of the plant. The manner of its transfer
will be discussed in later chapters.

Factors involved. Had the earlier investigators known that the increase
of O: and the decrease of CO: in the air surrounding green plant organs
exposed to light were the result of the synthesis of sugar, they could have
used their data to show that chlorophyll is necessary for this process.
The variations in the amount of CO: and O: in the air surrounding
leaves or other green plant parts have been used in numerous experi-
ments in recent years not only to establish the fact of the necessity of
chlorophyll for photosynthesis, but also to study the effects of several
environmental factors upon the rate of photosynthesis.

From the facts discussed thus far, one would expect sugar to be made
in plants only when the followmz_, are present: chlorophyll-containing
cells, water, carbon dioxide, light, and a suitable temperature. If any
one of these factors is absent, no sugar will be made, and the synthesis
of other foods from sugar cannot long continue. If the plant is con-
tinuously deprived of either light or carbon dioxide it will starve to death
when all the food that has accumulated in it has been used. If deprived
of water, it will die of desiccation before the accumulated food is con-
sumed. The drying of freshly cut hay and fodder, which are later used
as a source of food for animals, is a good illustration of the death of plant
organs by desiccation before the food within them is consumed by the
plant.

In experiments it is possible to expose a plant to a temperature in
which it will consume sugar faster than it makes it. Plants in the field
are frequently exposed to such temperatures for short periods of time.
Various investigators have concluded that this condition may frequently
limit the distribution of particular plants in certain geographic areas. As
we shall see later, it greatly affects the amount of growth of certain plant
organs. The death of plants exposed to extreme temperatures is more
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often due to other causes, among which may be mentioned the coagula-
tion of protoplasm.

Sugar synthesis in bacteria. One outstanding exception to the mak-
ing of sugar by photosynthesis may be mentioned here, but it will be
discussed in more detail in a later chapter. A few kinds of bacteria are
known to make sugar from carbon dioxide and water in the absence of
light. The energy necessary for this process is obtained by the oxidation
of iron, sulfur, or nitrogen that has previously been reduced. A few other
kinds of bacteria (purple bacteria) are unique in containing a pigment
which, like chlorophyll, is effective in photosynthesis. The accompanying
purple pigment (C,H;,0,) is similar to the carotenoids described in
Chapter IV.

The amount of sugar made. The amount of sugar made in plants varies
so greatly in different plants and under dissimilar conditions that it is
difficult to make a general estimate of it. The results of many experiments
show that under favorable conditions a square yard of leaf surface makes
on the average about 0.5 gram of sugar per hour. At this rate about four
months would be necessary for a square yard of leaf surface to make
sugar equivalent to the food a man consumes in one day. In Chapter
XVIII an acre of corn is compared with an acre of young apple trees
with respect to several plant processes. This acre of corn has about two
acres of leaf surface. During the growing season it makes about 10 tons
of sugar, an average of about 2 pounds per plant. The acre of young
apple trees (10,000 leaves per tree) makes about 8.7 tons of sugar, an
average of about 44 pounds per tree. On the basis of data from many
sources it is estimated that the plants of the United States make nearly
three-fifths of a cubic mile of sugar each year. For the land plants of the
world, 9 cubic miles of sugar annually seems to be a conservative
estimate.

Now let us recall the fact that for every 180 grams (almost 0.4 1b.) of
sugar made, 674 Calories of light energy are transformed to available
potential energy in this sugar. The potential energy in the sugar made
annually in the United States alone is estimated to be about 14 X 10"
Calories. Yet large as this figure is, it is far below the one that would
represent the energy liberated annually on the earth today by plants,
man, and all other living organisms. Through the burning of coal, oil,
and gas alone man liberates about 14 X 10" Calories of energy each
year. The energy was transformed from radiant energy to potential
energy by the plants of the distant past. The facts upon which these
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statements are based will become clearer as we proceed with the study
of other processes that occur in living organisms.

What becomes of the sugar made in plants? The answer to this ques-
tion will become more evident as we proceed with the next six chapters.
For the present we may be brief. Some of the sugar is transformed to
other types of foods; some is transformed directly into substances of
which cells are composed, particularly the substances in cell walls; some
of it is oxidized in the plant; and some of it accumulates within the plant.

The accumulated sugar of course merely represents the part that has
not been used within the plant or converted to other kinds of food
within it. Animals and non-green plants get some of it. The amount of
sugar that accumulates depends partly upon the rate of photosynthesis
and partly upon a number of other processes and conditions. Some plants,
such as sugar cane and the sugar beet, are noted for the large amounts
of sugar that accumulate in them in a suitable environment. Under good
growing conditions, sugar is usually present in varying amounts, as
glucose, fructose, and sucrose, in the cells of all green plants.

In plant cells these three sugars are intraconvertible; i.e., one sugar
may be formed from another by certain rearrangements and combina-
tions of atoms:

glucose === fructose

glucose + fructose === sucrose + H.0

The rearrangements of atoms involved in the transformation of glucose
to fructose and vice versa may be inferred from the structural formulas
represented in the footnote on page 104. The formation of glucose and
fructose from sucrose is merely a process of hydrolysis; the converse is a
process of condensation.

Summary. The primary food of all living or gamsms is sugar. It is the
basis of all other food syntheses and is made in green plants by a process
of photosynthesis/In this process sugar is made from carbon dioxide and
water in the chloroplasts of green plants exposed to the radiant energy,
light. An insignificant amount of sugar is also made photosynthetically
in purple bacteria that contain a chlorophyll-like pigment, and chemo-
synthetically in the dark in certain colorless bacteria that obtain energy
by oxidizing reduced iron, sulfur, and nitrogen. In every case the initial
materials are carbon dioxide and water, and the end products are sugar
and molecular oxygen. The intermediate steps in the process are not

fully known.



CHAPTER XIV

FOOD SYNTHESIS

II. FACTORS INFLUENCING THE RATE OF PHOTOSYNTHESIS

The basic facts about photosynthesis discussed in the preceding chapter
do not exhaust the subject; neither do they satisfy anyone who wants to
understand the fundamental processes of his natural environment. The
answers to many questions about plants involve facts concerning the
chain of chemical reactions that occur in photosynthesis, and the influ-
ence of the various factors of the environment. The value of certain prac-
tices in the handling of plants and the interpretation of plant phenomena
in nature depend also upon a knowledge of these relations. Many ques-
tions concerning these relations cannot be answered today, but addi-
tional facts that are helpful in answering some of them will now be
discussed.

Light the energy of photosynthesis. Under natural conditions the en-
ergy of photosynthesis is sunlight. Heat cannot be substituted for light
in this process. No sugar is made from CO, and H,O in green plants
deprived of light, regardless of the temperature to which they are
cxposed. Radiant energy that we perceive as light is referred to as the
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Fic. 53. The spectrum of radiant energy. One millimicron (mu) = one-millionth

of a millimeter. See ulso Plate II.

visible spectrum (Fig. 53). This is the radiant energy that is effective in
photosynthesis. It can initiate chemical change by displacing or activat-
ing the outermost electrons of atoms. The effects of radiant energy of
longer wave lengths, such as infra-red, are apparently limited to the
movement of atoms and molecules. Photosynthesis is not known to occur
when the plant is exposed only to infra-red radiation.
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Within the visible spectrum the radiant energy that we call red, orange,
yellow, and blue light is the most effective in photosynthesis. The color
of leaves is evidence that relatively more of the radiant energy we see as
green is reflected by chlorophyll. In land plants most of the photosyn-
thesis is brought about by the radiant energy of the red end of the
spectrum, but the radiant energy that penetrates the water to the depth
of deep-sea algae is mainly the blue end. The effectiveness of the blue
and the red rays is about equal when their intensities are cqual (Fig. 54).
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Fic. 54. Relative rates of photosynthesis in different rays of light of equal intensity.
After B. S. Meyer and D. B. Anderson.

Apparently only the radiant energy that is absorbed (transformed)
by chlorophyll is directly effective in photosynthesis. Any artificial light
that emits these particular rays may induce photosynthesis. Some plants
may start from seeds, grow to maturity, and bear flowers, fruits, and
seeds when exposed only to electric light at an intensity about one-tenth
that of full sunlight. Other plants will grow in this light intensity, but
without bearing flowers and fruits.

The lowest intensity of light at which photosynthesis will occur has
not been discovered. It has been reported to occur in deep-sea algae at
light intensities lower than that of full moonlight.

A much more important fact to know is the light intensity from day
to day in which the plant can survive on the sugar made. For conven-
ience of reference we may call this the critical light intensity. This critical
light intensity varies when other external factors, such as temperature,
available moisture, and the concentration of carbon dioxide, are altered.
This fact will be demonstrated later. Among different plants there is a
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wide range of critical light intensity. Many fail to grow in the shade of
buildings or of other plants—for instance, in certain forests or beneath
some trees and shrubs on lawns—because the light intensity in such
situations is below their critical light intensity. Many of the small trees
one sees in the undergrowth of forests are merely surviving with a min-
imum of growth cach year; most of them usually die while still small.

Plants that endure the most shade may be those in which maximum
photosynthesis is attained at low light intensities. Many more measure-
ments are needed to test this idea, but a few facts may be cited by way
of illustration. The maximum rate of photosynthesis in certain deep-sea
algae may occur at depths of 50 feet or more where the light intensity
is very low. When these algae are brought nearer the surface where the
light intensity is higher, the rate of photosynthesis is much lower.

Similar data were obtained by a study of one of the shield ferns that
grows in the dense shade of forests. Photosynthesis increased in this
fern with increase of light up to an intensity equal to one-fifth that of
full sunlight, but when the intensity exceeded two-fifths that of full sun-
light the rate of photosynthesis decreased. Photosynthesis in another
extreme shade fern (Trichomanes) increased with increase of light up to
one-eighth of full sunlight and then decreased to none at one-half full
sunlight. In the wood sorrel (Oxalis acetosella), a small herbaceous
plant that grows well in the shade of northern forests, maximum photo-
synthesis was attained when the light intensity was only one-tenth that
of full sunlight, and this rate was maintained at higher intensities.

Such plants as corn, wheat, apple, and spinach do not survive in dense
shade. In them photosynthesis is reported to increase with increasing
light intensity, in some cases up to full sunlight. When the measurements
are made on single leaves, however, maximum photosynthesis is usually
found at intensities considerably below that of full sunlight. When the
whole plant is tested the results are different, because many of its leaves
are shaded by others and do not get the full effects of increased light.
The greatest increase in photosynthesis with increase of light occurs
when the original light intensity is very low. Measurements of photosyn-
thesis in relation to light and other external factors are now being made
by an increasing number of investigators. Many of the problems being
investigated are too complicated to be mentioned here.

The owners of commercial greenhouses are most interested in the
light intensity that results in the best yields of flowers, fruits, and vege-
tables in different species of plants. During the cloudy days of winter,
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photosynthesis is often much too low for best results, for light intensity
in greenhouses may range as low as 1/100 of full sunlight and be below
the critical light intensity of many plants.

Many investigations designed to ascertain the value of supplement-
ing natural light with electric light are in progress. This problem is fur-
ther complicated—and also rendered much more interesting—by the
fact that the length of day to which a plant is exposed greatly alters its
vegetative and reproductive processes. These length-of-day effects may
be brought about by light intensities much below those necessary for
adequate photosynthesis. During the winter, exposure to light of an in-
tensity somewhere between 1/100 and 1/100,000 that of full sunlight
for a few additional hours each day greatly alters the behavior of certain
plants. Lengthening the day by this means, however, is not a substitute
for low light intensity during dark days. These relations are discussed in
more detail in Chapter XXXI.

Water and photosynthesis. The degree of saturation of the tissues of
a plant may modify the rate of photosynthesis in two ways: through the
opening and closing of the stomates, and through its influence on the
rate of chemical processes in the chlorenchyma cells. The effects are
apparent in the daily periodicity of photosynthesis. In the morning
hours the plant tissues are nearly saturated, the stomates are open, and
photosynthesis soon attains a maximum rate. Later in the day the rate
declines because of water loss from the mesophyll cells. Still later
photosynthesis is further decreased by the gradual closing of the
stomates. Of course, the temperature of the leaf is another factor which
influences the daily increase and decrease in sugar manufacture. When
plants begin to wilt, photosynthesis is sharply decreased, mainly because
the water content of the cells is lower, and to some extent as a result of
the closure of stomates. :

Structures and photosynthesis. Plant structures are the result of cer-
tain plant processes. These processes in turn are conditioned by both
heredity and environment. After a structure is formed it may in turn
influence certain processes in the plant. We may therefore expect the
rate of photosynthesis to be different in different kinds of plants, partly
because their structure-building processes and resultant structures are
different.

Even a cursory observation of plants in one’s surroundings is suffi-
cient to show that chlorenchyma is not restricted to leaves. Green stems,
green fruits, green parts of flowers, and even certain green seeds (peas
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and lima beans) are objects of common observation. Many tropical
orchids and bromeliads have aerial roots that become green when ex-
posed to light (Fig. 55). Roots of trees and many other plants are often
exposed to light through soil erosion. An examination of these exposed

Fic. 55. The chlorenchyma of this Florida orchid is in the roots. The plant has no
leaves and very small stems. Photo by W. M. Buswell.

roots is an easy way of discovering that chlorophyll may be formed in
the roots of many kinds of plants. There are many microscopic green
plants in which all cells of the plant body are green. Most of the body
of a moss or liverwort is green. The green stem of a cactus is the con-
spicuous part of the plant; leaves are either temporary or entirely absent.
Wherever chlorophyll is present in plants, photosynthesis will go on if
other necessary conditions are suitable.
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Leaves and photosynthesis. In the majority of land plants most of the
photosynthesis occurs in the leaves. We have already seen that leaves of
various species of plants may differ greatly in several ways, such as the
amount of cutin on the epidermis, the number of stomates per square
centimeter of surface, the thickness of the leaf, the compactness of the
chlorenchyma in relation to the number and size of intercellular spaces,
and the consequent exposure of the mesophyll cell walls to the internal
atmosphere of the leaf (Chapter X). All these structures may influence
the entrance of carbon dioxide into the cells of the chlorenchyma and
thus indirectly influence the rate of photosynthesis.

Moreover, the environment in which a leaf grows may greatly affect
the processes underlying the development of these structures (Chapter
IX). Hence plants of the same species that have grown in different
environments may have different rates of photosynthesis. Experiments
have shown that certain plants growing in a relatively dry atmosphere
may make more sugar during their lifetime than plants of the same
species growing in a very humid atmosphere. A part, or all, of this dif-
ference may depend upon differences in the development of the leaf
structure in dry and moist air, particularly the structure of the chloren-
chyma and stomates.

The mesophyll. The amount of mesophyll wall surface exposed to the
internal atmosphere of the leaf is considered to be one of the important
factors in photosynthesis. Through it most of the CO. enters the cells
of the chlorenchyma. Some CO: may enter the leaf directly through the
epidermal cells, but entrance in this manner may be greatly impeded
by the thickness of the outer walls of the epidermal cells and by the
presence of cutin. Moreover, the arca of the exposed mesophyll surface
is usually many times greater than the total area of the epidermis. From
measurements made on several different kinds of leaves it was found
that the area of this inner exposed surface may be from 9 to 30 times
greater than that of the epidermis. From the data of numerous tests it
appears that in leaves of land plants the CO, enters the cells of the
chlorenchyma largely from the internal atmosphere of the leaf.

The epidermis. The chief structures in the epidermis that influence the
rate of photosynthesis are the guard cells enclosing the stomates through
which CO: enters the intercellular spaces of the chlorenchyma (Chapter
VIII). When one begins to consider stomates in relation to the entrance
of COs, several complicated problems in physics soon arise. These prob-
lems will not be discussed here, but a few facts will be stated briefly.
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If the stomates are closed, the entrance of CO. is diminished. But
stomates that appear closed to the human eye may sometimes be open
wide enough to admit the passage of molecules of CO:, which are much
too small to be seen through the best microscopes. The length of the
shortest diameter of a fully opened stomate of average size is several
million times the diameter of a molecule of COes.

When the stomates are open or partly open, the relative rates at which
CO: passes through them are proportional not to the respective areas of
the stomates, but to their respective perimeters (the distance around
each pore). Because of this fact and certain related ones, the amount of
CO: that passes through the stomates is about 50 times greater than
would be expected on the basis of their total area. When the stomates
are closely spaced, less CO: passes through each one than when they are
farther apart. From such facts as these it is obvious that the stomatal
mechanism of leaves may indirectly affect the rate of photosynthesis.

Stomatal behavior. The opening and closing of stomates are largely
dependent upon alterations in the intensity of light, moisture, and tem-
perature. As we shall see in more detail in Chapter XXIII, these external
factors initiate a sequence of physical and chemical processes in the
guard cells. These processes ultimately result in changes in the volume
and shape of the guard cells, and consequently in the size of the stomate
between them.

Under excellent growing conditions the stomates of many plants are
closed at night and open during the greater part of the day. But during
hot dry weather the stomates of many of these plants may be open mainly
at night and closed during the day. In other plants they may be closed
except for a few hours in the early morning. In certain cacti and other
succulents they may remain open twenty-four hours each day.

The entrance of CO: into the intercellular spaces of the chlorenchyma
of young stems, green fruits, flowers, and seeds may also occur through
stomates in the epidermis of these organs. Chlorenchyma in the stems
and exposed roots of woody plants, however, soon becomes covered by
a layer of cork, the presence of which is a partial obstruction to both light
and the entrance of CO.. The chlorenchyma in the roots of orchids and
also in the leaves of certain plants is separated from the epidermis by
one to several layers of non-green cells. Stomates are absent in algae and
the so-called green leaves of mosses. The submerged leaves of aquatic
plants may have rudimentary stomates or none. Stomates may be present
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in plants or parts of plants without chlorophyll. Rudimentary stomates
have also been reported in all types of subterranean organs.

Although the presence and behavior of the stomatal mechanism may
greatly influence the rate of photosynthesis, it is evident that one should
be cautious about drawing inferences which imply that stomates behave
as they do in order to facilitate photosynthesis.

Chloroplasts and photosynthesis. In almost all green plants chlorophyll
is confined within the colloidal matrix of definite protoplasmic bodies,
the chloroplasts, which also contain carotene and xanthophyll. Certain
primitive algae do not have well-defined chloroplasts. In most of the
green plants, therefore, photosynthesis occurs only within the chloro-
plasts. As a result of changes in the viscosity and streaming of the proto-
plasm in which these plastids are located, their arrangement within the
cell may vary from time to time. The number, distribution, and surface
area of chloroplasts constitute another structural mechanism that influ-
ences the relative rates of photosynthesis in different plants.

Many facts about plants are so variable that an exact determination
of them is physically impossible and of no great consequence. On the
other hand, a close approximation to the truth based upon a limited
number of facts is often very helpful in checking one’s concepts. As an
example, a few estimates of the number and area of chloroplasts in
plants may be cited.

In the castor bean leaf there are about 495,000 chloroplasts in the
mesophyll beneath each square millimeter of leaf surface. About 82 per
cent of them are in the palisade cells, and 18 per cent in the cells of the
spongy mesophyll. In the sunflower, nasturtium, broad bean, and elm
the corresponding numbers of chloroplasts per square millimeter of leaf
surface are 465,000, 383,000, 283,000, and 400,000.

These figures may be used as a basis for further estimates. Beneath
each square inch of elm leaf there are about 250,000,000 chloroplasts.
The combined surface of these plastids is approximately 20 square
inches, if we consider them as spheres 4 microns in diameter. An average
elm leaf (5 square inches) has 100 square inches of chloroplast surface.
A large elm tree with 1,000,000 leaves—estimates have been as high as
7,000,000—has a leaf surface of about 0.8 acre, and a chloroplast surface
of about 16 acres, or 1/40 square mile. To appreciate the importance of
this enormous plastid surface in photosynthesis, one must remember that
most of the chlorophyll is concentrated near the surface of the chloro-
plast, and that CO: and H:O enter the chloroplast through this surface.
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This plastid surface is really the photosynthetic area of the leaf. Some
allowance should be made for the area occupied by the larger veins.

Enzymes and photosynthesis. In addition to chlorophyll and other
pigments, the chloroplasts also contain enzymes. Since enzymes are in-
volved in photosynthesis and in other biological processes discussed in
subsequent chapters, certain of their general features may be noted at
this time.

Enzymes are organic catalyzers which accelerate chemical reactions
that occur in physiological processes ( photosynthesis, digestion, and the
like) without becoming a permanent part of the final products of the
process, and without being destroyed by the reaction. An enzyme may
therefore continue to catalvze a particular chemical reaction until it is
destroyed or made inactive by other conditions in the cell. Ultra-violet
radiation and high temperatures may destroy enzymes. Synthesis of
enzymes undoubtedly occurs in all growing parts of a plant. Without
them the chemical changes in cells would be so slow that living organ-
isms could not long survive. Furthermore, many processes in cells are
not known to occur in the absence of certain enzymes.

In order to speed up chemical reactions in laboratory experiments and
industrial processes, chemists often subject the materials to very high
temperatures. Eventually they discovered that many of these processes
could be made to occur just as rapidly at lower temperatures by the addi-
tion of a small amount of some inorganic substance, called a catalyst. A
high temperature cannot be substituted for enzymes in living cells, but
a temperature increase that is not detrimental to protoplasm does ac-
celerate plant processes.

Some processes may be catalyzed by either organic or inorganic
catalysts. For example, if we boil cane sugar (sucrose) in pure water, it
hydrolyzes to glucose and fructose slowly.

Sucrose + Water —— Glucose + Fructose
CHz0,;, + H.0 —— CH 206+ CeH 204

If a very small amount of acid is added, the reaction proceeds rapidly.
During the process of boiling, some of the sugar is converted into mucic
acid, which further accelerates the process. Even at much lower tem-
peratures the reaction is fairly rapid, but for every increase of 10° C.
the speed of the reaction increases from 2 to 3 times. Many other chemi-
cal processes have this same relation to increase in temperature.
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In plant cells the hydrolysis of sucrose is catalyzed by a specific
enzyme known as invertase (sucrase, or saccharase). The converse proc-
ess, the synthesis of sucrose from glucose and fructose in a plant, is also
accelerated by invertase or other enzymes. Many enzymes have the
property of catalyzing a reaction in either direction, the direction being
dependent upon other conditions in the cells.

Invertase that has been extracted from plants may be obtained from
chemical supply companies. When sucrose is dissolved in water with a
small amount of this extracted invertase, it is hydrolyzed as indicated
above. If the solution is heated to 40-50° C. the reaction is most rapid;
it decreases rapidly above this temperature. Temperatures of 60° C. or
above completely inactivate many enzymes when they are wet. Most of
them are destroyed at temperatures below the boiling point of water.

The activity of enzymes is influenced by many conditions within the
cells. Among these may be mentioned various concentrations of acids,
alkalies, salts, the substances acted upon, and the substances formed.

The potency of enzymes in accelerating chemical change in living

cells is apparently due to the ease with which they unite with certain
substances involved in the reaction and form unstable intermediate
compounds. Through reactions of these unstable compounds the enzyme
is again liberated, and only the stable products of the whole series of
reactions accumulate. For instance, sugar and molecular oxygen are the
stable end products of photosynthesis, but between them and the initial
‘materials (CO, and H,O) several temporary intermediate compounds
are formed. Chemically trained students in increasing numbers have
tried to discover what these intermediate compounds are and the order
in which they are formed. Some of the problems will be mentioned
briefly.

Intermediate compounds in photosynthesis. Formaldehyde has often
been proposed as the first intermediate substance in photosynthesis,
but always with inadequate proof. Recent investigators are giving more
attention to enzymes and the part that chlorophyll may play in the
process. For many years it has been known that chlorophyll absorbs
certain rays of radiant energy. This is only another way of saying that
chlorophyll transforms certain radiant energy to some other kind of
energy—or better, that certain photons of light upon striking some part
of the chlorophyll molecule impart their energy to it. The sequence of
events that follows is not known well enough to be discussed here.

The difficulty of arriving at scientifically established answers to many
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questions about biological processes lies partly in the complexity of the
transformations that proceed as a chain of reactions, and partly in the
complexity of the large molecules involved in the reactions. The em-
pirical formulas of the two chlorophylls, a and b, are given on page 28.
Merely to illustrate the complexity of these compounds, one of the re-
cently proposed structural formulas for chlorophyll is reproduced here
(Fig. 56).

Before we can know exactly how photosynthesis occurs, it will be
nccessary to find out how the atoms in CO, and H,O become separated
and subsequently united as in C;H,,O,, whether they unite with the
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Fic. 56. Diagram representing the arrangement and complexity of the molecule
of chlorophyll a. If the group, CHO, in the detached circle is substituted for the
CH, group nearby, the diagram would represent the molecule of chlorophyll b.
From B. S. Meyer and D. B. Anderson, 1939.

chlorophyll molecule, how the enzymes enter into the process, and what
products are formed first as the chlorophyll and enzymes are again set
free. It is impossible at present to say how many intermediate products
there are, the order in which they are formed, and how many enzymes
catalyze their formation.
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Rate of photosynthesis. From the foregoing discussion it should be
evident that the rate of photosynthesis is influenced by many conditions
within the plant and by several environmental factors. Attention has
been called to some of the influences of the stomates, intercellular
spaces, distribution of chlorophyll, activity of enzymes, light, tempera-
ture, carbon dioxide, and water. Other conditions, such as the amount of
chlorophyll and possibly the acidity of the cells, also influence the rate of
photosynthesis. The effect of any one factor is probably always in-
fluenced to some extent by the relative amounts of the other factors in-
volved. Some idea of this fact is best obtained by studying the results of
experimental data such as those represented in the accompanying
curves.

The curves in Fig. 57 represent the relative rates of photosynthesis in
wheat seedlings in relation to light intensity and the concentration of
carbon dioxide in the air, when the temperature is 22° C. and the relative
humidity is 70 per cent. As shown in the lowest curve, where there was
0.01 of 1 per cent of CO, in the air an increase in the light intensity be-

2
3 18
o
E i6 - -
>.
8 14 -
5 with 0087 CO,
z 12 = with 0Q.037% CO
w 10 - —
(@]
O e with 0.02% CO, =
w
Hs .
o
w4 with 0.0l % CO, : -
2 /
g ° 7
I&J 0 1 1 1

20% 409, 60 80% 10090

LIGHT INTENSITY IN PERCENTS OF FULL SUNLIGHT

Fic. 57. Rates of photosynthesis in relation to light intensity and the concentration
of carbon dioxide. Data from W. H. Hoover, E. S. Johnson and F. S. Brackett.

yond 40 per cent did not increase the rate of photosynthesis.
The percentage of CO, in the atmosphere near the earth’s surface is
usually given as about 0.03 (3 parts in 10,000 parts of air), though it may
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vary considerably just above the surface of the soil, particularly if there
is much decaying organic matter in the soil. From several measurements
made in a field of sugar beets the percentage of CO, in the air at the
tops of the plants was found to vary from 0.04 to 0.06, and at the ground
level from 0.05 to 0.28.

From the curves in Fig. 57 we may see that the rate of photosynthesis
at a given light intensity depends upon the available CO,, and vice
versa. In fields and gardens variations in light intensity are greater than
variations in the concentrations of CO,. Locally the concentration of
CO. in the air surrounding plants is affected by photosynthesis, wind
velocity, and several other factors.

The curves in Fig. 58 represent the relative rates of photosynthesis in
leaves of a potato plant in relation to both temperature and the concen-
tration of CO, in the air. The leaves were in full sunlight during each
experiment, which lasted only ten minutes. Longer exposures would
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Fi1c. 58. Rates of photosynthesis in potato leaves in relation to temperature and the
concentration of carbon dioxide. Calculated from data by H. G. Lundegardh.

result in some changes in the curves, but without annulling the princi-
ples represented. Here again certain interrelations between two different
environmental factors and the rate of photosynthesis are evident.
Summary. The rate of photosynthesis is dependent upon the interrela-
tions of several external factors and certain conditions and processes
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within the plant cells. Some of these factors affect photosynthesis di-
rectly, others less directly through a series of other processes. The im-
portant external factors that most directly affect the rate of photosyn-
thesis are the intensity and kind of light, the concentration of carbon
dioxide in the air or water environment, the temperature, and water—
though most of the effects of water on photosynthesis are indirect.
Among the important internal conditions are the amount and distribu-
tion of chlorophyll and enzymes, and such structural features as
stomates, intercellular spaces, and veins, which influence the movement
of materials into and out of chlorenchyma.

The importance of photosynthesis to all living organisms will be ap-
preciated better as it becomes more evident, from the facts in later
chapters, that all the organic compounds in the bodies of plants and ani-
mals and all the commercial products obtained from them have their be-
ginning in the synthesis of sugar. When it is clear that the chemically
bound energy supply of the bodies of all living organisms, and most of
the energy that we use in our homes and industries can be traced back
to the radiant energy chemically bound in sugar, we can view photosyn-
thesis in true perspective.
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CHAPTER XV

FOOD SYNTHESIS
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ITII. SYNTHESIS OF STARCHES

Some of the sugar in plants may be changed chemically to insoluble
starches and other carbohydrates, to fats and oils, and to proteins.
In the body of animals sugar is changed to a starch-like compound
called glycogen, and also to fats and oils. While studying such trans-
formations we may also appropriately consider many facts about the
accumulation and digestion of these foods. In this chapter we shall be
interested mainly in the formation and digestion of starch and a few
other carbohydrates.

Starches, fats, and oils are made from sugar alone. Proteins are made
from sugar and certain salts of nitrogen, sulfur, and, in some cases, phos-
phorus also. These transformations of sugar to other kinds of food are
either condensation processes or a combination of oxidation-reduction
and condensation processes. The simplest transformations, such as the
formation of starch from glucose or of inulin from fructose, involve only
chemical condensation. We shall first consider the synthesis of starch
from sugar.

Synthesis of starch from sugar. Starch is formed in plant cells from
glucose by chemical condensation:

Glucose ——  Water + Starch
n CgH 1206 — (n — 1)H,0 + (CeH ,05).H,0

Special groups of enzymes catalyze the process of starch synthesis.
Some of the plants in which starch is not formed may lack one of these
several enzymes. The digestion of starch back to sugar in living cells, or
in media in contact with living cells, is catalyzed by several complex
groups of enzymes. The digestion of starch occurs readily in test tubes
with enzymes extracted from plants. Recently it has been shown that
some of the steps in starch synthesis may also occur in test tubes if

129
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glucose-1-phosphate, boiled starch, and appropriate enzymes from plant
cells are placed in the tubes.

A reaction that may proceed in either of two directions is said to be
reversible, and is often represented by two arrows. A longer arrow is
usually used to indicate the direction in which the process is proceeding
more rapidly.

(A) Glucose = H,0 + Starch
(B) Glucose «—= H,0 + Starch

Statement (A) above indicates that the condensation of glucose to
starch is proceeding more rapidly than the digestion of starch to glucose;
statement (B) indicates that digestion is the more rapid process.
Whether digestion will exceed condensation, or vice versa, at any par-
ticular time depends upon certain conditions in the plant cell, such as
acidity, water content, and the concentration of glucose. External factors,
such as temperature and light, affect these internal conditions and thus
indirectly affect the digestion and condensation processes. For instance,
when Irish potatoes are stored in bins at 10°-30° C. the sugar in them is
mostly condensed to starch; but when they are stored at temperatures
either above 30° C. or near freezing much of the starch is digested to
sugar. Potato chips prepared from potatoes in which sugar has accumu-
lated are dark in color.

When the chloroplasts are exposed to light more sugar is made in
them and some of it condenses to starch. On the other hand, when the
guard cells of leaves are exposed to light the conditions initiated in them
by the light result in a change of starch to sugar.

These changes of sugar to starch and of starch to sugar may occur
repeatedly in the same cell, and at any time during the day or night.
Many efforts have been made to detect the amount of sugar that must
accumulate in a cell before some of it begins to condense to starch.
This amount of course is variable, depending both upon the kind of
plant and upon the conditions to which it is exposed. The formation of
starch is dependent upon the hereditary make-up of the plant. Closely
related plants may differ greatly in this respect, and in some plants
(onion, hyacinth, and many others) starch is formed only under excep-
tional environmental conditions, or not at all.

The number of species of plants in which starch never forms under
any environmental condition is unknown. It is very simple to remove
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leaves from a plant with a knife and place the cut ends of the petioles
in beakers of water containing different concentrations of sugar and also
different kinds of sugar. They can then be readily exposed to different
environmental conditions. Even the leaves in which starch ordinarily does
not form may synthesize it under these experimental conditions either
in the light or in the dark. Best results are usually obtained with about a
10 per cent solution of sugar. Since starch is made from glucose, one
might expect to find starch in the leaves only when glucose is placed in
the beakers, unless he recalls that by the influence of the enzymes in
plant cells certain kinds of sugars may be transformed to others. In such
experiments starch is formed in the leaves whether the sugar in the
beakers is glucose, fructose, mannose, galactose, sucrose, or maltose.
Even certain alcohols may be converted to starch in the leaves of
plants.

Starch accumulation. Sugar is involved directly or indirectly in all
the major physiological processes in plants. Starch, on the contrary,
merely accumulates. In time it may be digested back to glucose, either
in the plant that makes it, or in some other organism that eats it. Starch
is formed in plastids (leucoplasts and chloroplasts) and occurs in the
cells as small grains that are insoluble in water; therefore it does not pass
from cell to cell. When starch is found in a cell one may infer that it was
made in that cell. It may be formed in all kinds of living plant tissues,
in either light or darkness if sugar is present. The fact that it accumu-
lates sooner or oftener in certain cells or tissues is evidence that the con-
ditions affecting its formation are not uniform throughout the plant.
There may be a lack of general uniformity in the types of plastids, the
amounts and kinds of enzymes, the concentration of sugar, and the acid-
ity of the cells.

This lack of uniformity among cells is easily demonstrated with green
and white variegated leaves. Since sugar is made only in the chloroplasts,
its concentration in the non-green parts of the leaves is comparatively
low, and starch is usually formed only in the chlorenchyma of these
leaves. This fact is demonstrated by the ordinary iodine test for starch
in leaves after the chlorophyll has been removed with hot alcohol.

If these variegated leaves are first detached from the plant and placed
for about one day in a beaker containing a sugar solution as described
above, starch may then be found in the non-green parts of the leaf.
Variegated leaves of geranium are excellent materials for these tests
(Fig. 59). It has been reported that even with this special treatment
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Fic. 59. Photographs of white and green variegated leaves of geranium after
the leaves had been subjected to the iodine test for starch: A, leaves tested
directly after removal from the plant; B, comparable severed leaves tested after the
cut ends of their petioles had been immersed in a sugar solution for 15 hours.
Photo by A. G. Chapman and W. H. Camp.

starch does not form in the non-green parts of such plants if plastids are
absent.

Microscopic tests for starch are easily made, and the relations of
starch accumulation to certain conditions and processes in the plant are
fairly well known. As a consequence, starch synthesis, accumulation,
and digestion are often studied as an index to other processes in which
sugars are being made, consumed, or translocated.

Starch may accumulate temporarily in chloroplasts when sugar is
being made, but in some plants, as in onions, oil. accumulates in
chloroplasts.

Commercial sources of starch. Conditions in certain tissues and organs
are especially suitable to starch accumulation. Certain roots, stems, fruits,
and seeds are of great commercial value, mainly because of the starch
they contain. Besides being valuable as a food, millions of tons are ex-
tracted from plants annually and used in the industries for making vari-
ous types of dusting powders, adhesives, pastes required in sizing cloth
and paper, and as a source of dextrin and glucose. In the manufacture of
alcohol a number of starch-rich cereals are used as a source of food for
yeast plants.
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Starch grains. Starch grains in different kinds of plants may differ in
form, size, and internal structure (Fig. 60). This fact may be used as one
means of identifying certain commercially prepared drugs and foods,
and also certain impurities in them.

5@‘®@ '@Q
A Q). ]

@@‘@ .
0 u 03

D@DQ B ‘4

F1c. 60. Diagrams of starch gra]m from several kinds of plants: A, bean; B, corn;
C, oats D, potato; E, rice; F, wheat. Adapted in part from Leffmann and
Beam.

Each grain is composed of at least two substances. The outer portion
is composed of amylopectin, which becomes gelatinous in boiling water,
but does not appear blue with iodine. The inner part of the grain is
largely amylose. It is colloidally dispersed in boiling water and becomes
blue with iodine.

Dextrins. When certain groups of enzymes are present, dextrins are
synthesized from sugar in certain plastids in plant cells. Later, starch
may be synthesized in other plastids in these cells. In young seeds of
some plants, such as certain varieties of sweet corn, dextrin-forming
plastids can be found in all stages of development. Since they become
reddish in color when the iodine test is applied, they are easily distin-
guished from starch grains in microscopic mounts.
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When starch grains are heated for a short time they are transformed
to grains of dextrin. This is the procedure used in the preparation of
commercial dextrin.

Dextrins are formed as intermediate products when digestion of starch
to sugar in test-tube experiments is catalyzed by a group of enzymes
known as diastase. The products appear to be formed in the following
order: starch — dextrins — maltose — glucose

Glycogen and inulin. Glycogen, like starch, is a condensation
product of glucose. It is common in the animal kingdom, but among
plants it is known to occur only in certain fungi, bacteria and
algae.

Inulin is a condensation product of fructose, and occurs in several
kinds of plants. If roots of salsify or dandelion are placed in 70 per cent
alcohol for a time, most of the inulin in them crystallizes; but the clusters
of crystals, though they are large, are often difficult to see because of their
transparency. The accumulated food in Jerusalem artichoke and oyster
plant is largely inulin.

Sugars, starches, dextrins, glycogen, and inulin all belong to the gen-
eral class of compounds known as carbohydrates, i.e., compounds of
carbon, hydrogen, and oxygen in which the proportion of hydrogen to
oxygen is 2:1, as it is in water.

The transformation of carbohydrates by condensation and digestion.
The formation of starch from sugar by chemical condensation and the
subsequent digestion of starch to sugar are common processes in plants.
All complex carbohydrates, such as starches, glycogen, inulin, cellulose,
and hemicelluloses, are formed from simple sugars by chemical condensa-
tion. Moreover, during the formation of fats, oils, proteins, and many
other compounds in cells, chemical condensation usually occurs at one
or more stages in the process. Chemical condensation occurs in every
living cell of both plants and animals. It is the converse of all ordinary
processes of digestion. Evidently a clear concept of its fundamental
features is necessary to the understanding of many biological processes.
A few examples will be given.

When 2 molecules of a simple sugar, like glucose, unite by condensa-
tion, the resultant sugar is called a disaccharide (double sugar):

Simple sugar — Water + Disaccharide

2 CiH,;,06 — H,O0 + C2H3.01;
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When 3 molecules of simple sugars unite by condensation, the result-
ant sugar is called a trisaccharide:

Simple sugar —— Water + Trisaccharide
8 CH:0g — 2 H,O0+  CisHs:046

The formula Ci:H2:01: may also be written as (CsH1005)2H20. Like-
wise, the formula of the trisaccharide, CisHs:016, may be written as
(CsH100s5 ):H:O to indicate the number of molecules of sugar utilized in
the formation of the larger molecule. When 2 molecules of sugar unite, 1
molecule of water is released. When 3 molecules of sugar unite, 2 mole-
cules of water are released.

A general name for the product formed by the union of several mole-
cules of simple sugars by condensation is polysaccharide. All these prod-
ucts are carbohydrates. We may now write a generalized equation that
represents the formation of any polysaccharide from a simple hexose
sugar, such as glucose or fructose.

n CsHmos —_—> (n — I)HQO + (CGH1005),.H20

One important point to note is that for every molecule of sugar added,
one molecule of water is liberated. This fact may be briefly represented
in a diagram in which we let some symbol, such as <>, represent the
main body of the glucose molecule.!

Glucose + Gl Water + A disacchsride

no<__ >0 ¥ o< >-on 80 +HO -0 >-OH, or (GHUONHO

Disaccharide + Glucose —————————— Water + A trisaccharide
10 -0 0¥ Ho< D>—OH ———— 1O + 10<_ >0 >-0_>-OH. or (CHO):H:O

Disaccharide + Disaccharide Water + A polysaccharide of 4 (C¢Hic04) units

10 >0 >-0i# 10 -0 you— 10+ 10 >0 00 >-0H, or (CHLONHO

! The diai;ram in Chapter XVII indicating the arrangement of the atoms in a molecule
of sugar (glucose) shows the carbon atoms in a straight chain. The following arrange-
ment of the carbon and oxygen atoms is indicated by X-ray studies of polysaccharides.

HO OH HO OH HO OH
N\ < | N 7 N <
gl o g
HO—CH HC—OH HO—CH HC—O0—CH HC—OH
N / }
HC—O HC—-O0 /C—*O
ngOH CéOH CH,;0H

Glucose A disaccharide
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If this process were to continue, a polysaccharide consisting of a long
chain of many (C,H,,05) units would be formed. From X-ray studies
we know that the molecules of polysaccharides in plant cells do consist
of long chains of these smaller sugar units. In some substances, such as
starch and cellulose, the units are all (C;H,,05) from glucose. In other
substances these units may be formed from another kind of sugar, or the
chain may be composed of units of different kinds of sugars, as in hemi-
celluloses. The chain may also consist of units of sugar and certain acids
derived from it, as in pectic compounds.

One other important biological fact about condensation should be
appreciated, namely, that the chemically bound energy in the sugar is
still in the units of sugar in the new products formed. It is not liberated
in the process of condensation.

Digestion, or hydrolysis, is the converse of condensation. As molecules
of water replace those lost during the condensation of simpler molecules
to more complex ones, the complex molecules are subdivided into the
simpler ones from which they were formed.

A reversible process recently discovered and thought to be common
in plants may be indicated briefly:

Starch + H;iPO4 = Glucose-1-phosphate

It is referred to as phosphorolysis and the enzyme that catalyzes it is
called phosphorylase.

Summary. Starch is formed in plastids (leucoplasts and chloroplasts)
in plant cells from glucose by chemical condensation—a process that is
just the converse of all ordinary processes of digestion. By condensation,
many molecules of sugar become joined together by a loss of one mole-
cule of water for every molecule of sugar added. Chemically bound
energy is not liberated by this process and the starch therefore contains
the potential energy that was in the sugar from which it was made. In
the same way, many other complex carbohydrates (polysaccharides) are
formed in plants.

Starch may be synthesized from sugar in both green and non-green
tissues, and in either light or darkness. It is especially dependent upon
the presence of plastids, certain enzymes, the concentration of sugar,
and the acidity of the cells. It is a reversible process. External factors,
particularly light and temperature, affect these internal conditions and
thereby indirectly affect the accumulation of starch in plants. These in-
ternal conditions are not uniform throughout the plant, nor in different
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probably act mainly as catalysts. Of the external factors, temperature,
oxygen, and sometimes water occupy a place of first importance under
natural conditions, and also in the cultivation and care of plants." Under
experimental conditions many factors are known either to increase or
to decrease respiration in plants.

The relation of respiration to plant development and to certain prac-
tices in the care of plants and plant products. Plants often fail to survive,
or their growth is retarded, merely because of a lack of sufficient oxygen.
The aerial parts above ground are exposed to an abundance of oxygen
in the surrounding atmosphere, but some parts are exposed only to the
oxygen that is in the air of the soil. The parts of land plants that are
underground (roots, underground stems, and also seeds and seedlings)
may be deprived of sufficient oxygen when they are flooded by water, or
when the ground water level rises too near the surface of the soil. The
water per se is not harmful, but it excludes nearly all the free oxygen,
and death by suffocation is the result. Less oxygen is likely to be avail-
able to the plant when the water is stagnant than when it is flowing.

Perhaps everyone is familiar with the fact that many common plants
grow only where their roots are in well-drained soils, while others may
grow where the soil is saturated or even submerged. This difference
may be due to the fact that some plants, like some animals, can survive
with less free oxygen than others. The roots of the black willow, for
instance, will grow in soils almost wholly deprived of free oxygen,
whereas the roots of sugar maple, scarlet oak, and many other trees
will die of suffocation. However, the roots of most land plants grow well
in water that is continuously aerated.

Some interesting ideas of the growth and distribution of plants in rela-
tion to free oxygen may be gained by observing the zones of plants on
the wet shores of shallow lakes and in low places in fields and woods
(Figs. 267, 268). Pondweeds, cattails, and bulrushes grow with their
roots continuously submerged in water, and some have roots in muck
where there is almost no free oxygen. In some of these plants large in-
ternal air passages extend from the leaves and stems all the way to the
root tips. The submerged roots of such plants may not survive unless
the oxygen that diffuses downward from the air-exposed leaves is ade-
quate. The underwater parts of these plants drown, or suffocate, if the
tops are cut off below the water level.

! Light should also be recalled in this connection because of its indirect effects on
respiration through the amount of food made, the opening of stomates, and the raising of
the internal temperatures.
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There are other species, however, that survive without access to the
atmosphere through large internal air passages. Willows, bitter pecan,
and overcup oak are examples. Algae and other continuously submerged
plants may grow where the amount of oxygen is very low. Of course,
during the day, when photosynthesis is occurring, they have an abun-
dance of oxygen.

The agricultural practice of draining soils is a common means of
supplying the roots with an adequate amount of oxygen. Coarse soils
are much better aerated than those of extremely fine texture. This fact is
often exemplified by the differences in plants on such soils. The greater
root growth in the small crevices of soils is undoubtedly related to the
better aeration there. Soaking the soil of potted house plants about once
each week not only assures more adequate watering but also results in a
fresh supply of air to the roots as the water disappears from the soil.

The storage and shipping of fruits and bulbs introduce another situa-
tion in which a deficiency of oxygen may be detrimental. The cells in
these plant organs are still alive, and their well-being depends upon a
certain amount of respiration. If fruits are packed too closely, many of
the cells die of suffocation and become brown; the color and flavor of the
fruits that survive may become less desirable. Dark and hollow centers
in potatoes are often the result of the death of cells by suffocation,
because of high temperature and a lack of oxygen in storage bins. The
need of further knowledge of the relation of respiration to the best
preservation of fruits and other plant organs in storage and shipping
accounts for some of the research that is being done on the best methods
of refrigeration and ventilation in storage houses and shipping cars.
Truckers commonly transport ripe fruits at night to avoid the suffocation
of cells in the fruit that would result from the higher daytime tem-
peratures. :

When plant tissues are cut or otherwise injured, the cut or injured
surfaces are exposed to an increased supply of oxygen. The exposed
surface often becomes dark colored because of the oxidation of tannin
or other substances in the cells. In the preparation of dried fruits this
darkening is undesirable; either methods are used to prevent it, or the
finished product is subjected to a bleaching process.

Water content effects. When the water content of cells is low the rate
of respiration becomes low. This rate may continue low for several years
in air-dry parts of plants, such as spores and seeds, then rise again as
these structures becomes wet. For instance, respiration in wheat seeds
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containing 16 per cent of water may be 2.5 times as rapid as it is when
the seeds contain 15 per cent of water; and when they contain 17 per
cent of water it may be 10 times as rapid. This fact illustrates the effect
water may have on the rate of respiration in seeds during germination
in soil and also when they are in storage, where an injurious amount of
the released heat energy may accumulate.

Temperature effects. When no other factors are deficient, the rate of
respiration is doubled for every increase of 10° C. up to a temperature
that becomes detrimental to the further survival of the plant. This fact is
recognized in refrigeration, which preserves the food value of fruits in
two ways: (1) by decreasing the rate of oxidation of the food within the
cells of the fruit, and (2) by decreasing the respiration and rate of
growth of bacteria and fungi that may destroy the fruit.

The increase in rate of respiration with increase in temperature is
often an important factor when the plant is growing, because the maxi-
mum rate of photosynthesis occurs at much lower temperatures than the
maximum rate of respiration. During a period of hot days and nights in
summer the rate of respiration may exceed the rate at which food is
being made. This fact may be illustrated by curves representing the
relative rates of photosynthesis and respiration in leaves of potato during
a series of 10-minute exposures to different temperatures (Fig. 62).
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Fic. 62. Relative rates of photosynthesis and respiration in potato leaves during
10-minute exposures to different temperatures in shade and in full sunlight. Recal-
culated from data by H. G. Lundegardh.
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The rate of respiration in this experiment increased with the increase
of temperature until the heat became injurious. If the experiment
had continued for a whole day instead of ten minutes, the first evi-
dences of this injurious effect would have become visible somewhere
between 100°-110° F. The maximum rate of photosynthesis, however,
occurred at a much lower temperature, 68° F. In connection with these
curves it is interesting to know that the maximum yield of potatoes is
obtained in areas that have cool summers, where the mean temperature
during the growing season is less than 65° F. Under experimental con-
ditions where the temperature is kept constant both day and night
throughout the period of growth, maximum yields of potatoes are ob-
tained at about 62° F. If the plant is exposed continuously to a tempera-
ture of 85° F., no tubers are formed. The interrelations of the different
organs of a plant with respect to environments will be discussed in
Chapter XXI.

.. The compensation point. An interesting point in the upper curve is at
104° F. where the rate of respiration is equal to the rate of photo-
synthesis. For convenience of reference this point is often called the
compensation point. In the curve which represents the rate of photo-
synthesis in potato at 1/25 of full sunlight, the compensation point
occurs at 90° F. This fact is of interest even when the plant is in full
sunlight, for many of its leaves are in the shade of others. These facts
illustrate the general principle that the compensation point occurs at
lower temperatures when the light intensity is low. It also occurs at lower
temperatures when the concentration of carbon dioxide is decreased.

It is perhaps evident that a plant kept throughout the day at the
compensation point would not gain in dry weight, except for the very
small amount of mineral salts that may enter it from the soil; and that
during each night there would be a loss in dry weight due to respiration
in the absence of photosynthesis. A plant kept continuously under
such conditions would soon starve to death. If the nights were cool,
it would survive longer than it would if the nights were hot.

It must also be evident that the yield of plants depends upon the rela-
tive rates of photosynthesis and respiration. Under excellent growing
conditions photosynthesis may exceed respiration in corn fourfold dur-
ing the growing season. This would not occur unless photosynthesis ex-
ceeded respiration on the average about eightfold during the day. In
plants that are merely surviving in the shade of others, growth is limited
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because respiration consumes a much larger percentage of the food
made in them in such situations.

The conditions under which the compensation point may occur differ
greatly with the kind of plant. In Scotch pine it is reported to occur at
18°-20° C. when the intensity of light is 1/25 that of the full sunlight
of summer. Comparing this report with the data obtained by several
other investigators, we find that the compensation point occurs in some
of our pines, arbor vitae, and tamarack at about this same light intensity.
Corresponding figures for white pine and red oak are nearer 1/50 to
1/70, and for beech and sugar maple 1/100 to 1/200; for a few of the
herbs, ferns, and mosses that grow in dense shade 1,/200 to 1/300, and
for some algae 1/10,000 or less. In general the compensation point oc-
curs at lower light intensities in “shade plants” than in “sun plants.” This
difference is less pronounced at low than at high temperatures.

There can be little doubt that the differences in respiration and
photosynthesis in plants indicated by the compensation point are an
important factor in the survival and distribution of plants in different
habitats in relation to temperature and light. Beech and sugar maple
endure more shade than oaks, and many oaks endure more shade than
most pines. One kind of forest therefore may gradually replace another
by producing more shade than its seedlings can endure. On lawns and
campuses many examples of differences in shade endurance by plants
may be observed. For instance, during a period of excessively hot clear
days bluegrass is favored by a small amount of shade, but it endures
more shade in the cool days of early spring and late autumn than it
does in the hot days of midsummer.

Comparative rates of respiration. The rate of respiration is greatest
where there is rapid growth, as in germinating seeds and opening
flowers. In some plant organs respiration may be more rapid on the basis
of weight than in animals. The amount of food oxidized during a day
(=1500 Cal.) in a man at rest is equal to about 4 per cent of his
dry weight. The amount of food oxidized in a corn plant each day is
equal to about 1 per cent of its dry weight. The corresponding figure for
an opening cluster of flowers is about 8 per cent; and for some kinds of
germinating seeds, about 20 per cent. The lowest rates of respiration
occur in dry seeds and other dormant structures, and there is compara-
tively little respiration in woody stems and other hard parts in which
there are only a few living cells.

The amount of carbon dioxide formed during respiration in all the
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plants in the world each year is probably in the neighborhood of 8-10
times the amount liberated by the animals in the world during the same
time. A corn plant, for instance, oxidizes about one-fourth of the food it
makes. One-half of the food it makes is converted into fibers ( cellulose,
wood, cutin, etc.) which are indigestible by the enzymes of animals.
They may, however, be digested and used as food by certain special
groups of bacteria and fungi. The fibers that are not digested by these
non-green plants become humus in the soil. Only about one-fourth of

the food made in the corn plant accumulates, part of which becomes
available to animals.?

Food per acre in terms of available energy. With a knowledge of respi-
ration as a background we may compare the amount of food harvested
per acre on the basis of Calories of energy. In Table 4 a summary is given
of the average yield per acre, its food value calculated in Calories, and
the number of men that can be fed for one day by the different crops
harvested from one acre, assuming that each man requires 3000 Calories

per day.

TabLE 4. Energy Content of Food Products from an Average Acre

Yield per Acre Millions of | Number of Men

Food Products i Calories That Might Be

Bushels Pounds Equivalent | Fed for One Day
Corn 35 1,960 3.1 1000
Sweet potatoes 110 5,940 2.8 900
Irish potatoes 100 6,000 1.9 600
Wheat 20 1,200 1.8 600
Rice 40 1,154 1.7 - 560
Soybeans 16 960 1.5 500
Beans 14 840 1.1 375

If the grain from an average acre of corn is fed to beef cattle, the
dressed beef obtained amounts to only 125 pounds and yields energy
equivalent to the food of 43 men for one day, a loss of 95.7 per cent of

¢ There is a possible error in this comparison, namel{, there are many bacteria in the
alimentary tracts of animals that may digest the cell walls of plants. Some of the products
of these digestions pass into the cells of the animal. Some of the wood-boring beetles
have fungi in their intestines that digest cellulose, and the beetle’s food is the resulting
sugars and other end products.
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the energy in the corn. If fed to pigs, the yield of pork is 273 pounds,
or sufficient food for 220 men for one day. Dairy cattle are second only
to pigs as transformers of food in proportion to the energy lost. A great
loss of energy always results when the food in plants is converted into
meat before it reaches the human consumer. It is evident that as the
population of a country increases beyond a certain point, unless it can
afford to buy meat from foreign markets it must depend more and more
directly upon the food in plants.

There are, however, certain animals that feed, either directly or indi-
rectly, on plants in which the food is physically unavailable to man.
All our sea-food animals, such as fish, clams, and oysters, convert large
quantities of the food in aquatic plants into food that is available to
man. The sheep and cattle grazing on the open range and forest reserves
in the Western States and on similar areas in other countries may be
looked upon as gatherers and converters of the food in plants that is not
otherwise available to man.
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CHAPTER XIX

USES OF FOOD IN PLANTS

O OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOODOOOOOOOOOO

1II. SUBSTANCES MADE FROM FOOD

All plants contain a variety of substances made from foods. Some of
them are important constituents of cell structures; others, such as
chlorophyll and enzymes, are essential in certain plant processes. Several
others seem to be of no essential survival value or detriment to the plant.
Foods are the source of building materials as well as the source of
chemically bound energy. All the organic compounds of which cells are
composed are constructed directly or indirectly from foods.

The manner in which cellulose may be formed from sugar by chemical
condensation was described in Chapter XIV. It is briefly indicated as
follows:

Glucose —— Cellulose +  Water
n CeH .05 —— (CeH,05)n HO0 + (n — 1)H0

This is merely a condensation process in which n represents an un-
known number. The value of n may vary in the same cell and also in
different plants. It appurcntly represents a number having an average
value near 2500. After condensation all the chemically bound energy that
was in the sugar is in the cellulose.

Wax, cutin, and suberin are fat-like substances. In cell walls of plants
they occur as solids. Their formation from sugar is similar to the syn-
thesis of fats: oxidation-reduction processes precede condensation:

Sugar —— Aleohols
\————+ Water + Waxes

Sugar - - — Fatty acids

(oxidation-reduction) (wondensation)

The fatty acids and alcohols combined in these substances are unlike
those in ordinary fats. Substances referred to as cutin and suberin appear
to be formed primarily by the union of fatty acids alone.

These two examples represent ways in which constituents of plant
168
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cells are formed from soluble foods, though there are a greater number
of intermediate steps of oxidation-reduction and perhaps also of con-
densation in some cases. We may generalize them as follows:

A. Soluble food —— condensation —— cell constituent

B. Soluble food —— oxidation-reduction —— intermediate products ——
condensation —— cell constituent

The intermediate steps in the formation of all cell substances are not
fully known, and very little is known about the formation of protoplasm.
Several different enzymes catalyze the many processes that occur. By
omitting the intermediate steps we may represent in tabular form many
of the substances formed in cells and the basic foods from which they are
made (Table 5).

Some of these substances were described in previous chapters. A few
additional facts will be briefly summarized.

TaBLE 5. Substances Made Within the Plant from Sugar

Food Used

Chemical Processes

Substances Made

Where Found in the Plant

Glucose
Sugars
Sugars

Sugars

Sugars

Sugars

Sugars

Sugars

Sugars

.

Sugars

Sugars

5

Sugars

Sugars

Sugar and proteins
Sugar and proteins
Sugar and proteins
Sugar and proteins

All foods

Condensation
Condensation
Oxidation-reduction and

condensation
”

”
»

”

3 3

T 3 ¥ 2 3 3 2 03

Cellulose
Hemicelluloses
Pectic compounds

Lignin
Suberin
Cutin

Wax
Carotenoids
Anthocyanins
Essential oils
Mucilages
Resins

Gums
Alkaloids
Enzymes
Hormones
Vitamins
Protoplasm

Cell walls of all tissues
Cell walls of many tissues
Cell walls of all tissues

Cell walls of wood tissues
Cell walls of cork
Epidermal cell walls
Epidermal cell walls
Green and yellow tissues
Vacuoles of many tissues
General or localized
Many tissues

General or localized
General or localized
Generally distributed

All living cells

Variously distributed

All living cells

All living cells

Cellulose. During the formation of new cells in all growing parts of

plants, enormous quantities of food are annually converted into proto-
plasm, enzymes, pectic compounds, and cellulose. About one-half of
the food made by a green plant is converted into these substances. More
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than one-third of it is converted into cellulose alone. The youngest cell
walls of nearly all plants are composed primarily of pectic compounds
and cellulose. If thin sections of a plant are treated with a strong solution
of chlorozinc iodide, or with a solution of iodine followed by 70 per cent
sulfuric acid, and then observed through a microscope the location
of cellulose in the cell walls is often disclosed by a blue color. If pectic
compounds are abundant in the wall, a light brown color is evident.
In some cell walls it is necessary first to remove lignin, cutin, or other
substances that interfere with the test for cellulose.

Cellulose is formed in every cell of all plants, except in certain groups
of algae (diatoms) and perhaps in certain bacteria. It is also found in
the cell walls of a few species of animals. When formed it becomes a
part of the permanent framework of the cell, for there are very few
organisms that possess the enzyme cellulase, that digests cellulose. The
digestion of cellulose in the alimentary tracts of animals is due to the
presence of certain non-green plants and sometimes certain protozoa.
In contrast to cellulose, hemicelluloses may be formed as secondary
thickenings on the cell walls of a plant and later digested to sugar. They
are most conspicuous in certain kinds of hard seeds, such as the seeds
of dates, other palms, coffee, and iris. The manufacture of cloth, paper,
celluloid, collodion, acetic acid, artificial rubber, charcoal, rayon, cello-
phane, and explosives is but a few of the hundreds of industrial uses
made of cellulose.

Pectic compounds. Apparently pectic compounds are present in the
walls of all plant cells. They consist of large molecules formed mainly
by the condensation of certain sugars and an acid derived from sugar.
Various amounts of pectic compounds are usually intermingled with
cellulose in the walls of plants. The middle lamella, which holds the cells
of plants together, is composed of pectose or of calcium pectate. The
softening of fruits and vegetables when boiled in water or as they ripen
under natural conditions or in storage, is due to the breaking down of
this layer and the partial separation of the individual cells. A similar
process occurs in the absciss layer at the bases of the petioles of leaves,
pedicels of fruits, and at the bases of petals and stamens of flowers.
The pistils of flowers often abscise in the same way, and no fruits are
formed. In simple structures, such as algae and root hairs, the pectic
compounds are mainly in the outermost exposed layer of the cell walls.
Many plant mucilages and gums are also composed largely of pectic
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compounds. Changes that occur in pectic compounds in plants may be
represented briefly.

Pectose —— Pectins —— Pectic acid.
Pectic acid + Calcium salt -——— Calcium pectate.

Fungi that live parasitically within green plants are often found only
in the layer of pectic compounds between the cells. There they digest
and use these compounds as food. The isolated cells of the host die and
disintegrate. A similar process may result in overripened fruits and vege-
tables wherever the enzymes that digest pectic compounds are present.
The retting of flax fiber is merely a process of breaking down the pectic
compounds that hold the fibers together.

Large quantities of pectin are extracted annually from plants and
used in the preparation of jellies, salads, creams, and emulsions desired
as foods and drugs. Most of the commercial pectin, such as Certo, is
extracted from apple pomace or cull lemons. A smaller amount is ob-
tained from the pulp of oranges, sugar beets, carrots, and algae.

Other cell wall constituents. Suberin, the substance that is character-
istic of cork, apparently occurs in a definite layer in the cell walls of
cork tissue. It may also become deposited on or within cellulose walls,
a process called suberization. Several other substances, such as lignin,
cutin, wax, resins, and tannins, may become intermingled with cellulose
and pectic compounds as the walls increase in age. The cutinized layer
of the exposed surfaces of epidermal cells is called the cuticle. Suberin,
cutin, wax, and resin when present in or on cell walls make them less
permeable to water and restrict the entrance of parasites. These sub-
stances often constitute a relatively large part of the vegetable material
that ultimately becomes transformed to coal, for only a few kinds of
organisms can digest them.

Lignin is characteristic of woody cells and of hard plant tissues in
general. Its presence is casily demonstrated by treating plant tissue with
a dilute solution of phloroglucin followed by strong hydrochloric acid;
lignified walls become brilliantly red with this treatment. One of the
problems of obtaining cellulose from wood is the difficulty of removing
lignin and other substances that are associated with it in the cell walls
of wood.

Pigments. In addition to the chlorophylls, carotenoids, and antho-
cyanins discussed in Chapter IV, many other pigments are formed from
food in plants. Some of them are important as co-enzymes in oxidation-
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reduction processes. Others appear to be of no particular value or detri-
ment to the species in which they are formed. Before chemists learned
how to make dyes in the laboratory man was dependent solely upon these
natural dyes. Among the more important are annatto, camwood, fustic,
henna, indigo, litmus, logwood (haematoxylin), madder, red sandal-
wood, saffron, and turmeric.

Resins, gums, and mucilages. Resins are insoluble in water and render
cell walls impervious to it. They occur usually in definite glandular struc-
tures, or in tubes extending throughout the plant. Amber is a fossil resin.
Resins are soluble in alcohol and certain oils. Commercially they are used
in the preparation of a variety of varnishes, soaps, dyes and medicines.
Resin is one of the important products of the pine forests of the south-
eastern United States (Fig. 63).

Fic. 63. Method of tapping southern long leaf pine to collect resin.

Gums and mucilages are much alike. They are insoluble in alcohol
and become jelly-like in water. Upon drying, gums first become sticky
and then hard. Mucilages swell greatly in water. They may be im-
portant in holding water in the plant tissues in which they occur. Com-
mercially they are important bases of various mucilages and chewing

um.
& Latex. Many plants, such as the milkweeds, euphorbias, figs, and
rubber plants, have a milky colloidal “juice” called latex. This is a mix-
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ture of rubber, resins, gums and foods. It is the source of commercial
rubber (Fig. 64).

Fic. 64. Interior view of a torest on a rubber plantation in the East Indies. The
trees have been tapped to collect the latex from which rubber is prepared for in-
dustrial uses. Photo from Chicago Natural History Museum.

Essential oils. The odors of flowers, and the odors and flavors of fruits
and vegetables are due in part to minute quantities of essential oils.
They are often associated with resins and gums and are very unlike the
liquid fats (fatty oils). They are of no importance as food, but are highly
prized as flavors and perfumes, and for a few medicinal and industrial
uses. You are probably familiar with menthol, camphor, turpentine, the
characteristic oils of mint, pine, juniper, wintergreen, geranium, lemon,
orange, ginger, anise, cloves, sage, hops, wormwood, lavender, berga-
mot, bitter almonds, and vanilla. Some of the essential oils contain
sulfur. These underlie the odor and flavor of onion, garlic, watercress,
radishes, and many kinds of mustard.

The edible parts of many plants, such as sweet corn, turnips, peas, and
others, when first harvested have a delicious flavor that is lost very
rapidly. Some of this loss in flavor is due to the disappearance of essen-
tial oils, but a part of it is the result of the oxidation of sugar and of
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the rapid change of sugar to starch in the harvested product. The higher
the temperature the more quickly the change occurs.

Alkaloids. Under this general name may be grouped a large variety
of chemical substances apparently of little or no value to the plant in
which they are made, but which have been of great importance in
medicine. They are nitrogen-containing organic compounds, derived
from proteins, generally odorless but bitter to the taste. They have
marked physiological effects upon animals, and are extensively used as
stimulants and narcotics. The best known are nicotine, from tobacco;
atropin, from nightshade; strychnine, from strychnos; cocaine, from
coca leaves; quinine, from chinchona bark; morphine and codeine, from
the poppy; and caffeine, from coffee and cacao seeds.

Tannins. The bark of many trees, the galls occurring on oaks, and
certain unripe fruits, such as the persimmon, contain bitter astringent
substances known as tannins. These substances coagulate proteins to
insoluble compounds. The coagulation of proteins in raw hides is the
basic process in the tanning of leather. With iron salts, tannins become
black or green in color. Ink was formerly made in this way. The freshly
exposed surfaces of many fruits and vegetables become dark because of
the oxidation of tannic acid, especially in the presence of a trace of iron
from a knife.

Enzymes. The importance of enzymes in all metabolic processes in
plants has already been indicated. They are very complex, often consist-
ing of a chemically bound aggregate of known molecules. They are
recognized by their specific effects upon certain processes; and they are
named on the basis of cither the kind of substance on which they act or
the kind of process which they accelerate. For instance, sucrase acts upon
sucrose, and oxidases accelcrate the process of oxidation. Many enzymes
are very specific, acting only in one kind of process. In all, there must be
several hundred, perhaps thousands, of them. They are primary factors
in numerous biological processes. A few of the common digestive
enzymes in plants, the substrate (substance acted upon), and the end
product are presented in Table 6.

Vitamins. These organic substances, which are formed in plants in
minute quantities, were first discovered through their influence on the
health of man and other animals. The chemical composition of some
of them has been discovered. Vitamins are like enzymes or parts of
enzymes rather than food; that is, they are necessary not as building
material or as a source of energy, but rather as catalysts of certain basic
biological processes underlying health, growth, and reproduction.
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TasLE 6. Enzymes, Subtrates, and End Products of Enzyme Action

Enzyme Substrate End Products
Diastase Starch Glucose v
Maltase Maltose Glucose
Sucrase Sucrose Glucose and fructose
Inulase Inulin Fructose
Hemicellulases Hemicelluloses Simple sugars
Pectosinase Pectose Pectin
Pectase Pectin Pectic acid
Pectinase Pectic acid Simple sugars and acids
Tannase Tannin Glucose and gallic acids
Lipase Fats and oils Glycerin and fatty acids
Peptase (pepsin) Proteins Soluble peptones

Ereptase (trypsin) Proteins and peptones Amino acids

Scurvy, beriberi, and rickets were the first symptoms of vitamin dcfi-
ciency to be clearly demonstrated.

Vitamins, or their precursors, are synthesized mostly in plants. They
accumulate in certain animal tissues and in milk from the plants caten
by the animals. Carotene is a precursor of vitamin A, and ergosterol of
vitamin D. The bacteria in the alimentary tracts of animals probably
synthesize many vitamins.

Perhaps we should not try to make a rigid distinction among enzymes,
vitamins, and hormones. Thiamin in a drugstore is vitamin B,; in a
plant that makes it, it is a hormone; in both plants and animals it is part
of a carboxylase enzyme. Similar relations are true of other vitamins.

Hormones. These substances constitute another group of organic com-
pounds that promote profound physiological effects when present in
extremely minute amounts. Like the enzymes and vitamins, they influ-
ence certain basic biological processes. Their presence or absence is
recognized by certain symptoms of development. They were first defi-
nitely discovered in animals as secretions of certain glands. In 1928 the
presence of similar substances in plants was definitely established. Some
of them have been isolated from plants and their chemical constitution
is known. Special names have been applied to different ones, but in a
general textbook we shall refer to all of them as hormones.

Hormones influence the enlargement of cells, the formation of roots,
and the dominance of certain parts of plants over others. There are prob-
ably very few, if any, developmental processes in plants that are not
influenced by them, but many experiments will have to be performed
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before summary statements can be made. They are soluble in water and
may pass from cell to cell; hence they may be made in one part of the
plant, such as leaves, and influence the development of cells in another
part of the plant. General effects resembling those due to natural hor-
mones may be brought about by closely related compounds sold by
chemical supply companies.

Such substances as enzymes, vitamins, and hormones are the modern
substitutes for the earlier assumptions of special vital forces and en-
telechies. Not only are development and health dependent upon the
presence of these substances, but certain differences in species are de-
pendent upon their systems of enzymes, vitamins, and hormones.

Assimilation. It is often convenient to have one word by which we
may refer to the transformation of food into the substances of which cells
are composed. The term assimilation has been used with that intent in
biological sciences for a long time. But it has also been given different
interpretations as the knowledge of plant and animal nutrition advanced.
One therefore finds it used today as it might have been used a century
ago, and also as it probably should be used on the basis of present
knowledge. A number of other expressions likewise became associated
with the concept of assimilation at different historical periods, and they
have also survived to the present time. Other biological terms, such as
food, respiration, osmosis, adaptation, natural selection, and many others
have a similar history. All of them, as well as the associated expressions,
need to be critically examined by each succeeding generation of students.

When protoplasm was first recognized it seemed so all-important,
especially in the animal body, that the term assimilation was, and still
is, sometimes restricted to the transformation of food into protoplasm
alone. This is a definite use of the term; but to adopt it we must scek
another term to refer to the transformations of food into cell walls and
other essential constituents of cells. It seems most convenient to use one
term to include all of these processes in both plant and animal bodies.

The greatest confusion arose before the discovery that the food of
green plants and of man is essentially the same, regardless of the manner
in which they obtain it. Assimilation is really one phase of growth that
is common to all plants and animals. It is quite different from the forma-
tion of sugar from CO: and H:O or of amino acids and proteins from
sugar and certain inorganic salts. That is, food synthesis and the subse-
quent use of food in assimilation are two different groups of biological
processes.
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We have a sufficient background now to see that the food of green
plants and man is the same; that food consists of organic substances
that may be used as a source of chemically bound energy and as material
that may be directly transformed into protoplasm, cell walls, or other
essential constituents of cells. Accumulated insoluble food must of
course first be digested in either case.

Water and inorganic salts (fertilizers) which are essential to plants
in many ways are not a source of energy to green plants. They may
become incorporated in cell structures more or less directly or through
their use as materials in food synthesis. Nitrates and sulfates,
for example, are utilized in the synthesis of amino acids and proteins
which in turn are assimilated in the making of protoplasm. Attempts to
include carbon dioxide, oxygen, water, and inorganic salts under the
term food result only in rendering the term meaningless and useless.
Some of the ways in which inorganic salts may affect plants have already
been noted; others will become evident later.

Composition of a plant. All reports of the chemical composition of
plants and of protoplasm have at least two defects: (1) no distinction
is made between accumulated food and materials of which cells are
composed, and (2) inorganic salts that have accumulated in crystals or
arc merely in solution in the water in the plant are not distinguished
from those that have become an integral part of the cell structures.

With these defects in mind, the elemental composition of a corn plant
that has attained full growth is presented.

Carbon 44 .58,
Oxygen 43.799,
Hydrogen 6.269,

Water 79.7% Nitrogen 1.439,
Potassium  1.629,

Corn Plant { Organic matter 19.59, Dry Matter l’hns‘phorus 259,
1 . 20 39/ Calcxum_ .599%,

Mineral clements 0.89; 0 Magnesium  .449,

Iron .109,

Sulfur .059,

Chlorine .209,,

Sodium .169,

Silicon 549,

Organic matter as compounds:

Carbohydrates and fiber 17.29,
Fats 0.59%,
Proteins 1.89,
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From these figures and the facts in the last few chapters it is evident
that 94.63 per cent of the dry matter in the corn plant had its origin in
the sugar made from carbon dioxide and water. As the plant stood in the
field, only 0.8 of 1 per cent of its weight was due to inorganic salts that
had passed into it from the soil, and some of these were present in excess
amounts. But one should not infer from this fact that these salts are not
of much importance to the plant. It is merely another case in which a
relatively small amount of something is essential to the development of
the plant, and a deficiency soon results in slow growth or even death.

Such phenomena as the growth of seedlings rooted in pure sand, of a
large plant with roots confined in a small pot of soil, or aerial epiphytes
and free-floating algae, or, on the contrary, the failure of lawn grass to
grow in dense shade even when fertilizers and water are added, may all
be adequately explained on the basis of the facts in the last few chapters.

Summary. In these last four chapters we were concerned primarily
with the synthesis and uses of food in plants. The ways in which
man and other animals are dependent upon food synthesized in plants
were also noted. Both plants and animals are dependent upon food as
a source of chemically bound energy which is liberated by respiration,
and as a source of building material in assimilation. Owing to the gross
similarity of protoplasm in plants and animals their food is essentially
the same. It consists of carbohydrates, fats, and proteins, and any of their
derivatives that may be used in respiration or assimilation. The range of
these substances that can be used by an organism as a source of food
depends upon its system of enzymes. Some organisms, for instance, can
digest substances that are indigestible to others.

Assimilation may be considered as the transformation of food into
protoplasm, cell walls, and other essential constituents of cells, such as
enzymes, chlorophyll, vitamins, and hormones. During this transforma-
tion certain inorganic salts are variously combined with the organic com-
pounds. Some authors use the term to denote only the transformation
of food into protoplasm, thus leaving no general term to designate the
transformation of food into other essential parts of the cell. Assimilation
should be strictly distinguished from food synthesis and also from
digestion.

The substances in the cell walls of plants are constructed primarily
from sugar. An enormous quantity of food is annually converted into
cellulose. In the making of protoplasm all types of foods are assimilated,
and in addition water and the ions of inorganic salts are incorporated
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in the system. Chemically, assimilation of foods consists of condensation
processes or of a combination of oxidation-reduction and condensation
processes. Assimilation is one phase of growth. About one-half of the
food made by a plant is converted into its own tissues. Perhaps the
amount is often greater than one-half.

The known cases in which food, enzymes, vitamins, and hormones are
essential to certain basic processes exemplify an extremely intricate phase
of the chemistry of biological phenomena. Many of the substances that
affect the reactions in living cells are known, but relatively few of the
details of the many chains of reaction that occur are known. Enough
facts have been discovered, however, for one to learn (1) to relate cer-
tain symptoms of development to the presence or deficiency of particular
substances, and (2) to know many of the major links in numerous chains
of reaction. As this kind of knowledge increases, the bases of certain
types of superstitions and assumptions about living cells disappear.
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CHAPTER XX

SOME BIOLOGICAL RELATIONS OF GREEN PLANTS

OO0 OOOOOOOOOOOOOOOOOOOOOCOOOOOOOOOOOOOOTOOOOOOOOOOOOOOOOOOD

In the previous chapters many facts about the dependence of animals
and non-green. plants upon green plants became evident from time to
time. A consideration of several of these facts in one chapter will help
us obtain a better perspective of their interrelations. Perhaps this can
best be done by reference to two concrete examples. For one example
we may choose the so-called balanced aquarium or microcosm; for the
other we may consider man on some populated island, or in some specific
country such as the United States.

To understand these examples we must be able to recall and relate
the facts about the following processes:

The manner in which food is obtained by plants and animals.

The making of sugar by photosynthesis in green plants.

The synthesis of proteins, especially the synthesis of amino acids.

The synthesis of vitamins in plants.

The assimilation of food to cell constituents in both plants and animals.

The oxidation of foods in respiration in both plants and animals.

The transformations of energy in foods and products of assimilation.

The loss of material and energy when a man eats meat instead of eat-
ing the plants fed to animals he ate.

The ways in which man obtains and transforms encrgy.

The transformation of energy accompanying the changing of plants to
peat, coal, oil, and gas.

A microcosm. To set up a microcosm all that is necessary is to obtain
a 3- to 5-gallon bottle; fill it about one-fourth full of pond water; add a
few ounces of soil, a goldfish, and a quantity of algae that are edible by
fish; seal the bottle air-tight and set it in a well-lighted part of the room,
but not in bright sunlight and not where its temperature will often
exceed 70° F. The fish and algae will then continue to live and grow in
the bottle for months or even years (Fig. 65).

With the pond water and soil we incidentally place numerous bac-

180
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teria and small animals in the bhottle. We might avoid many of these or-
ganisms by using sterilized water and pure chemical salts, but some of
them are also in the gelatinous walls of the algae, upon the surface of
the fish, and especially in its alimentary canal.

F1c. 65. Diagrams of microcosms in sealed containers in which the organisms
indicated live for many months: A, algae; B, algae and a fish; C, Helxine
(Paddy’s wool).

We may ignore these small organisms for the moment and begin with
the fish and algae. The statement that “the fish and algae each give off
what the other needs,” is both false and misleading. Of the many things
necessary for the existence and growth of the algae in the bottle, only
one of them comes in part from the fish, but the algae are not dependent
upon the fish or any other animal for even that one. To explain the
microcosm it is necessary to account for (1) the oxygen used by both
the fish and the algae in the process of respiration, (2) the food used by
both fish and algae in respiration and assimilation, (3) the carbon di-
oxide used by the algae in photosynthesis, (4) the cnergy used by the
plant in photosynthesis, (5) the chemically bound energy used by both
fish and algae, and (6) the conditions under which respiration and
assimilation in both fish and algae are compensated by photosynthesis in
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the algae. Without this compensation the fish would soon starve to death.
It is assumed that the reader can account for all six of the conditions
listed above. Perhaps vitamins should also be considered.

Since an adequate supply of inorganic salts was included in the soil,
they may be ignored in this discussion. The presence of bacteria that
cause decay undoubtedly prolongs the duration of the microcosm. They
may digest and oxidize cell structures that are not acted upon by the
enzymes of the fish and algae, and by this means delay the time at
which the supply of carbon dioxide in the bottle becomes inadequate.

Perhaps it is evident that the algae and certain decay-producing bac-
teria could exist together in this bottle without any animal being present.
The animals are dependent upon the plants, but the plants are not de-
pendent upon the animals. They were placed in the bottle merely to
imitate natural conditions. Even if all the animals in nature were de-
stroyed, most of the plants would still survive indefinitely. Only those
that are dependent upon the cross-pollination effected by animals, and
those that are strictly parasitic upon animals would perish.

A human cosmos. Our second case, man in the United States, is some-
what more complicated because man uses plant products and the
chemically bound energy of plants in many ways in which the fish does
not. Food is used in the body of man in the same manner in which it is
used in the body of a fish: as a source of chemically bound energy, and
as a source of material that is transformed into the substances of which
cells are composed. Moreover, food is used in this same manner in the
bodies of the many domesticated animals which man employs in various
ways. The dependence of man and his domesticated animals upon green
plants for sugar, amino acids, vitamins, and a supply of chemically bound
energy necessary to body processes probably does not need further
emphasis. :

Many of the uses which man makes of the material products of plants
are also familiar to all of us. That plants are the main source of all the
energy employed by man is not so well appreciated. The remainder of
this chapter, therefore, will be devoted primarily to his dependence upon
plants as a source of energy.

In addition to the energy that is transformed in the bodily processes
of man and his domesticated animals, man employs energy as heat, light,
electricity, and mechanical power in his home, in public buildings, on
the street, on the farm, in the factory, and on the highways. Less than
2 per cent of all this energy is obtained from wind and water power.
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More than 98 per cent of it may be traced back through various energy
transformations to the light energy that was chemically bound in sugar
during photosynthesis. Many questions relevant to these facts may be
considered.

How efficient are plants as transformers of light energy? How rapidly
is man releasing the chemically bound energy of plants? Is the present
civilization releasing it more rapidly than it is being bound by plants
today? Is all the energy bound by plants available to man? Has the re-
placement of the horse by the automobile and tractor—which use the
energy bound by the plants of the past—altered the value of the energy
bound by plants of the present? What of the future?

The answer to any one of these questions must be an approximate
one; but an estimate based upon available data is so much better than a
mere guess or no answer at all, that space will be given to a tabular
summary of a few data and certain general statements based upon data
too numerous to be presented here (Table 7).

The acre of corn referred to in the table was located in central Illinois.
The yield of 100 bushels of grain on this acre is three times the average.
The whole plant is considered in the calculations. The acre of apple
trees was located at Ithaca, New York.

Most all of the chemically bound energy that accumulates in the corn
plant and apple tree would ultimately be available to non-green plants,
for as a group of organisms they may digest and oxidize most of the
substances made in the green plants. Only about one-fourth of the
energy that accumulates in a corn plant is available to man as a source
of bound energy in food, and still less of the energy that accumulates
in the young apple tree is similarly available. As a source of energy in
fuel, however, the amount that is available to man depends upon how
meticulously he harvests and uses the different parts of the plant. In
one country the roots may be left in the soil and the smaller branches
may be heaped in piles and burned, while in another where the supply
of chemically bound energy is scarce and expensive the smaller twigs,
roots, and even the leaves may be collected for fuel. In the early days
pioneers on our own prairies and plains sometimes used the stems and
leaves of native grasses as fuel. But regardless of how meticulously man
harvests green plants, other animals and the non-green plants will take
a certain toll. The insects in a pasture, for instance, may eat almost as
much grass as do grazing animals.
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TasLE 7. A Comparative Summary of Energy Transformations in an Annual

Herb and in a Woody Perennial

Acre of Corn Acre of
(llinois) Apple Trees
(New York)
Length of growing season 100 days 188 days
Number of plants per acre 10,000 400
Average leaf area is attained in 50 days 28 days

Total radiant energy available

Total energy bound in sugar

Percentage of light energy bound in
photosynthesis

Photosynthetic efliciency based on part
of spectrum that is effeetive in photo-
synthesis

Average amount of sugar made per day

Total sugar made per season

Chemically bound energy released by
respiration in the plant

Percentage of energy bound by photo-
synthesis released within the plants
by respiration

Of the sugar made each season there is
oxidized by respiration in the plant

The average rate of photosynthesis (12
hrs.) compared with respiration (24
hrs.)

Bound energy in the structures and ac-
cumulated food in the plants

Percentage of total energy of photo-
synthesis in accumulated foods

Percentage of total energy of photo-
synthesis accumulated in structures

2,043 million Cal.
33 million Cal.

1.6%

8%
200 pounds
about 10 tons

8 million Cal.

23.49,

about 4

about 8 times
25 million Cal.
about 259,

about 509,

2,718 million Cal.
30 million Cal.

1%

5.59,
93 pounds
about 8.7 tons

10 million Cal.

33.89,

about 14

about 6 Limes

20 million Cal.

Sources and amounts of energy. Several investigators have analyzed
plants and calculated the amount of carbon and bound energy in them
per acre. From all these data it seems that an average acre of comn
accumulates a little more than 8 million Calories of energy, or about
one-third as much as the acre of corn described above; and that in all
kinds of crops the average annual accumulation of energy per acre is
about 6 million Calories. In an acre of forest it is about 10 million
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Calories.' By using these figures for the country as a whole and adding a
little extra for range and desert vegetation, we find that the green plants
of the United States accumulate about 10 X 10" Calories of energy
annually. This is approximately 70 per cent of the energy chemically
bound by them in photosynthesis.

Through the use of plants as food for himself and his domesticated
animals, and in several other ways, man in the United States annually
destroys plants containing about 6 X 10'* Calories of bound energy. In
addition to this the coal, oil, and gas removed from the earth each year in
this country have an energy value of more than 5.5 X 10" Calories.
From these calculations we seem to be responsible directly or indirectly
for the dissipation of chemically bound energy about as rapidly as it
accumulates in the green land plants of today. To this we must add the
amount released by undomesticated animals and the enormous amount
released by non-green plants.” What of the future?

Energy transformations and conservation. In the early years of the
present century the chief energy transformers in industry and transpor-
tation were the steam engine and the horse. Coal was often used for the
supply of chemically bound energy in the steam engine, but the use of
wood obtained from nearby living forests was not uncommon. All the
chemically bound energy transformed into mechanical energy in the
horse came each year from the living plants of the farm. Horses were
used for practically all transportation except that upon railways and
water. The farmer not only harvested the chemically bound energy
which he used on his own farm, but in addition he sold enormous quan-
tities of it for horses employed in various ways in the city. Since the
horses also came from the farm, the farmer furnished both the energy
and the transformer. With the coming of the automobile and tractor,
conditions were reversed. The farmer now buys from industry not only
the transformer (motor) but also the chemically bound energy (gas and
oil) that was stored in plants millions of years ago. Such drastic changes
in the sources of energy have been reflected in economic relations for
many years. Moreover, there is a limit to the natural deposits of chem-
ically bound energy in coal and related products.

L If the reader wishes to calculate the equivalent of Calories of energy in terms of grams
of sugar, he can do so by multiplying by 180/674 or by dividing by 3.75. Grams of sugar
may be stated in terms of CO, used in photosynthesis by multiplying by 264/180. See the
cquation of relative weights in Cha;t))ter XIII.

% One may also consider this problem on the basis of whether plant residue (humus in
the soil, peat, coal, etc.) is accumulating today as rapidly as it is being destroyed. It did
accumulate more rapidly than it was destroyed before man came upon the scene.
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The major transformations of chemically bound energy among living
organisms may be summarized diagrammatically.

Released by respiration in
_ - { green plants, animals, non-

-

Radiant energy [Chemically bound -~ green plants; and by fire
of sunlight — energy 1n . . .y
green plants o Retained in unoxidized plant

<, | and animal residues, such as
humus in soil, peat and coal,
petroleum, natural gas

All animals eat large quantities of food in proportion to their gain in
weight. Evidently much more food is used in the animal body as a source
of energy than as a source of body material. Usually when one animal
eats another it obtains less than 10 per cent of the energy the first animal
obtained directly from plants. If a third animal eats the second one, it
derives less than 1 per cent of the energy in the plants eaten by the first
one. The animal population of a region cannot exceed the supply of the
chemically bound energy in the plants of that region except in those
instances where man is able to obtain food from a foreign market.

In the United States there are today about 2.5 acres of cropland per
capita. This figure could be raised to 3.2 if 109 million acres of plowable
pastures were converted to cultivated land. Cropland acreage per capita
in many countries is less than 1 and in several less than 0.5. Obviously
human diets cannot be the same in all parts of the world.

Through such procedures as plant breeding, conservation of the soil
and water, the use of fertilizers, and improved methods of forestry, the
annual accumulation of chemically bound energy in plants may be
greatly increased, perhaps doubled or even more. But these procedures
require intelligent effort and foresight, and the elimination of wasteful
exploitation of natural resources. For example, the world’s annual
growth of wood is estimated at 38 billion cubic feet. Under good forest
management it might be 350 billion cubic feet.

Summary. In the world of living organisms green plants have a unique
position. Except for their dependence upon certain groups of bacteria,’
and those seed plants for which pollination by animals is essential, they
are independent of other organisms. From one point of view all animals
are parasitic on plants. Animals are not essential to most plants.
But animals and non-green plants are dependent upon the green plants

3The importance of certain bacteria to green plants will become evident in the
chapters on non-green plants.
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for chemically bound energy and certain synthesized products. Man in
particular is dependent upon green plants for sugar, amino acids,
vitamins, precursors of vitamins, and, up to the present, for more than
98 per cent of the energy he utilizes. In addition, there are thousands of
uses made of plants and plant products for convenience, recreation, and
art.

Furthermore the facts recorded in Chapter LII are ample evidence
that the chemically bound energy utilized as a source of energy in light-
ing, heating, and turning machinery in our industries is being mined as
“fossil fuel” from unrenewable sources. We are passing through a stage
of development in this country in which ignorant, indifferent, unin-
formed, and ruthless exploitation of plants and plant environments
should speedily be replaced by intelligent efforts at conservation based
upon a knowledge of plants and of their biological relations.
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CHAPTER XXI

INTERRELATIONS OF THE PARTS OF A PLANT
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One part of a plant may be dependent upon processes that occur in
another part. Roots and leaves are mutually dependent. Consequently
the effects of an environmental factor upon the processes in one part of
a plant may influence the development of other parts. We now have a
sufficient background of facts to understand some of these interrelations;
others will be postponed to later chapters.

Interrelations involving movement of materials. Several of these inter-
relations are known to be dependent upon the movement of materials
from one part of the plant to another. Many of them depend upon the
movement of sugar from the green to the non-green parts of a plant. The
growth of seeds, roots, and underground stems depends upon sugar
made primarily in the leaves. Even green fruits and green stems, except
in such plants as cacti, are dependent in part upon sugar from the
leaves. The influence of any factor upon the making of sugar in the
leaves may be reflected in the growth of all these organs. The processes
in the leaves, in turn, are dependent upon the movement of water and
inorganic salts from the roots. The relative growth of the aerial stems,
leaves, and fruits also depends in part upon which ones get the major
supply of these substances from the roots, especially when the supply is
low or inadequate.

We may begin the analysis of interrelations by citing a number of
growth phenomena which are dependent in large part (1) upon the
synthesis of sugar in the chlorenchyma and its movement to other
parts of the plant, and (2) upon the synthesis of proteins from this
sugar and certain inorganic salts. The correct interpretation of some of
these examples may be evident as rapidly as they are read; others will be
correctly interpreted only if the reader pauses long enough to analyze the
problems in considerable detail.

Specific examples of interrelations. Under good growing conditions the
largest Jonathan apples are not obtained if there are fewer than 30
leaves per apple. The largest Delicious apples are not obtained if there
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are fewer than 50 leaves per apple. For the largest Elberta peaches
about 30 leaves per peach are necessary. For the best cluster of grapes
there should be not less than 12 to 15 leaves per cluster.

The roots and underground stems of troublesome weeds, such as
dandelion and thistle, will die of starvation if the green tops are removed
frequently and immediately after they begin to develop, or if they are
densely shaded by another plant such as alfalfa. In interpreting this
fact it should be remembered that the synthesis of starch, fats, and
proteins may occur in roots and underground stems, and that any of
these three substances may be transformed to sugar in the cells of these
organs. An adequate interpretation of this fact and of several of those
that follow involves, therefore, an explanation of why the roots and
underground stems cannot make starch, fats, or proteins and survive
upon them as food when the tops of the plants have been removed or
when the rate of photosynthesis is continuously low.

A good yield of Irish potato tubers is not obtained if the potato
plants are continuously exposed to high temperatures (Fig. 66) or dense

Fic. 66. Effects of different temperatures on the formation of potato tubers. Photo
by John Bushnell.

shade, or if the soil contains an abundance of nitrates. Under any of
these conditions the tops (aerial stems and leaves) may grow fairly
‘well; with a high nitrate supply there is usually a luxuriant growth of
tops. Under experimental conditions a low yield of tubers also results
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when the potato plant is exposed to a very low concentration of carbon
dioxide.

As a rule there is a much greater growth of tops in proportion to the
growth of roots when plants in a moist climate are exposed to a high
temperature, dense shade, high nitrate supply in the soil, or to a low con-
centration of carbon dioxide in the air. On the contrary, there is a rela-
tively greater growth of roots in proportion to tops when the supply of
water or of salts of nitrogen in the soil is moderately low (Fig. 67).

Fic. 67. Relative growth of tops and roots of squash and wheat seedlings that
grew in culture solutions without and with added nitrogen (N). Photos from
Mary E. Reid, Boyce Thompson Institute.

The amount of food that accumulates in roots and underground stems
is influenced by the environmental conditions to whlch the tops of the
plants are exposed.

Bluegrass in the shade of trees in a lawn that is frequently watered,
treated with ammonium sulfate, and mowed during the warmest months
of summer may not survive as well under this treatment as bluegrass
that is neither watered nor fertilized during this part of the season.

The practice of pruning and pollarding trees checks the growth of
both tops and roots, but the growth of the roots is checked more than
that of the tops.

In dry climates alfalfa is mowed 3 to 5 times in a season, but if it is
mowed as frequently as this in moist climates most of the plants die
within a year or two.
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Sassafras may grow as a weed in pastures in certain parts of the coun-
try, but not when sheep are present in abundance. Almost pure forests
of hemlock, of pine, or of hickory have been known to develop in pas-
tures in which seeds of many other trees were present. In a forest the
kinds of seedling trees that grow to maturity may depend in part on the
presence of browsing animals, such as deer.

On the roots of the plants of the clover family there are nodules result-
ing from the presence and activities of nitrogen-fixing bacteria. When
the clover plant is exposed to dense shade, or when its roots are in soils
containing an abundance of salts of nitrogen, there are fewer nitrogen-
fixing bacteria and nodules than there are when the clover tops are ex-
posed to an abundance of light, or when the roots are in soils in which
the supply of nitrogen salts is low.

Many plants propagate vegetatively if one merely cuts off the leafy tip
of a stem (a cutting) and inserts its basal end into moist soil. In a short
time roots will grow from the base of the stem and the cutting will con-
tinue to grow and become a complete individual plant. Many persons
remove the leaves from cuttings, but the new roots will appear sooner,
be more abundant, and grow more rapidly if some of the leaves are not
removed. Exact observations may be made more readily if the cuttings
are placed in water in a beaker instead of in soil (Fig. 68).

Fic. 68. The initiation and the growth of roots from cuttings are dependent upon
leaves. Photo by F. H. Norris.
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Interpretations exemplified. The reader may be satisfied with the in-
ferences he drew and the interpretations he made as he read each of the
above paragraphs; or he may wish some means of checking them. Only
one example will be discussed here, namely, the relative amount of
growth of roots and shoots of plants supplied with different amounts of
nitrates in the soil. If the supply of nitrates is very low the root system
is large in proportion to the tops. If it is very high the root system is
small in proportion to the tops. One might speedily dismiss the whole
matter by saying that in the first instance the roots grew long in search
of more nitrates for the tops, and in the second instance the tops had
plenty of nitrates and the roots did not have to grow long in search for
more. But would one be content to ascribe to roots either the intelli-
gence necessary to diagnose the needs of the tops, or the superhuman
ability to grow, or not to grow, at will?

Now, if we try to explain these growth phenomena on the basis of the
manufacture and uses of food in plants, it is necessary only to recall
and relate those groups of facts which showed that (1) foods are used in
the building of cells and that growth does not occur without them; (2)
the amount of sugar that enters the non-green parts of a plant depends
upon the extent to which photosynthesis exceeds respiration and other
uses of sugar in the chlorenchyma; (3) no part of the plant can grow
well unless it is adequately supplied with both sugar and proteins, or
with the conditions necessary for making them; (4) although rapid
growth depends upon a plentiful supply of proteins from which the new
protoplasm is largely made, considerably more sugar than protein is
consumed in the building of new cells; (5) particular parts of the plant
are dependent upon the movement of certain materials from other panrts;
and (6) a definite set of conditions is necessary for the synthesis of
sugar and proteins in plants. Fats were omitted from tliis summary be-
cause they seem to be made readily enough in the cells when sugar is
present.

Since all the sugar is made in the tops of the plant, the roots will get
an ample supply of it only when it is made in the shoots much more
rapidly than it is used there. On the other hand, the shoots will have a
good supply of the nitrates needed in protein synthesis only when the
amount that passes into the roots from the soil greatly exceeds the use of
nitrates in protein synthesis in the roots.

Chemical analyses of plants show that if the supply of nitrates in the
soil is low the tops have larger amounts of carbohydrates in proportion
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to proteins. The tops do not grow well because there is a deficiency of
protein in them. Sugar and starch accumulate in them. The sugar moves
downward and the roots become well supplied with it. The nitrates that
enter the roots are used there in protein synthesis, and as a consequence
the roots grow relatively large in proportion to the tops.

Chemical analyses also show that the tops have a larger proportion
of protein when the supply of nitrates in the soil is high. Under these
conditions the tops grow well. A relatively greater amount of the sugar
made in the chlorenchyma is used directly in the growth of tops, and
consequently the roots are less well supplied with sugar and their rela-
tive growth is less.!

Hormones and interrelations. Having seen how this one example of
growth can be interpreted upon the basis of foods without assuming any
purposeful acts by a part of the plant, we may now ask whether the
growth of roots is dependent upon the tops only for sugar. It is possible
that their growth may be dependent upon the tops also for minute
amounts of certain hormones (or auxins), vitamins, and amino acids,
or for certain precursors of these substances. This question was asked
many years ago, and it has been answered in the affirmative and the
negative many times. Recently, however, there has been a concerted
effort by many workers to decide it on the basis of critical experiments.

A brief account of one type of these experiments will indicate some
interesting features of the general problem. Several attempts have been
made to place small pieces of roots in solutions of certain materials in
which they would continue to grow entirely isolated from the rest of the
plant. These efforts were finally successful. One investigator put a small
piece (1 cm. long) of the tip of a tomato root in 50 cc. of water in a
sealed flask which also contained:

1,000.000 mg. of sucrose
17.300 mg. of essential inorganic salts
0.005 mg. of brewer’s yeast extract.

The pieces of root grew in this culture. At the end of one week a small
tip of this root was transferred to a fresh solution, and so on week after
week. These pieces of roots continued to grow after each transfer with-
out any decline in the rate of growth with time. But if the brewer’s yeast
was omitted the root ceased to grow after two or three weeks.

What is there in this minute amount of brewer’s yeast that is so im-

! The other examples listed are left for class discussion.
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portant to the growth of roots? It is not in the ash (inorganic salts) of
the yeast. It is organic. Is it one substance or more than one? Can any-
thing else be substituted for it? Are some substances necessary for the
starting of roots, and others for root growth? Are the same substances
necessary for the roots of all plants? Are the formation and growth of
tubers also dependent upon such substances? These are some of the
questions being investigated at the present time. It has been found that
vitamin B, (thiamin) is at least a partial substitute for yeast extract.

From the results of numerous experiments we know now that the
formation and growth of roots and tubers are dependent upon the trans-
location of hormones as well as sugar from the top of the plant. These
discoveries are the basis of the attempts being made to discover what
substances may be used to hasten root formation in numerous plant cut-
tings. Certain substances are now being advertised for this purpose.

Such synthetic auxin-like compounds as 2,4-dichlorophenoxyacetic
acid (2,4-D) are important in weed eradication. They upset necessary
interrelationships within the plant, often resulting in the death of the
entire plant. Their toxic effects vary with the plant, with the concentra-
tion of the herbicide, and with many other factors.

Summary. The organs of a plant are mutually dependent because of
substances made in, or absorbed by, one part of the plant that are neces-
sary in the growth of other parts. Many common interrelations in plant
organs are dependent upon the synthesis and transfer of sugar and
of the substances used in protein synthesis. As a result of these interrela-
tions environmental factors may influence the development of one part
of a plant through their influence upon the processes in another part of
it. Similarly one plant organ may affect another as a result of hormone
synthesis and distribution. Other interrelations between the parts of
plants will be noted in later chapters.
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CHAPTER XXII

PHYSICAL PROCESSES INVOLVED IN THE MOVEMENT OF
MATERIALS IN PLANTS

OOOCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOOOOOODOOOOOOOOOD

The movement of materials into and out of plants, and from place to
place within the plant, was often mentioned in previous chapters with-
out reference to the manner of movement or to the energy necessary
for it.

The reason for this omission will soon be apparent. Energy is always
necessary for the movement of material from one position to another.
The immediate source of this energy may be in the moving object, or it
may be in the environment of the object. For a clear concept of the move-
ment of materials into, out of, and within a plant it is necessary, there-
fore, that one distinguish whether the source of the energy which causes
the movement is within the moving material, within the plant, or in
some other external agency. It will be much easier to attempt this dis-
tinction now by viewing in retrospect some of the processes already
discussed and considering some additional ones. It is sometimes diffi-
cult, even impossible today, to make this distinction; but the major
source of energy in many plant processes is not difficult to recognize.

Intrinsic and extrinsic sources of energy. Perhaps a crude analogy may
clarify this problem of recognizing different sources of energy. The
movement of a floating log in a river is dependent upon a source of
energy obviously outside the log. The movement of a man swimming in
the river results from a combination of the energy that moves the log
plus a source of energy within the man. By utilizing this second source
of energy the man may move upstream. The movement of a boat in the
river may be traced to the same source of energy we think of when ex-
plaining the movement of the log, plus another external source of energy
that may be traced to the motor attached to it, or to the man rowing it.

The movement of materials into, out of, and within plants, like that
of the objects in the river, depends upon several diverse sources of
energy. The plant may have no active part in the movement. We must
not be misled into thinking that the plant, being alive, can take in sub-
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stances, move them where they are needed, and throw off those that
are not needed. The active agent may be the moving substance itself,
and the energy that impels it may be external to the plant. Obviously
such movements should be described not by terms implying that the
plant “takes up,” “takes in,” and “gives off” the materials, but by terms
implying that the materials are moving into, or out of, the plant. The
latter terms focus one’s attention upon the really active agent, while the
former imply that the passive medium (the plant) is the active agent.
By common agreement the term absorption is used merely to indicate
that a substance enters the plant, without reference to the manner of
its entrance or the energy that moves it.

Movements of materials and the water medium within plants. In addi-
tion to recognizing the energy relations of moving substances, it is also
important to visualize the water within the plant, since this water is the
medium in which substances move. We have already seen that leaves
are composed of cells. In each living cell of the leaf a central vacuole
filled with water and dissolved substances is surrounded by a thin film
of protoplasm, which is in turn enclosed by a cell wall composed of
cellulose and pectic compounds and sometimes of other substances also.
Similarly, all other organs of a plant are composed of cells. Water not
only fills the vacuoles of the cells, but it also surrounds and is between
most of the minute particles of which the protoplasm and cell walls are
composed. Cell walls become much thinner when the water in them
disappears by evaporation, just as a wet cardboard becomes thinner as
it dries.

By weight, about 80 per cent of a growing corn plant in midsummer
consists of water. We may therefore think of a com plant as a branched
column of water held in place by exceedingly thin films of protoplasm
and cell walls. Substances that move into and within the plant are mov-
ing mainly in solution in this water. Substances that move out of the
plant are moving out of this water. The water also moves.

These movements may be inhibited or retarded by layers of cork and
by cell walls that are highly cutinized because the fat-like particles in
these walls may not be embedded in water. Movement of materials into
and out of cells may be impeded also by the film of protoplasm in each
cell. This fact may seem strange because of the large amount of water
in protoplasm, but it is probably due in part to a greater accumulation
of fat-like substances in the outer surface layer of the protoplasm. For
the present, however, we may accept and use the fact without account-
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mng for all the intricate physico-chemical conditions of which it is a
consequence.

For many years students of plants have been trying to explain the
movement of materials into, out of, and within plants. Not all the ques-
tions raised have been satisfactorily answered, but enough has been
learned for botanists to conclude that these movements are dependent
upon the same physical processes that occur in non-living systems. Most
of them have already been imitated in experiments by means of labora-
tory apparatus. These movements will now be considered in more detail
in relation to some of the physical processes involved.

Mass movements. The flow of water in a stream and the movement of
a current of air (wind) along the street are familiar examples of what
is meant by mass movement. Frequently it is a flowing movement or
current. Mass movements of materials may occur in plants. If you put
your finger in water and then withdraw it, a film of water adheres to it
because of the cohesion of the molecules of water, and the adhesion
of the molecules of the water and those of the skin. These cohesive and
adhesive forces between molecules at the surfaces of objects may result
in tensions, called surface tension. Surface tension may cause the move-
ment of water for short distances, and any substances dissolved or dis-
persed therein move with the water. For instance, if two microscope
slides are held closcly together and one end is placed in a shallow dish
containing a dye dissolved in water, a small mass of the solution quickly
moves up between the two slides. This is a familiar phenomenon to
anyone who has frequently washed slides or dishes. Similarly, water
may move into the small spaces between the fibers of a blotter, a piece
of wood, or a plant, or into the pores of the soil. This movement of
water into small spaces as a result of surface tension is often referred
to as capillarity.

We have already seen that protoplasm may move about within a cell
by flowing movements (protoplasmic streaming). Substances, such as
food and salts, that are in the protoplasm are of course carried along
in the same manner that a log is carried in a stream. There may even
be some movement of materials in this way between cells when strands of
protoplasm extend from cell to cell through minute pores in the cell
walls. Surface tension is one of the forces which cause protoplasmic
streaming.

There is also a streaming, or mass movement, of water up the con-
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ductive tissues of a plant from the roots to the leaves. This movement
is discussed in a later chapter.

In Chapter VII we mentioned the fact that one of the results of oxi-
dation-reduction processes in living cells is a small electrical difference
between the parts of a cell and between the tip and base of a plant
organ. These electrical differences are mentioned here merely because
they may affect the mass movements mentioned above and also some of
the diffusion phenomena described below. For example, electrical
polarity is thought to be an important factor in axial as well as lateral
movement of certain substances in p]ants.

Diffusion. All soluble materials that move into, out of, or within plants
move wholly or in part by diffusion. Plants may wither and become dry.
Water placed in an open dish slowly disappears. We cannot see the
water moving from the dish or from the plant, because it is moving in
the form of free molccules that have separated from the liquid mass.
It is diffusing from them into the air, and what we see is the result of
this diffusion. Later we shall see some of the results of the diffusion
of water into a plant, and from cell to cell within it.

Instead of water we may place some aromatic liquid, such as pepper-
mint oil, in the open dish. In a short time the presence of this oil in
all parts of the room may be dectected by its odor. Neither the oil nor
the water has been destroyed, but the molecules of each have become
widely dispersed in the air of the room. That is, they are now scattered
among the molecules of oxygen, nitrogen, and other gases in the air.
Similarly, the odor of flowers and fruits is the result of the diffusion of
some substance from them that we detect by our sense of smell. From
these examples it is perhaps clear that we are using the term diffusion
to refer to the dispersion of material by molecular movement. Although
we can neither see nor smell oxygen and carbon dioxide, there are ways
of proving that they also move into, within, and out of plants by
diffusion.

If a water-soluble colored salt, such as potassium permanganate, is
placed at the base of a column of water in a glass J-tube, changes in
depth of color become apparent as molecules of the salt move among
the molecules of the water. These color changes accompany the slow
diffusion of the salt upward in the column of water. Even the force of
gravity does not prevent the upward movement of the molecules of a salt
in the water. Similarly, any substance that is soluble in the water of the
plant may move into the plant and from cell to cell within the plant by
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diffusion. As we shall see later, some substances do not pass through
the layer of protoplasm in the cells as readily as others.

The accumulation of water in the vacuole by the process of osmosis
and the swelling of cell walls or of a piece of wood by the process of
imbibition, are merely processes of diffusion under special conditions
with special results. Even the mass movement of a stream of water up
the conductive tissues of a plant is indirectly dependent upon the energy
of diffusion.

An understanding of all these processes evidently depends upon a fairly
clear concept of the process of diffusion. One may begin by thinking
of all solids, colloids, solutions, liquids, and gases as composed of mole-
cules always in motion. Anyone who has used a microscope has probably
observed that the smallest visible particles mounted in a drop of water—
for example, chalk dust—are constantly in motion as the result of being
bombarded from all sides by the molecules of the water. This is called
Brownian movement after Robert Brown, an English botanist who first
described it. The smaller the particles of a given substance the more
rapidly they move. While watching them one needs only to imagine
more and more rapid movement of smaller and still smaller particles
to form a mental image of molecular motion.

Diffusion is the result of molecular motion. Consequently the energy
involved in all diffusion processes can be traced to the energy of molec-
ular motion of the diffusing substances themselves. Each substance
diffuses independently of the diffusion of other substances, except for
the interference caused by one molecule colliding with another. A sub-
stance will diffuse more rapidly into a vacuum than into air because of
the fewer collisions with other molecules. Likewise, a gas, such as
oxygen or carbon dioxide, will diffuse more rapidly in air than in water.

The energy of molecular motion is correlated with heat and is directly
proportional to the absolute temperature. Apparently at minus 273° C.
there would be no molecular motion and no diffusion. One may therefore
think of the heat energy of the environment as being the source of
energy of the movement of materials into, within, and out of plants by
diffusion. The heat energy liberated in the plant by respiration would
be an additional source of energy in this process, but a rather insignifi-
cant one. The radiation of energy from the sun is the principal source
of the heat energy of the earth’s surface, and this in turn becomes the
source of the energy of molecular motion in plants and all other objects
on the surface of the earth.
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When a soluble dye is placed in the bottom of a slender glass tube
filled with water, the greater concentration of the dye in the bottom of
the tube at the beginning of the demonstration is evident by the deeper
color there. Gradually, however, the color of the dye becomes evident
farther and farther up the tube, and after many months the color is
uniform throughout the tube. The dye is now equally concentrated
throughout the entire column of water. That is, the number of molecules
of dye in comparison to the number of molecules of water would be
the same in a cubic centimeter of the solution taken from any part of
the tube.

Evidently for several months before the concentration of the dye
became uniform a greater number of molecules of dye moved upward
than downward in the tube. Since more molecules of dye are moving in
any direction in the region where its concentration is greatest, the dye
will diffuse from regions where it is more concentrated toward regions
where it is less concentrated. When the concentration of the dye becomes
uniform, as many of its molecules will be moving in any direction in
any part of the tube as in any other.

When the above facts are fully appreciated it will be easy to see why
carbon dioxide and oxygen diffuse into the green parts of a plant at onc
time and out of them at another time. Each gas diffuses independently
of the other, and solely in relation to its own concentration inside and
outside the plant. The same principle holds for the diffusion of water,
of a salt, or of any other substance dissolved in the water. For instance,
if carbon dioxide is used in photosynthesis in a particular cell, its con-
centration within that cell becomes lower than it is outside the cell.
Then, according to the laws of diffusion, a greater number of molecules
of carbon dioxide will move into that cell than out of it, until its effective
concentration is again equalized.

If we gauge our lfmé,uage by our knowledge, we W1ll no longer say
that the plant “takes in” and “gives off” carbon dioxide; we will use
expressions that imply that the carbon dioxide passes into and out of
the plant. To be specific, we may say that it diffuses into and out of
the plant. The movement of other materials should be similarly analyzed.

As our knowledge increases, it becomes more and more evident that a
plant is a complex system of materials and processes surrounded by
another system of materials and processes that we call the environment;
and that the same natural laws are operating in both systems. Processes
follow one another as a consequence of their dependent relations in these
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systems. To explain why a particular process occurs we must be able to
show that it is a consequence of preceding processes.

Diffusion under special conditions. When the basic facts of diffusion
are clearly understood they may be used in interpreting complicated
processes in which diffusion plays a part. Among these processes are
imbibition, osmosis, and transpiration.

Imbibition. We have already seen that a piece of wood is composed
of cell walls. Even more familiar is the fact that when a piece of dry
wood is placed in water or in a moist atmosphere it swells, or increases in
volume and weight. Before the discovery of explosives stone was quar-
ried by pouring water upon pieces of dry wood that had been wedged
into holes drilled in the rock. Even at the present time this method is
used in quarrying marble and granite for special purposes. The swelling
of wood is the result of the entrance of water between the particles of
which the cell walls are composed. The entering water pushes these
particles farther apart and increases the size of each cell wall. This fact
is easily demonstrated by placing a flat piece of dry gelatin, or agar, in
water for a few minutes. Any of the solid or colloidal parts of a plant
may increase in size in the same manner, but the swelling of cell walls,
protoplasm, and mucilages are the most conspicuous examples. The en-
trance of water into solids or colloids and the resultant swelling have
long been referred to as imbibition.

Evidently the energy of diffusion is involved in imbibition. The con-
centration of water is greater outside than inside the piece of dry
gelatin or the dry ccll walls of the picce of wood. But the water also
adheres to the smaller particles of the wall and forms thin films around
them. The cohesion of the wall particles is overcome by the pressure of
diffusion and by the adhesion of the water to them. They are forced
farther apart by the entering water and the walls swell. When a piece of
dry wood is placed in water the water first enters the intercellular spaces,
pores, and open vessels, forcing out the contained air. This movement is
the result of surface tension (capillarity). It rapidly distributes the water
into some of the xylem tubes and intercellular spaces in the wood block,
but it does not result in increasing (swelling) the volume of the block.

Osmosis. The term osmosis is sometimes used synonymously with
diffusion. It has been used also to refer to the diffusion of anything
through any membrane. These uses are not acceptable, because there is
no need for the word if it is a synonym of diffusion, and because the



202 TEXTBOOK OF BOTANY

term is needed to designate diffusion through a particular kind of mem-
brane under special conditions with special results.

There are certain conditions in plant cells under which the number of
molecules of water moving from outside the cell through the film of
protoplasm into the vacuole is greater than the number moving outward
from the vacuole. As a result, the water in the vacuole increases in vol-
ume and thereby presses against the protoplasm and cell wall. These
structures become stretched and extended, and the whole cell becomes
larger and firmer, or turgid. When the enlarging cells occur in masses as
in plant organs and press against each other, the mutual pressure among
all the cells causes the whole plant to become rigid or turgid. When
these processes and conditions become reversed, the plant wilts. If there
is any advantage in adding the word osmosis to our consideration of
diffusion in plants, it lies in limiting its use to the diffusion of water
through certain kinds of membranes, such as protoplasm, when certain
other conditions exist. What are these conditions, and what is peculiar
about these membranes?

The concentration of water in the vacuole is a factor in osmosis. When
the diffusion of water is inward through protoplasm into the vacuole,
one may infer from the general laws of diffusion that the water inside the
vacuole is less concentrated than the water outside the cell. This condi-
tion actually occurs when the concentration of dissolved substances
(sugars, salts, organic acids) in the water enclosed in the vacuole ex-
ceeds the concentration of dissolved substances in the water surrounding
the cell.

At room temperature (20° C.) there is a definite number of molecules
of water in each cubic centimeter of pure water. If some sugar is added,
the water then appears to occupy more than a cubic centimeter of space.
The reader will undoubtedly explain this increase in volume by visualiz-
ing the molecules of sugar as diffusing or moving among the molecules of
water and jostling them farther apart. Molecules of sugar now occupy
spaces formerly occupied by some of the molecules of water, and there
are fewer molecules of water in a cubic centimeter of this solution than
there are in a cubic centimeter of pure water. The presence of the sugar
molecules decreases the concentration of the water. Obviously the more
sugar present the more dilute the water will be. In solutions of this sort
the water is said to be the solvent, and the sugar the solute.

Many other conditions related in one way or another to the concen-
tration of water sometimes appreciably affect osmosis in plant cells, but
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seldom need be considered in problems discussed in general botany.
Four of these conditions will be mentioned briefly. In a solution of water
and sugar several molecules of water become chemically attached to
each molecule of sugar; this is equivalent in effect to decreasing the con-
centration of freely moving molecules of water in the solution. Further-
more there is a well-known law in physical chemistry from which we
may infer that the concentration of molecules of sugar in the surface of
the drop of water in a vacuole is relatively greater than it is in the in-
terior of the drop, thus further decreasing the relative number of freely
moving molecules of water in contact with the protoplasmic membrane.
In certain problems it is necessary also to realize that an increase in
molecular motion of molecules of water in the vacuole caused by a rise
of temperature in the cell beyond that of the external medium is equiva-
lent in effect to increasing the concentration of water in the vacuole.
Likewise an increase in turgor pressure in the cell is equivalent in effect
to an increase in the concentration of water in the vacuole.

Differentially permeable membranes are factors in osmosis. The nature
of the membrane, however, is as important in osmosis in plant cells as is
the concentration of water. This fact may be demonstrated with a simple
physical apparatus and also with living plant cells. Membranes such as
filter paper and cellulose cell walls are very permeable to both water and
the solutes in water. This is only another way of saying that water and
solutes can diffuse readily through these membranes. Such membranes
are of no importance in osmosis in plant cells.

There are, however, certain kinds of membranes through which water
can diffuse readily, but through which certain solutes in the water do
not diffuse so readily. These are the membranes that are important in
osmosis in plant cells. Protoplasm is an excellent example of this type of
membrane. It differs in its permeability to different substances. It is
very permeable to water but under most conditions it is practically im-
permeable to the anthocyanin and some of the other substances in
solution in the water in the vacuole. Membranes of this type are said to
be differentially permeable.'

There is a second type of differentially permeable membrane which is
more permeable to certain solutes than to water. Sheets of rubber and
cutinized cell walls are more permeable to carbon dioxide than they are
to water. Such membranes are of no importance in osmosis in plant cells,

! The less appropriate terms, semipermeable and sclectively permeable, are sometimes
used to indicate this type of membrane.
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but they are useful in demonstrating certain principles of osmosis and
permeability.

Molecules of oxygen and nitrogen are smaller than those of carbon
dioxide, but sheets of rubber are much more permeable to carbon

-

Fic. 69A. Diagram to illus-
trate the passage of water
through a membrane: A, rep-
resents a molecule of inside
water; B, a molecule of outside
water; and C, the membrane.
Equal numbers of water mole-
cules are in contact with the
inside and outside of the
membrane, and the movement
of water molecules through
the membrane in both direc-
tions is the same. Hence the
level of the water in the tube
remains unchanged.

Fic. 69B. Diagram to illus-
trate osmosis: A, represents a
sugar molecule; B, a water
molecule; and C, a differen-
tially permeable membrane.
The sugar in solution dilutes
the water so that fewer water
molecules are in contact with
the inside than with the out-
side of the membrane. Hence
water passes in more rapidly
than it passes out, and the level
of the water in the tube rises.

dioxide than to the other two gases. Consequently, if one ties a knot in
the neck of a rubber balloon filled with ordinary air and then places it in
a bottle of carbon dioxide,” the balloon will gradually increase in size.
Outside the balloon there is pure carbon dioxide. In the air inside the
balloon there are about 3 parts of carbon dioxide in 10,000. At the be-

2 Place the balloon in a bottle of water. After inverting the bottle replace the water with
carbon dioxide.
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ginning of the demonstration, therefore, there must be about 3000 mole-
cules of carbon dioxide entering the balloon for every one that leaves it.
Obviously both the swelling of the balloon and the pressure inside that
stretches it result from the entrance of carbon dioxide. The entrance of
carbon dioxide and the pressure on the walls of the balloon are conse-
quences of the energy of molecular motion.

For a demonstration of the osmosis of water in a non-living system one
may use the apparatus represented in Figs. 69A and 69B. Various kinds
of membranes and solutes may be tested by this means. The thistle tube
with attached membrane is first placed in a vessel of water as in Fig.
69A to see if the membrane is permeable to water. The solute may then
be added to the water in the thistle tube. If there is a definite continued
rise of water in the thistle tube the membrane is more permeable to water
than to the solute. A temporary rise that soon subsides, such as one ob-
tains with a membrane of filter paper, is due merely to the fact that
the molecular motion of water molecules is more rapid than that of the
molecules of the solute. One may also tie the membrane across the
mouth of a bottle filled with a solution and then immerse the bottle in
water; or one may convert the membrane into a small bag,

Demonstrations that are even more instructive may be made directly
with living plant cells. In a series of small glass dishes or hollow ground-
glass slides we may place distilled water containing different amounts of
sugar varying all the way from none at all on one end of the series to as
much as 20 per cent on the opposite end. We may now place living
plant cells in these different solutions and with a microscope watch
.what happens. At one end of the series where there is little or no sugar in
the external water, the plant cells may become larger; a little farther
along in the serics the cells appear to remain unchanged in size and
shape; still farther along they will decrease slightly in size. Toward the
end of the series the protoplasm is partly separated from the cell wall,
and in the last of the series the protoplasm has become a small mass in
the cell, since the vacuole has entirely disappeared. That is, the water
that was formerly in the vacuole has diffused out of it.

All these observations may be interpreted on the basis of the laws of
diffusion and the differential permeability of membranes. Perhaps it is
sufficient to add here that where the protoplasm just began to separate
from the wall the concentration of the water in the vacuole was practi-
cally the same as that of the water in the dish if the temperature was the
same; where the cells became larger the concentration of the water in
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the vacuoles was originally lower than that in the dish; and where the
protoplasm was separated from the wall the concentration of the water
in the vacuole was originally higher than that of the water in the dish.
Since the protoplasm separated from the cell wall, it is the differentially
permeable membrane of the cell. The bounding surfaces of plastids and
nuclei within the protoplasm are also differentially permeable. Instecad
of single cells, pieces of plant tissue may be placed in the series of
solutions and the relative changes in turgidity and size of the tissue may
be observed.

When fresh-water plants are placed in salt lakes, water diffuses out of
them into the lake because the concentration of the water in the lake is
less than it is inside the plant cells. Such conditions are sometimes re-
ferred to as physiological drought. There is an abundance of water out-
side the plant but its concentration is too low. A whole lake full of salt
water may be as dry as a desert to a plant.

Plasmolysis and turgor. When the protoplasm of a cell separates from
the wall because water is diffusing out of the vacuole, the cell is said to
be plasmolyzed, and the process is referred to as plasmolysis. The
shrunken cell is flaccid, and conversely the swollen cell is turgid. Cell
turgor may result from the entrance of water by imbibition or osmosis, or
hoth. Other conditions being equivalent, turgor becomes greatest in the
ccells with the least extensible walls and in which the volume changes
least.

Permeability. Permeability is a property of membranes that affects the
movement of materials into and through them. At the present time it
appears to be due to a number of qualities; we shall mention only the,
simplest ones here. A difterentially permeable membrane should not al-
ways be visualized as a crude sort of sieve through which particles can
or cannot pass according to their size. This fact is illustrated by the
differential permeability of rubber membranes, through which the
larger molecules of carbon dioxide pass more readily than the smaller
molecules of water, oxygen, and nitrogen.

One of the features of premeability appears to be illustrated by a
simple demonstration in which the membrane consists only of water
(Fig. 70). Ether diffuses through a water membrane more rapidly than
chloroform. Since ether is much more soluble in water than chloroform,
this demonstration is cited to indicate that the solubility of the diffusing
substance in the membrane is one of the factors of permeability. Solu-
bility in turn seems to depend upon the relative attraction between the
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molecules of the substances involved. If the membrane were equally
permeable to these two substances, ether would still diffuse through it
the more rapidly because its diffusion rate is about 1.6 times that of
chloroform.

The most interesting features about the permeability of protoplasm
are (1) its variability, and (2) the fact that
the continuation of life depends upon its varia- ﬂ
tion remaining within certain limits. A great q —
number of conditions and substances increase
or decrease the permeability of protoplasm to
water and solutes. Among them are variations
of temperature and light, or the presence of
chloroform, ether, alcohol, saponin, and the
ions of various salts.

The influence of external factors upon the
permeability of protoplasm may be demon- —
strated easily by placing small pieces of the el
red garden beet in water and exposing them %a_:n\/ater ]
to any one of a number of factors. The antho- embrane
cyanin is in solution in the vacuoles of the
cells. If some factor increases the permeability
of protoplasm beyond a certain point, this red Chloroform
pigment diffuses out of the cells. The influence
of a factor that increases the permeability of
protoplasm may be counteracted by another
factor that decreases it. For instance, if sodium
chloride is added, the red pigment begins to Fic. 70. Diagram of ap-
diffuse out of the cells; but if a little calcium  Paratus used to demon-

A . ) strate the differential per-
chloride is also added the influence of sodium  eability of water to ether
chloride is annulled. The permeability of pro- and chloroform: A, when
toplasm at any instant in a living cell is appar- g“t ;et up; B, several
ently an equilibrium dependent upon the in- ays later.
teraction of many factors.

Summary. The movement of materials into, out of, and within plants
occurs by various combinations of physical processes. All investigations
indicate that these processes occur, not because plants exert some
peculiar vital force, but because these processes are universal properties
of matter. Their interactions in simple physical systems may be ac-
curately measured, but the plant is such a complex system of structures

Ether

L) B
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and processes that it is difficult to detect these interactions in all their
details. We begin by recognizing the forces involved and then try to
relate them to our present knowledge of plants. Among these forces we
must recognize the mutual attractions among molecules of gases, liquids,
and solids; surface tension; molecular motion and diffusion; and electri-
cal forces. Certainly we shall no longer think that substances move into
and out of plants because they are good or bad for the plant, or because
the plant needs or does not need them. Also we shall be less inclined to
think and say that the plant “takes in” and “gives oft” these substances.

The movement of materials into, out of, and within plants by diffusion
is much easier to perceive and is better understood than movement by
other means. Moreover, several of the common observable results of this
diffusion are not difficult to analyze. We have therefore given most at-
tention to diffusion. A substance diffuses from regions where it is more
concentrated toward regions where it is less concentrated, regardless of
the concentration or the diffusion of any other substance with which it
may be mixed. This is the result merely of the relative number of moving
molecules. There are many more molecules of a substance moving in all
directions where the substance is most concentrated. Water may be
diffusing out of a cell, while the solutes in the water are diffusing into the
cell or vice versa. The factors that influence diffusion most are tempera-
ture in relation to the rate of molecular motion, the concentration of the
diffusing substance, and the nature of the medium into which it is dif-
fusing. Diffusion under certain special conditions may be distinguished
as imbibition and osmosis. Imbibition results in the swelling of colloidal
membranes and cell walls. Osmosis results in the enlargement of vacu-
oles. In the following chapter we shall note how diffusion that is called
osmosis underlies certain plant behavior familiar to all of us. In later
chapters we shall see how energy of diffusion is the force underlying
some of the mass movement of materials within a plant.



CHAPTER XXIII

PLANT BEHAVIOR RELATED TO OSMOSIS

OOOTOOOOOOOTOOOOOOOOOOOOOOOOOTOOOOOOOOOOOOOOOOOOOCOOOOOOOOOE

Osmosis and the turgidity of cells are primary causal factors in certain
kinds of plant behavior that have attracted the attention of almost every-
one. We have already seen that when the concentration of water sur-
rounding a plant cell is higher than its concentration within the vacuole,
the water diffuses into the cell, thus causing an increase in cell turgor
and also in cell size if the cell wall is extensible. The converse occurs
when the higher concentration of water is within the vacuole: watex
diffuses out of the cell, cell turgor decreases, the cell may become
smaller, and in extreme cases plasmolysis, wilting, and death may result.
When all the cells of some part of a plant (leaf, flower, stem, etc.) in-
crease in size they press against each other, with the result that the
whole plant structure becomes firm and rigid. On the contrary, when all
the cells of a plant shrink in size their pressure against each other di-
minishes and the plant becomes flaccid, or wilts. If the cells on one side
of an organ shrink or swell more than those on the opposite side, curva-
tures or movements result.

Movements and growth curvatures. In growing regions increase in cell
size is dependent both upon the entrance of water and upon an accom-
panying growth in area of cell walls. Increase in area of a cell wall,
therefore, may be the result of stretching or of growth. The former may
be reversible, the latter is non-reversible. Likewise, movements and
curvatures that are dependent solely upon turgor and the elasticity of
cell walls may be reversible. Growth curvatures may be permanent or
temporary. For example, the growth curvature of a stem toward the more
intense light during the day may be annulled by the greater growth of
the cells on the concave side of the stem tip during the night.

Superficially these movements and curvatures of plant organs may
appear to be intelligent acts of the plant. Speculations as to their advan-
tages or disadvantages are not uncommon. Perhaps the reader will dis-
cover that they are all consequences of similar fundamental conditions
and processes, regardless of whether they have “survival value.”

209



210 TEXTBOOK OF BOTANY

By means of the facts and inferences already encountered and the
brief summary of several examples in this chapter, the reader is offered
an opportunity (1) to check his own observations of the kinds of plant
behavior that are consequences of the conditions underlying osmosis and
cell turgor, and (2) to evaluate conflicting interpretations of the ob-
served behavior. Movements in some plants differ from those in other
plants because the plant structures are different. A consideration of how
these differences in structure originated must of course be postponed to
the chapters on heritable variations and evolution. They are, however,
the consequences of processes to which no one would ascribe intelligence
and purpose unless he is accustomed to ascribe these human attributes
to all physical and chemical processes in the universe.

Rigidity of plants. The rigidity of all herbaceous parts of a plant is de-
pendent upon the turgidity and mutual pressure of cells described above.
During dry weather leaves, young stems, flowers, and even fruits may
wilt during the day and become firm at night or following rains, as the
result of changes in the turgor of the individual cells. Spray systems
are now commonly installed over market stands to prevent the loss of
turgor in the cells of leafy vegetables on display. The rigidity of woody
tissues is dependent not upon osmosis and turgor but upon the size of the
cells and upon the composition and thickness of their walls.

Physiological drought. Owing to the relatively high concentration of
water in the vacuoles of their cells, many fresh-water plants cannot grow
in the ocean or in salt lakes and salt marshes where the concentration
of water is relatively low. The fact that water plants may wilt in such
habitats can be demonstrated by placing a plant in a vessel of salt water.
Similarly, most land plants do not grow on salt plains (Fig. 71). Man
sometimes makes miniature salt plains by adding salt to the soil to kill
weeds. One of the difficult problems encountered in applying irrigation
water to soils of arid regions is the necessity of preventing the accumu-
lation of inorganic salts in the soil surface as the added water evaporates.
The preservation of food in water of low concentration (brine) is a very
old custom. Sugar and salt are used as the means of diluting the water
to the point of physiological drought for the bacteria and molds that are
agents in the spoilage of food.

Vinegar is also used to prevent the growth of these organisms. It is
primarily a solution of acetic acid in water. This acid lowers the con-
centration of water in vinegar and also coagulates the protoplasm of
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F1c. 71. Hummocks of pickleweed (Allenrolfea) on salt-flats in Utah. Photo by
H. L. Shantz.

living cells. This coagulative effect of acetic acid may be demonstrated
by pouring a little vinegar on the “white” of an uncooked egg, or by
examining living cells mounted in vinegar. The killing effect of many
kinds of acids and salts should be attributed not to physiological drought,
but to some other condition such as the coagulation of protoplasm, altera-
tions in permeability, or inactivation of enzymes. For example, the small
amount of copper sulfate or mercuric chloride necessary to kill plant
cells has little influence on the concentration of the water in which these
salts are dissolved.

Enlargement of cells during growth. In all growing regions of a plant
cell division is usually followed by an increase in size of the young cells.
The volume of these newly formed cells may increase many times (Fig.
31, page 64).

Some new protoplasm is made, but the total enlargement is primarily
the result of the entrance of water into the cell under the conditions of
imbibition and osmosis. The enlargement of the cell depends, therefore,
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upon the concentration of water inside and outside the cell, the conse-
quent osmosis and cell turgor, and the extension of the cell wall.

In some unknown way a hormone (auxin) formed in the young leaves
seems to be necessary to some process involved in the extension of cell
walls. If the hormone is absent little or no cell wall extension occurs.
If it varies in amount in different parts of the plant, the cells do not
enlarge uniformly. It is perhaps evident that turgor pressure will not
become so high in the cells with walls that are growing or are easily
extended. We may therefore have the anomalous condition of the en-
trance of water as a cause of increase in cell volume, and at the same
time the lowest turgor pressure in the enlarging cells. If the cell walls
are not growing or do not stretch readily, the entering water may result
in a high pressure within the cells.

Turgor and growth pressure. Similarly, if the enlargement of a plant
organ is restricted by mechanical means, the diffusion of water into each

Fic. 72. Fern leaves pushing upward through a cement sidewalk. Growth pressure
may amount to hundreds of pounds te the square inch. After G. E. Stone.

of its cells exerts tremendous force against the obstruction (Fig. 72).
The combined pressure in all the cells of a root may lift stones weighing
several tons, displace stone curbings, or rupture concrete pavements.
Turgor pressure may be just as great in the cells of stems and other plant
organs. It is the force underlying the pushing of young stems of seed-
lings upward through the soil and of roots into the soil.

Since turgor pressure in cells is the result of the diffusion of water
into them, the energy of molecular motion is evidently the force back
of all these “marvelous powers” of plant growth. While the pressure
exerted by the plant organ as a whole may be equivalent to several
hundred pounds per square inch, a little calculation will show that the
pressure on a single cell wall is but a small fraction of an ounce. This
pressure is usually great enough to cause the walls of cells to bulge out-
ward and become convex except where they press against adjacent cells
and the surfaces become flattened or plane. The same phenomena may
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be seen in a mass of soap bubbles. The walls of many cells are not
uniformly thick and equally extensible in all parts, and some of the curi-
ous shapes of cells may be attributed to this fact.

It is important to remember that increase in size of a plant organ is
the result of the enlargement of its component cells. The mere division
of cells results only in increasing the number of cells that may enlarge.
A cell may become larger only by the entrance of material from an ex-
ternal source. The great bulk of this material is water.

Plant movements and curvatures. Some of the smallest plants are
motile and can swim about in water just as freely as small animals. But
the movements of larger plants are limited to the bending, twisting, or
elongating of certain organs or restricted parts of organs.

Tropisms. Tropic movements, or tropisms, are exemplified by the fa-
miliar curving of plant organs toward, or away from, different inten-
sities of external factors, or the direction of the force of gravity or of an
electric current. For example, one-sided illumination subjects the cells
on opposite sides of a plant organ to different intensities of light. Simi-
larly the force of gravity or an electric current may induce curvatures.
If a plant organ curves toward the most intense light to which it is ex-
posed, its curvature is said to be positively phototropic. If it b_.nds away
from intense light it is negatively phototropic. Similarly compounded
names are applied to curvatures related to other external factors, namely,
positively or negatively geotropic, hydrotropic, chemotropic, electro-
tropic, etc.; but the names are the least important features of the
processes.

Tropic curvatures may occur in any plant organ. They occur pri-
marily and are most prominent in growing regions, such as the tips of
stems and roots and the petioles of young leaves. Moreover, they are
primarily restricted to that part of the growing region in which the
cells are enlarging. They are the result of unequal enlargement of the
cells on opposite sides of the plant organ. Instead of personifying them,
therefore, we may base our interpretations upon our knowledge of the
dependent relations of the energy of molecular motion and diffusion,
permeability of protoplasm, osmosis, cell turgor, and the extension of
cell walls. If the initial influence of some external factor results in a
decrease of turgor or of cell wall extension, the plant organ will bend
toward that side to which the factor is applied, and vice versa.

Hormones and cell enlargement. During the last decade the influence
of hormones upon cell enlargement and tropisms has become an inter-
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esting subject of research. In spite of the fact that some of the conclu-
sions of today may have to be modified as additional facts are discovered,
some of them are too interesting to be omitted even from a general text-
book of botany.

Cell enlargement in stems appears to be dgpendent upon hormones
formed in young leaves exposed to light, though an excessive amount
of these hormones inhibits cell enlargement. In contrast to the cells of
stems, the enlargement of cells in the growing tips of roots is inhibited

v

Fi1c. 73. Geotropic growth in a seedling after it was clamped in a horizontal position.

by these hormones except when only the merest trace of them is present.
They seem to affect some process involved in the extension of cell walls.
Their movement down the stem or up the root may be deflected by such
external factors as light and gravity. In horizontal stems and roots they
are deflected toward the force of gravity. Consequently, if a seedling is
placed horizontally they accumulate in the cells in the lower side in
amounts that are favorable to the enlargement of cells of the stems but
inhibiting to the enlargement of cells of the roots. The stem tip therefore
curves upward and the root tip curves downward (Fig. 73).

These hormones are complex organic acids that move toward the posi-
tive pole in an electric current. It is inferred, therefore, that the slight
electrical difference on the two sides of a stem or root may be the cause
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of their deflection toward the lower side. Similarly, in many plants
they accumulate more abundantly on the shaded side of stems than on
the side exposed to the more intense light. As a result, the cells on the
shaded side enlarge more readily; this side of the stem becomes longer
than the lighted side and actually pushes the tip of the stem toward
the light.

These hormones may be extracted from plants and dissolved in wool
tat, called lanolin. If a little of this lanolin containing the extracted hor-
mones is placed on one side of a root or stem tip, the expected curva-
tures are obtained. Similar curvatures may be obtained by placing any
of several closely related chemical compounds in the lanolin instead of
the naturally occurring hormones (Fig. 74).

Fic. 74. Curvatures of stems and petioles resulting from the effects of chemical
compounds similar to naturally occurring hormones: A, untreated plants; B, treated
plants. The compounds in low concentration (0.01 mg. in 100 mg. of lanolin)
were placed on the right side of the stems and on the upper surface of the two
petioles that have curved downward. Photos from P. W. Zimmerman and A. E.
Hitchcock.

Leaf mosaics. The formation of leaf mosaics (Fig. 75) as a result of
differences in elongation, bending, and twisting of petioles and stems is
a consequence partly of unequal illumination of petioles and stems and
partly of unequal illumination of the blades of the leaves. Bending and
twisting of petioles are the results of differences in cell enlargement in
opposite sides of the petiole. This cell enlargement is dependent in part
upon hormones that are formed in young leaf blades exposed to light
and pass down the veins to the petiole and stem. If the right and left
halves of a blade are unequally illuminated, the amounts of hormones
that are formed and get to the right and left halves of the petiole will be
unequal. Consequently, there will be a difference in the amount of cell
enlargement on the two sides of the petiole and a curvature will result.
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The petioles of leaves which develop in the shade of other leaves may
continue to elongate for a longer period and the blade finally reaches
the plane of the leaves above. Both cell division and elongation are af-
fected. Many of the details of these processes are still unknown.

Fic. 75. Mosaics formed by the leaves of two species of maple (Acer macrophyl-
lum and Acer circinatum),” Olympic Mountains, Washington. Photo by W. S.
Cooper.

Turgor movements and growth movements. Distinctions between these
two kinds of movements are sometimes attempted. The difficulty in
making a distinction lies in the fact that all growth movements involve
turgor effects. The distinction becomes clear only when movements
occur in those tissues in which all growth has ceaseéd. Movements that
are due entirely to changes in turgor are reversible. Those that are due
to differences in growth may become permanent.

There are also curvatures and movements in which the cell structure
determines the direction in which the plant organ curves or moves. These
curvatures occur in such plant organs as leaves and petals of flowers in
which the cells in the upper side differ from those in the lower. Such
plant organs are said to be bilateral, in contrast to organs that are
radially symmetrical. The movements may be purely turgor movements,
or a combination of turgor and growth. Among the more familiar exam-
ples are the daily opening and closing of certain flowers in relation to
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changes in temperature or light intensity; the opening of buds; the roll-
ing and folding of leaves; and pulvinal movements, such as the move-
ment of leaves of clover and of “sensitive” plants (Fig. 76).

Fic. 76. Sensitive plants (Mimosa pudica). The one on the left was mildly jarred
just before the picture was taken. Photo by G. S. Crowl.

If young flowers of tulip are exposed alternately to low and high tem-
peratures they may open and close several times in one hour. When the
temperature is lowered the rate of growth of the outer side of the
sepals and petals is greater than that of the inner side. As the tempera-
ture is raised the greater rate of growth of the inner side results in
opening the flower. White water lily flowers open in light and close in
weak light and darkness. A commonly cultivated purple water lily has
flowers that close in bright sunlight and are open only in dense shade or
at night.

The opening of buds is the result of growth of the bud scales and
young leaves. In many buds there is increased growth on the inner side
of the bud scales which results in spreading of the scales.

The folding and rolling of leaf blades of some species of plants are
dependent upon the relative turgidity in rows of special cells in the upper
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epidermis (Fig. 48, page 91). Turgor pressure in these cells is opposed
to turgor pressure in the cells in the lower side of the leaf. When turgor
pressure is high in these special cells the leaf is expanded. Leaves of
many kinds of plants without such special cells also exhibit various
degrees of rolling during periods of drought.

The folding of leaves of clover, honey locust, and sensitive plant in
late afternoon or early evening is probably the result of unequal changes
in permeability or in digestion of starch to sugar accompanied by changes
in turgor and swelling of cells on opposite sides of the pulvinus (Fig.
47). These movements take place rapidly at higher temperatures, and
very slowly or not at all at lower temperatures or when the plant is
anaesthetized.

Changes in permeability, turgor, and growth accompanied by conse-
quent curvatures and movements may occur in some plants as the result
o' mechanical contact. The folding of leaves of the sensitive plant and
the twining of tendrils are familiar examples. Somewhat less familiar are
similar movements of the stigmas and stamens of certain plants, the
closing of the leaves of the Venus’s fly-trap Dionaea, and the bending
of the tentacles on the leaves of sundew, Drosera (Fig. 77).

Some of the proteins in the insects that are entrapped by such plants
are digested by enzymes from the plant or from bacteria. The resulting
compounds diffuse into the cells of the plant. The insectivorous plant,
however, is not necessarily dependent upon this external source of
nitrogen compounds.

Stomates. The opening and closing of stomates are dependent upon
the turgor and relative wall extensibility of the two guard cells. When
they are expanded by increased turgor, unlike ordinary cells, they do
not become spherical. The inner wall that bounds the pore is thicker and
less stretchable than the outer wall away from the pore. Hence when
turgid, the outer walls stretch and the guard cells become curved or bean-
shaped. Since the concave sides of the two guard cells are adjacent, an
opening appears between them. When these cells contract with de-
creased turgor the concave walls straighten and come together; the
stomate is closed. This straightening of the concave walls may be due
to the contraction of the walls, but the pressure of the surrounding epi-
dermal cells also pushes the non-turgid guard cells together. If these
epidermal cells were to shrink excessively they might also pull the guard
cells away from each other.

As a guard cell expands with increased turgor evidently the wall on



CHAPTER XXIV

THE LOSS OF WATER VAPOR FROM PLANTS: TRANSPIRATION
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Transpiration is essentially the evaporation of water from within plants.
It includes both the vaporization of water at all cell surfaces exposed to
the air and the subsequent diffusion of the vapor into the atmosphere
surrounding the plant. In the chapters immediately preceding it was
apparent that the diffusion of water molecules is a primary process in
imbibition and osmosis. It is also a primary process in transpiration.
Transpiration is the most generally recognized of all processes in
plants. Among the common practices based on this recognition are the
daily watering of house plants; the elaborate systems of overhead and
underground irrigation of gardens; the wrapping of cut flowers and
freshly dug plants in waxed paper or other waterproof containers; the
packing of nursery stock in moist sphagnum moss for long shipments;
the enclosing of fruit and vegetables in oiled cloth or covered dishes in
electric refrigerators; the periodic sprinkling of the floor and crates in
the low-temperature storage of apples; and the placing of glass or paper
covers over newly transplanted seedlings in the garden. These and
many other practices are attempts to reduce the more harmful effects of
evaporation of water from plants or isolated parts of plants.
Transpiration not limited to leaves. Transpiration may occur from the
surface of any plant organ. Even the bark of trees does not prevent it
entirely. “Sun-scald” of trees that have been transplanted from nurseries
where their stems were shaded is the result of heating and drying by
direct sunlight. Mature potato tubers, in spite of a cork covering, lose
noticcable amounts of water and shrivel in the course of time. The
evaporation of water from roots in dry soil, or from roots during the
process of transplanting may result in serious injury or death. Transpira-
tion from fruits in drought periods may result in shrinkage. The tips of
tomato fruits may die as a result of excessive transpiration. The subse-
quent decay of these dead portions of the fruit is referred to as “blossom-
end rot.” After removal from the plant such fruits as prunes and grapes
are often artificiaily exposed to warm dry air to hasten the loss of water
221
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vapor from them, so that they may be safely stored for future use. The
harvesting of many seeds, grains, and hay involves the drying, or the
acceleration of transpiration, under natural or artificial conditions. High
transpiration may result in the death of young flowers and in the cessa-
tion of sexual reproduction.

Of the various plant organs the thin blades of the leaves of most plants
have the largest evaporation surface exposed to the atmosphere, and it
is in them that the greatest amount of transpiration occurs in the grow-
ing plant. Cactuses are notable exceptions.

The bulk of the growing parts of plants is water. As we learned earlier,
all the living cells of a plant contain protoplasm and a vacuole filled
with water in which various substances are dissolved. Young tissues of
plants may contain as much as 95 per cent water by weight, and older
parts 60 to 75 per cent. When the water content of the active cells of
plants is gradually decreased they become less and less active until a
point is reached where injury or death results.

The leaves of most plants, therefore, with their high water content
(60-85 per cent), their relatively large areas, and their exposure to an
atmosphere that is usually only 10 to 75 per cent saturated, constitute
the most important surface of water loss from plants. Discussion in this
chapter, therefore, will be confined largely to the processes and factors
that influence transpiration as it occurs in leaves.

Circumstances of water loss from leaves. In Chapter VIII the organi-
zation of water-conducting tissues and their distribution among the
mesophyll cells are described. Attention was called to the air spaces
among these myriad cells and also to the epidermis which encloses the
mesophyll cells, air spaces, and veins.

The upper epidermis of the leaves in many species of plants is an
unbroken layer of cells. Its outer cellulose walls may be thick and have
a cutinized outer layer which is commonly called the cuticle. The lower
epidermis, and frequently the upper, have stomates distributed among
the epidermal cells. Hence when the stomates are open the epidermis of
the leaf contains many thousands of minute passages through which
gases may diffuse into the labyrinth of air passages among the mesophyll
cells, or diffuse out of them. Any gas may do this, and its diffusion is
quite independent of the diffusion of other gases or vapors.

Molecular motion and consequently evaporation are accelerated by a
rise in temperature. When the surface molecules of the water acquire
sufficient momentum to overcome the cohesion by which they are held
in the liquid state, they diffuse into the surrounding air. The same is



[Chap. XXIV TRANSPIRATION 223

true of the evaporation of water that is dispersed among the particles
of a cell wall. -

In the diagram (Fig. 78) of the diffusion of water from the vessels of
the stem to the veins and cells of the leaf, and finally into the atmos-
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F1c. 78. Diagrammatic section of a stem and leaf. Arrows indicate paths of move-
ment of water molecules.

phere, the paths of the diffusion of liquid water and of water vapor are
indicated by arrows. From this diagram it should be clear that there
are two surfaces where evaporation of water occurs: first, the outer sur-
face of the epidermis, and, second, the cell wall surfaces of the mesophyll
The diffusion of water vapor from the outer surface is comparatively
simple and is discussed under “cuticular transpiration”; that from the
internal surfaces of the leaf is complicated by certain structural and
physical factors and will be discussed under “stomatal transpiration.”
Cuticular transpiration. Let us now have another look at a leaf—first
the outside. The epidermis of the leaf is composed of living cells all con-
taining water and having more or less saturated cell walls. Some of the
water molecules continually acquire sufficient energy to break the
mutual bonds of cohesion and also of adhesion of the water to the wall
molecules, and pass into the atmosphere. The cuticle, which is the outer
layer of the epidermal walls, reduces this evaporation to an extent which.
depends upon its thickness and its fat or wax content. The cutin simply
decreases the number of water molecules that reach the epidermal
surface since water molecules do not pass readily into fat-like and wax-
like substances. Nevertheless the cuticle is not wholly impervious and
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some water reaches the surface, vaporizes, and diffuses into the air. This
water-vapor loss from the surface of the epidermis is termed cuticular
transpiration. It occurs at all times, but less rapidly from leaves coated
with cutin and wax than from leaves with little or no cutin. Cuticular
transpiration amounts to only 5 to 15 per cent of the total water-vapor
loss from the leaves of most plants.

The epidermis of many plants has small unicellular or multicellular
outgrowths known as hairs and glands. Some of these remain alive as
long as the leaf or stem on which they grow; others die early and become
filled with air. All living hairs and glandular outgrowths increase the
cuticular surface of the leaf and also increase the cuticular transpiration.
Leaves of pumpkin and squash, nettles, tobacco, cultivated geraniums,
and petunias have long-lived hair-like epidermal appendages.

Dead hairs are common on leaves and stems of most plants. The
mullein has a dense covering of much-branched dead hairs on all ex-
posed surfaces, and on the leaves the felt-like layer on either side may
be thicker than the blade itself. Other examples of plants with hairy
leaves are velvet grass, silky willow, Labrador tea, Shepherdia, Spanish
moss, some species of sage, goldenrod, and aster.

When the rates of transpiration in plants of equal leaf area were
measured it was discovered that the rate of water-vapor loss from
mullein is about the same as that from tobacco, which has very similar
leaves but lacks the dense hairy coverings. Mullein leaves are often men-
tioned as examples of leaves that conserve water allegedly because “the
hairs cut down sunlight and wind.” Further experiments with mullein
show that these effects are quite unimportant and that the hairs do not
reduce stomatal transpiration at all. They may decrease cuticular tran-
spiration slightly in the dark and in still air. Mullein plants with hairs
removed from the upper leaf surfaces, mullein plants with hairs re-
moved from both surfaces, and mullein plants with hairs intact, under
the same conditions lost water at nearly identical rates.

Whether the shield-shaped hairs of such plants as Shepherdia are
effective in reducing transpiration is unknown. But it is a safe assumption
that hairy coverings are of no importance in “protecting” the plant from
excessive transpiration in dry situations and in enabling them to survive
in dry habitats.

Anyone who digs down to the very end of the taproot of mullein will
be able to explain why this plant survives in dry habitats as well as in
moist ones. This is deeper than many care to dig.

Of the numerous'differences among leaves, such as those mentioned
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in Chapters IX and X, a few may influence the rate of transpiration one
way or the other, but a casual inspection of leaf differences is not a
reliable means of discovering their influence on transpiration rates. Very
thick cuticles, waxy layers, and resinous layers on leaves and stems un-
doubtedly decrease cuticular transpiration; but their effectiveness in
curbing stomatal transpiration of any plant cannot be judged by appear-
ances. It can be ascertained only by carefully planned experiments.

Stomatal transpiration. Transpiration from mesophyll cells is similar
to that from epidermal cells, but there are a few important differences.
Let us first consider conditions on a spring morning when the soil is
moist and the whole plant is turgid with water. The sun is up and the
air is clear. Under these conditions the stomates are fully open.

The water-conducting tissues of the veins are filled with water slightly
diluted by inorganic salts or other substances. The vacuoles, the cyto-
plasm, and the walls of the mesophyll cells are nearly saturated with
water, and likewise the walls on the inner side of the epidermal cells.
This internal moist surface is 6 to 30 times that of the cuticular surface
and bounds the labyrinthine intercellular air passages. The energy from
the sun increases the molecular energy of the water molecules and their
rate of movement is speeded up. They leave the cell surfaces more rap-
idly and diffuse in all directions in the intercellular spaces, from which
they diffuse through the stomates into the atmosphere.

Outside the leaf, the atmosphere has a lower humidity and a lower
concentration of water molecules. Consequently the diffusion of water
vapor will be outward through the stomates. This loss of water vapor
from the mesophyll cells is far greater than the evaporation of water
from the epidermal cells. Quantitatively it amounts to 85 to 95 per cent
of the water that passes into the atmosphere from plants. Evapora-
tion of water from cell walls inside the leaf and the subsequent diffu-
sion of water vapor through the stomates is called stomatal transpiration.
When the leaf only is considered, it might also be called mesophyll
transpiration.

The number of stomates is so great, they are so evenly spaced among
the epidermal cells, and the individual pores are so small that diffusion
of gases and vapor molecules from the interior of the leaf may be almost
as great when the pores are open as if there were no epidermis on the
leaf. Later in the day as the stomates gradually close, the stomatal tran-
spiration is also reduced, but not much until the stomates are nearly
closed, because the rate of diffusion through the stomates is dependent
not upon their area, but upon the perimeter of the pore.
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* During the daylight period both stomatal and cuticular transpiration
occur. At night there is usually only cuticular transpiration. This differ-
ence plus the effects of the higher day temperatures are shown in the
following table in which the relative amounts of the total transpiration
from certain plants during daylight and darkness under field conditions
are stated in percentages.

Plant Daylight Darkness
Wheat 969, 49,
Oats 94% 6%
Alfalfa 97% 3%
Pigweed 97% 8%

Opening and closing of stomates. The opening and closing of stomates
are obviously matters of first importance in modifying transpiration.
The relation of stomates to the movement of guard cells was discussed in
Chapter XXIII. The stomates on a plant are not opened or closed simul-
taneously, because conditions are not identical in all parts of a leaf or
in the different leaves on the same stem. Consequently, when we say
that the stomates are gradually closed, we mean that some are closed
quickly, some are closed slowly, and others scarcely at all. When we say
that the stomates are closed, we mean that almost all are closed and the
remainder nearly so.

We learned earlier that oxygen and carbon dioxide, gases important in
respiration and photosynthesis, diffuse into and out of the leaf largely
through the stomates. Here we are emphasizing water-vapor loss through
stomates. In this connection it is well to remember that stomates do not
open to promote photosynthesis and do not close to conserve water.
During droughts they may open most inopportunely and allow further
water losses. In late summer they may close early in the daytime and
restrict photosynthesis when all other conditions appear to be favorable.
The turgor movements of guard cells are conditioned neither by photo-
synthesis nor by transpiration, but by a series of changes in these cells.
These are slight changes in acidity which influence the activity of
enzymes and also the change from starch to sugar, or sugar to starch.
Increase in sugar content leads to diffusion of water into the guard cells,
and greater turgor. The stomates are opened. Change of sugar to starch
in the guard cells results in closing the stomates.

Movement of water from veins to mesophyll cells. Let us, however,
again turn our attention to the mesophyll cells. During the morning the
sugar content of these cells increases. They also contain salts, acids, and
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other soluble compounds that dilute the water.
As water molecules leave the walls and diffuse
into the intercellular spaces, other water mole-
cules are pulled into their places by the forces
of cohesion and surface tension. This cohesion
of the molecules of water in closed tubes is so
great that the pull extends all the way down
the veins and vessels of the leaves and stems.
For example, when the cut ends of stems in a
bouquet are placed in a vase of water, tran-
spiration from the leaves results in a movement
of water from the vase and up the veins of the
stems to the leaves and flowers exposed to the
air,

The removal of water from the cells of the
leaf increases the concentration of the sugar
and other solutes and decreases the concentra-
tion of the water. The water becomes less con-
centrated in the mesophyll cells than it is in
the xylem of the veins. Water molecules, there-
fore, diffuse osmotically from the vessels into
the adjoining mesophyll cells, and finally into
the epidermal cells, in both of which the con-
centration of water has been lowered by tran-
spiration.

The lifting power of evaporation may be
demonstrated by evaporation from a porous
porcelain cup suitably mounted on a long glass
tube, both of which have been completely filled
with freshly boiled water (Fig. 79). The lower
end of the tube dips into a vessel of water and
mercury.! When the porous cup is exposed to
the air, evaporation occurs at the surface of the
cup. This develops a tension which is trans-

! Full details for setting up these experiments may be
obtained from papers by H. Thut, OEio Jour. Science,
28:292, 298, 1928; Amer. Jour. Bot., 19:358-364, 1932.
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Fic. 79. Diagram of ap-
paratus used to demon-
strate the lifting power of
evaporation. Tube C is a
meter or more in length.
This tube and the porous
cup, which is immersed in
water in beaker A, are
filled with air-free water.
The beaker is removed
only when the apparatus
is being used. Tﬁe short
tube in bottle B is closed

with a stopcock when the apparatus is not in use to prevent the water from being

siphoned from the beaker.
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mitted through the water column in the tube to the mercury, and the
mercury is pulled upward.

If the apparatus is carefully constructed and all air removed from
the water, the mercury column may be readily pulled to a height of 120
to 130 cm. When the cups were coated with gelatin and the size of the
pores was thus reduced, a height of 226.6 cm. was attained. Mercury is
13.6 times as heavy as water, and when evaporation of water lifts mer-
cury 226.6 centimeters it is equivalent to lifting water 100 feet. The
height to which the mercury is lifted in such experiments is limited by
the entrance of air into the cup or tube through minute pores. The
tensile strength of water enclosed in tubes is equivalent to at least 150 at-
mospheres, and the energy of molecular motion is sufficient to lift col-
umns of water many times the height of the tallest trees.

When twigs of arbor vitae, red cedar, or box elder are used in place
of the porous cup, transpiration may raise mercury columns 90 to 101
cm. in height before enough air enters the tube to terminate the demon-
stration. This is equivalent to a column of water 40 to 50 feet in height.
During the experiments from which the above figures were obtained
the height of the barometer varied from 73 to 75 cm. of mercury. Is
barometric pressure the cause of the rise of water in these experiments?

Water-vapor gradient. Next to the opening and closing of the stomates,
the most important factor influencing transpiration is the condition of
the water vapor inside and outside the leaf. If the concentration of
water vapor inside the intercellular spaces of the mesophyll is greater
than it is outside the leaf, there will be a gradient in the diffusion of
vapor from the cells of the leaf to the outer atmosphere. This gradient
is augmented by the relative rates of molecular motion whenever the
temperature of the leaf is higher than that of the atmosphere. The
gradient may be steep if the air outside is very dry and the air inside
nearly saturated, and the temperatures of the leaf and the air arc the
same. Under these conditions the concentration of water molecules is
much greater in the air spaces of the leaf than in the atmosphere. If the
temperature of the leaf becomes higher than that of the atmosphere the
gradient will be increased because within the air spaces the number of
free molecules is increased as well as their rate of movement. If the
temperature of the leaf becomes lower than that of the atmosphere the
gradient will be reduced because the number of free molecules within
the air spaces and their rate of movement are decreased.

Let us assume that during the course of a clear warm morning in
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summer the temperatures of both the atmosphere and the leaf are gradu-
ally raised from 68° F. to 86° F. The concentration of water vapor in
the atmosphere changes very little, because the volume of air is so
enormous and the air is continually moved by currents. Inside the leaf
the same rise in temperature results in rapid increase in water-vapor
content, because the volume of the intercellular spaces is very small
compared with the evaporation surface. Calculations indicate that the
vapor diffusion gradient between the inside of the leaf and the atmos-
phere has increased 2.5 times. If now the internal temperature of the
leaf rises an additional 9° above that of the air, the gradient is increased
to 4 times what it was in the early morning. Assuming that there is an
abundant supply of water within the plant and the stomates are open,
the rate of transpiration would be about 4 times as great. Guard cells
may open and close stomates and thus accelerate or stop stomatal tran-
spiration. But when the stomates are even partially open the most impor-
tant factor is the water-vapor gradient from inside the leaf to the air
outside.

Intensity of sunlight and transpiration. Under good growing conditions
light intensities naturally occurring in daytime are sufficient to result in
the opening of the stomates, except on extremely cloudy days and when
the plants are densely shaded. Sunlight thus indirectly accelerates tran-
spiration. Furthermore, the radiant energy of sunlight directly increases
transpiration in humid climates, because it raises the internal tempera-
tures of exposed leaves above that of the air, sometimes as much as 5° to
10° F. This in midsummer is enough to double or treble the vapor
diffusion gradient between the inside of the leaf and the atmosphere.

In the shade, leaf temperatures are about the same as those of the
air, or lower. When the atmosphere is very dry, leaf temperatures in
the shade may be several degrees cooler than air temperature.

Soil water and transpiration. Another factor that greatly influences
transpiration is the water content of the soil. Even though the stomates
are open and other conditions favor high transpiration, if the water
supply in the soil becomes low, transpiration may be markedly decreased.
If the soil water in immediate contact with the roots is soon exhausted,
water in the xylem vessels of the stem and roots fails to diffuse into the
leaf cells as rapidly as it evaporates from them. There is an increase of
tension in the water in the veins and vessels of the leaf, the stem, and
finally of the root; the mesophyll cell walls become less and less saturated
—hence fewer water molecules leave the cell surfaces.
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The percentage of water in leaves during dry periods has been found
to be 5 to 10 per cent less in early afternoon than in similar leaves at
night. Under moist conditions the daily fluctuations may be only 1 to 5
per cent. Obviously even if the stomates are open the rate of transpira-
tion is reduced, since the mesophyll walls are drier by midday than they
were in the early morning.

A dandelion plant rooted in a shaded ravine bottom may lose 5 to 10
times as much water as a similar plant living near the top of the south-
facing slope of the same ravine. The lower plant has a constant soil-
water supply; the upper plant has a very limited supply. A corn plant
in a moist region may lose more water in a season than a similar plant
in a dry region, simply because there is more water available. If the
corn plants in the dry region were growing in irrigated fields, they
would lose more wter than the plants in moist regions.

If the soil is dry and little water passes into the plant, transpiration
from the leaf and stem surfaces may lead to wilting and finally to the
death of the cells of the leaves, the stem, and the roots. This is death by
desiccation. The lower or older leaves usually dry out first and the
younger leaves last.

Water-holding substances. Another effective factor that may retard
transpiration is the presence within the plant tissues of colloidal gels
such as pectic compounds, mucilages, and gums. When saturated, these
compounds, like saturated jelly, have little effect on the rate of evapora-
tion of water from them; but as their water content decreases, the force
by which the remaining water is held increases. Many succulents con-
tain these compounds. Cacti, which contain mucilages and are highly
cutinized, may retain sufficient water for life and renewal of growth for
a year or more. Even such thin leaves as those of tobacco, when re-
moved from the plant, may retain sufficient water to keep them pliable
for weeks in a room where most other leaves become desiccated and
brittle.

Wind. Moderate air currents may accelerate transpiration by the re-
moval of more or less saturated layers of air from the immediate sur-
faces of the plant. When these layers have been removed further increase
in wind velocity has little or no effect on the rate of transpiration.

The pull of transpiration. One of the consequences of transpiration
that extends throughout the plant is the movement of water to the leaves
from other organs. The net result of all the diffusions of water mole-
cules in leaves from vessels to mesophyll and epidermal cells is that
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water, because of the cohesion of its molecules when confined in small
tubes, is pulled forward in the veins of the leaf and the vessels of the
stem. It is this pull upon the continuous water columns in the xylem
vessels of stems that accelerates the movement of water to the leaves at
the tops of trees.

If during rapid transpiration the upward movement of water is
stopped by compressing the stem or by severing the stem from the roots,
the water in the veins of the leaf and in the vessels of the stem is soon
depleted. No more water passes to the mesophyll cells and the epidermis.
Transpiration continues and leads to the loss of turgor of the mesophyll
and epidermal cells. The stomates are closed by the loss of turgor of the
guard cells, and the rigidity of the leaf declines—the leaf is “wilting.”

On a clear warm day in midsummer the same sort of thing happens in
an intact plant, but it does not always proceed so far. If the rate of
transpiration is more rapid than the rate at which water enters from
the soil and is drawn up the stem into the leaf, turgor decrecases and
stomates gradually close. Cuticular transpiration alone continues, and
the transpiration rate is greatly reduced. Water continues to move up
from the roots through the stem and into the leaf cells; and after a time
the water content of all cells is restored, and the cells become turgid.
Under the conditions assumed in this paragraph the leaves may not
regain their customary rigidity before evening. The stomates, how-
ever, may remain closed until after sunrise the following morning.

During dry periods in summer, water may move to the leaves from
nearby fleshy fruits on a tree, and as a result the fruits become shriveled.
The water is kept from the fruits by the pull of transpiration from the
leaves (Fig. 80).
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Fic. 80. Diagram of daily increase and decrease in diameter of lemon fruits
attached to the tree. Transpiration from these fruits is negligible. The daily shrink-
age was due to movement of water from the fruit to adjoining stems and leaves.
During the night the water content of the fruit was restored. After E. T. Bar-
tholomew, 1926.
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Summary. The principal internal factors that influence the rates of
evaporation and diffusion of water vapor from plants are: (1) the open-
ing and closing of the stomates; (2) the concentration of water vapor in
the internal air spaces of the leaf in comparison with that of the atmos-
phere; (3) the temperature of the leaf; (4) the water content of the
plant tissues, as affected by the rate of movement of water from the
soil; (5) the occurrence in the cells of colloidal gels which have a high
water-holding capacity, such as pectic compounds, mucilages, and
gums; and (6) the cutinized epidermal walls in some plants.

Wax and resinous coatings on the epidermis may reduce cuticular
transpiration, but their effect on stomatal transpiration is slight. Dead
hairs, even when forming felt-like coverings, decrease transpiration very
slightly or not at all; living hairs increase it to some extent. The value
of any superficial structures in conserving water cannot be estimated by
examining the plants. Their effects can be determined only by careful
experimentation.

The most important external factors that affect the rate of transpira-
tion are: (1) the energy of sunlight as it affects the internal tempera-
tures of leaves in relation to external temperature, and the opening and
closing of the stomates; (2) the temperature of the atmosphere and the
soil; (3) the concentration of water vapor in the atmosphere; (4) the
water conditions in the soil; and (5) the movement of air. Wind pre-
vents the accumulation of moist air about the plant surfaces; but when
the velocity is increased beyond that necessary to remove the layer of
moist air, there is little further increase in transpiration.

The evaporation and diffusion of water from the mesophyll cells are
followed by the osmotic movement of water from the veins into the
mesophyll cells. This movement in turn exerts a pull on the water col-
umns in the veins of the leaf, stem, and roots, and probably on the water
in all the other cells of the stems and roots. This is commonly called the
pull of transpiration.
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CHAPTER XXV

TRANSPIRATION AFFECTS PLANT DEVELOPMENT
AND DISTRIBUTION

OOOCOOCOOOOOOOOOOOOOOOOTOOTOOOOOOOOOOOOOOOOOOOCOOOOCOOCOOCOOOCOOOO

Environmental factors that affect the rates of transpiration, photosyn-
thesis, or respiration often limit the development and distribution of
plants. In green plants both photosynthesis and respiration are essential
processes. Without them these plants neither grow nor survive very
long. When respiration continuously exceeds photosynthesis green plants
die of starvation.

Although transpiration, unlike respiration and photosynthesis, is not
known to be essential to plants, its harmful effects become apparent
when water loss exceeds absorption and results in wilting, desiccation,
and even death. Excessive transpiration may profoundly affect food
synthesis, growth, and the formation of flowers, fruits, and seeds. It
is often an cffective factor in limiting the geographic distribution of
individual plants and of plant communities. Because of its effects on the
qualities and yields of crop plants, transpiration has been an ever-present
influence in the regional allocation of crops in the United States.
Throughout human history it has been one of the primary factors that
limited the population of various geographic regions.

Tissue development in the growing regions of plants depends upon
an adequate water content in the cells. The enlargement of cells and
tissues ceases when transpiration exceeds the water supply. During hot
dry weather in summer a plant exposed to full sunlight may be actually
smaller in the evening that it was in the early morning. Tree trunks may
be measurably smaller in diameter in late afternoon than they were in
early morning (Fig. 136, page 324).

Each spring we may observe the opening of buds and the growth of
new leaves on trees and shrubs. There is little cell division after the
leaves are one-fourth grown, and further expansion is the result of the
growth of cell walls and the osmotic absorption of water in the cells
of the leaf. During warm moist weather the volume of a young growing
leaf may become doubled during one night. When transpiration exceeds

233
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absorption there will be no further enlargement. Likewise, any increase
in size of other parts of a plant occurs by cell division and enlargement
or by the enlargement of cells previously formed. Consequently, the
growth of all plant organs may be affected by transpiration. Further-
more, the rates of chemical processes (oxidation-reduction, hydrolysis,
and condensation) may vary as the water content of the cells fluctuates,
and result in changing the chemical compounds formed in these cells.
Some of the effects of drought upon the growth of the epidermis and
mesophyll of leaves are illustrated in Chapter 1X.

The effects of low water content in plants are most pronounced dur-
ing those occasional short or prolonged periods of drought, of high tem-
perature, or of low humidity, when transpiration greatly exceeds water
absorption in many species of plants. If a number of different species
are exposed fo these extreme environmental conditions, the cffects on
their individual rates of transpiration, their photosynthesis, their growth,
and their survival are usually different. The vegetative tissues of certain
fungi, mosses, ferns, and a few seed plants may become dry and
brittle without being killed. They may survive in this condition for
days or weeks, and resume growth when water becomes available.
The vegetative tissues of most plants, however, die from the effects of
excessive water loss long before they become air dry. A deficiency of
water within the cells of plants is sometimes referred to as “internal
drought.”

Transpiration from seeds, bulbs, tubers, and other dormant organs is
slow, and these are the only organs of many plants that survive prolonged
periods of drought.

The very slow-growing and succulent species of desert regions and
other extremely dry habitats may survive, grow, and reproduce in sur-
roundings in which other species wither and die in a short time. Experi-
ments have shown that some of these succulents, when detached from
the soil and placed on a window ledge or table, not only survive for
months, but may even bloom and bear fruit several months later. The
extremely slow rate of transpiration from these plants in a hot desert
climate is almost incredible.

Some of the differences in rates of transpiration among a variety of
species of plants growing in diverse environments, are summarized in
Tables 8, 9, and 10.

On an average day in the growing season a mature corn plant may
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TasLE 8. Rates of Water Loss per Day in M idsummer:

A single plant of corn may lose 8 to 4 quarts

A single plant of giant ragweed 6 to 7 quarts

A single young 10-foot apple tree 10 to 20 quarts

A 12-foot columnar cactus 0.02 quart

A coconut palm in the moist tropics 70 to 80 quarts
A date palm in a Sahara desert oasis 400-500 quarts

lose the equivalent of 100 per cent of the water contained in it. On
the same basis a date palm may lose 90 per cent and a columnar cactus
.04 per cent.

TasLe 9. The Water Losses from Single Plants during a Growing Season
Estimated from Experimental Data

Length of

Plant Season in Water Loss
Days

Tomato 100 30 gallons
Corn 100 50 gallons
Sunflower 90 125 gallons
Giant ragweed 90 140 gallons
Mature apple tree 188 1,800 gallons
Coconut palm, Philippines, moist tropics 365 4,200 gallons

Date palm, Sahara desert oasis 365 35,000 gallons

Effects of excessive water loss. When rains are frequent and well spaced
throughout the growing season and the soil contains a favorable supply
of water, the enormous losses of water vapor by individual plants, or by
plant communities, are of little importance in the survival of the plants.
However, if transpiration in excess of water absorption leads to a
reduced water content in tissues, photosynthesis is decreased and growth
is retarded or stopped. If this retardation of processes takes place during
the early life of many species of plants, the plants may not fully recover
from these effects when subsequently supplied with an abundance of
water.

Irrigation and dry farming are methods of balancing transpiration
with soil water. The former is a method of conveying water to fields, and
the latter of conserving water that enters the soil from natural sources
during the years crops are not planted.
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TasLE 10. Estimates of the Water Losses by Transpiration from Crops and
Plant Communities Growing Under a Variety of Conditions

Amount of Water Loss

per Acre
Kind of Plant - -
in Gallons | " Acre-
inches
Corn in eastern Kansas, 6,000 plants per acre, 100 325,000 11
days
Corn in central Illinois, 10,000 plants per acre, 100 400,000 15
days
Young apple orchard in central New York, 400 trees 240,000 9
per acre, 188 days
An acre of irrigated date palms in a southern Cali- | 2,500,000 90
fornia desert, 400 trees per acre, per year
An acre of 12-ft. columnar cacti in a southern Arizona 275 0.01
desert, 400 plants per acre, per year

Irrigation. Long before the earliest historical records man cultivated
plants in deserts and semi-deserts by irrigating gardens and fields with
water from streams, lakes, and artesian springs. Egypt, for example, has
practically no rainfall, but the government had organized irrigation
projects along the Nile River as early as 4000 B.c. Later it became the
granary of the Roman Empire. The high transpiration rates of most crop
plants can be sustained if the soil water is renewed at all times. Today
more than 7 million acres in Egypt are irrigated and 2 or 3 crops of cot-
ton, cereals, beans, sugar cane, and vegetables grow and mature each
year.

At the present time more than 25 per cent of the land surface of the
earth is too deficient in rainfall for crop plants without irrigation, and
only a very small fraction of this land can be irrigated. The half-buried
cities discovered in some of the deserts of Asia are evidences of the
former existence there of large human populations. As a result of shifts
in rainfall patterns in these regions irrigation long ago become impossi-
ble and the inhabitants migrated elsewhere.

When the Aztecs established their capital in 1325 a.p. where Mexico
City now stands, they built floating gardens in the nearby lake in which
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maize, beans, tomatoes, and vegetables were raised for the community.
Seeds were planted in soil on large mats of interwoven branches which
were moored in shallow water. This scheme of irrigation brought the
plants to the water instead of the water to the plants.

Irrigation has long been practiced in our southwestern deserts, first
by the Indians and more recently by the white settlers. These irrigation
projects made possible the cultivation of tropical and subtropical fruits
and vegetables wherever irrigation water was available. At first these
gardens were mostly of local importance; but with the introduction of
better methods of harvesting, better refrigeration, and more rapid trans-
portation, the desert gardens became big business, and the fruits and
vegetables now enrich the markets of the eastern states.

Irrigation and Crop Yields. How directly crop yiclds are correlated
with the available water in regions of high evaporation may be seen in
the following results of experiments with corn at the Utah Experiment
Station:

Acre-inches Yield in Bushels
Water Added per Acre
0.00 26.00
15.00 53.00
20.00 63.00
37.00 76.00

Similar results were obtained in experiments with wheat:

Acre-inches Yield in Bushels
of Water Added per Acre
4.60 4.50
8.90 11.30
17.50 15.30
30.00 26.60

Even in the eastern states where irrigation is usually considered unneces-
sary, market gardeners and orchardists have found it quite profitable to
supplement the water in the soil from rains. During drought periods
this practice has often led to profitable yields when nearby unirrigated
crops were a total failure.

Geographic allocation of crops. During the early migration of settlers
westward from the eastern seaboard into the great central valley, the
selection of crop plants suitable for cultivation was gradually altered by
trial and error. Temperature effects led to the early separation of crops
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profitable in the southern, middle, and northern states. When new gen-
erations of pioneers invaded the grasslands beyond the forest border a
new group of factors set limits to crop production. Not only does the
rainfall gradually decrease westward to about one-half that at the forest
border, but the rains usually occur in the spring and early summer.
Moreover both the amount of rainfall and its distribution are very ir-
regular in successive years. The atmosphere is drier, and in late summer
hot winds move in from the southwest and cause wilting, arrest of
growth, or desiccation of immature crop plants which mature regularly
in the same latitudes eastward.

To stabilize agriculture in the grasslands new crops or varieties were
needed that could withstand high temperatures, that mature earlier, and
that have smaller tops in proportion to the root system. Sorghums were
introduced by the Department of Agriculture from the dry regions of
Asia and Africa that met the above specifications. Sweet sorghums were
widely planted in the southern and mid-western states as a source of
syrup and fodder. The shorter grain sorghums, especially Milo and
Kaffir, are more dependable than corn. Still another sorghum called
Sudan grass was proved to be a better source of forage in the southern
half of the plains region. Short-lived millets were likewise introduced
from the Old World.

South of Nebraska the yield of hard winter wheats was found to be
more consistent than that of soft red winter wheats from the eastern
states. Northward hard spring wheats and durum wheats are profitable
even as far west as the mountains of Montana.

As a result of hybridization and selection at the experiment stations,
many new varieties of all these plants have been made available. They
are higher yielding, less susceptible to injury by certain fungi and insects,
and Dbetter fitted to the various local temperature, moisture, and soil
conditions in the plains country.

Distribution of local plant communities. The differences among the
native plant communities that develop in ponds, marshes, shrub swamps,
swamp forests, and the adjoining upland are so marked that almost
everyone can recall the distinctive appearance of both the plants and
the communities.

In the pond are wholly submerged “pond weeds,” some rooted and
others not. On the surface may be floating algae or duckweeds, and ex-
tending above the water surface are water plantain, arrowhead, water
smartweed, and many others. The marshes are characterized by bul-
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rushes, cattails, sedges, and grasses; the shrub swamps by certain dog-
woods, buttonbush, alders, and shrubby willows. The swamp forest is
dominated by species of sycamore, elm, ash, maple, hickory, and oak.
There are also scattered small trees and shrubs beneath the forest can-
opy, and certain characteristic herbaceous plants form a ground cover.
An undisturbed upland forest in the same region consists of another
group of tree species such as the upland oaks, hickories, maples, beech,

G HOATH SOUTH —+

Moet Intense Light
Higher Summer Temperatures

Highest Evaporation Rate
s foet above the sal

Highest Transpiration Rate
from low plants

Fic. 81. Diagram of contrast in vegetation on north- and south-facing slopes of a
gorge in Pennsylvania.

walnut, and linden. It also has several layers of undergrowth—small
trees, shrubs, and herbs.

In the chapters on photosynthesis attention was called to the manner
by which certain kinds of plants may exclude others in a forest by over-
shading them. Likewise the discussion of respiration included the fact
that only certain species of plants can grow submerged in water, or
where the soil is saturated with water and deficient in free oxygen.

Transpiration is a third factor in the elimination of species, and is
most effective in upland forests. Here high transpiration rates may
cause wilting and death during periods of drought. Again the plants
most affected are the seedlings with their limited root systems. But in
very prolonged droughts certain species of trees in the swamp forest may
be injured to a greater extent than the upland trees because they have
shallow root systems. In the complex forest communities the largest
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plants, while shading and reducing the transpiration of the plants be-
neath them, also have far more extensive root systems. Consequently
transpiration of the larger plants may decrease the water content of the
soil so much during certain seasons that the herbaceous and woody
plants beneath with small or shallow root systems die.

Another example of the effectiveness of transpiration may be illus-
trated by the vegetation in gorges (Fig. 81). On the sides of the gorge
are rock cliffs above long talus slopes. A narrow flood plain borders the
stream. To picture the extreme conditions we may consider a section of
a valley extending in an east and west direction.

On top of the cliffs the upland hard pines are the only trees that
have survived. On the south-facing talus slope the mixed oak forest pre-
dominates, with scattered pines and hickories. On the steep north-facing
talus, hemlock, beech, birch, maple, and tulip are dominant. In the
upland surrounding this gorge the vegetation is oak, hickory, and pine.
Beech, hemlock, and birch have not survived above or on the south-fac-
ing slope. Evaporation is several times as great there as on the shaded,
humid side of the gorge, and the water supply in the upper layers of the
soil is exhausted much sooner. Similar gorges where the upland climate
is too dry for trees such as beech, hemlock, tulip, and birch may be
found in many parts of the eastern United States. The trees in the gorges
are living in a humid “microclimate” where drought rarely becomes suffi-
ciently excessive to inhibit their development. The undergrowth in such
situations is just as different from that on the south slope and the upland
as are the dominant tree species.

Transpiration in relation to available soil water will be discussed
further in Chapter XXX.

Major vegetation types and transpiration. Transpiration when studied
in the laboratory and greenhouse is often compared with evaporation
from a wet surface. Under the experimental conditions the curves rep-
resenting the rates of evaporation and transpiration are frequently very
similar. One may therefore be led to the conclusion that where the rate
of evaporation of water is high in nature, the transpiration will also be
high. This reasoning overlooks the matter of water supply upon which all
transpiration is dependent. Forests, prairies, steppes, semi-deserts, and
deserts occur in regions of successively increasing drought and increas-
ing evaporation from water surfaces. The annual evaporation may be
50 times as great from an open pan of water in the desert as from a
similar pan in some wet forest region. The annual transpiration from
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desert plants, however, is very slight when compared with that of plants
in a wet forested region.

Transpiration in nature decreases as one goes from forest to prairie,
to steppe, to semi-desert, and to desert for the obvious reason that the
plants in these formations have successively decreasing amounts of water
available. Their periods of greatest loss of water are more and more
limited to moist periods instead of throughout the year. The date palm
mentioned earlier in this chapter illustrates how great transpiration may
become in some plants when there is an unlimited water supply. The
cactus exemplifies how low it may be when the water supply is reduced
to a minimum. An acre of forest may lose 10 to 25 acre-inches of water
in moist temperate regions, while an acre of prairie grass in Nebraska
loses about 2 acre-inches. If transpiration of trees were as effectively
checked as in certain cacti without interfering with photosynthesis and
respiration, the whole landscape east of the Rockies would be dominated
by forests.

Is transpiration an essential process? Transpiration is an inescapable
physical process in most species of plants. Is it merely neutral, or harm-
ful, or is it an essential process comparable to photosynthesis and res-
piration? This question has often been discussed pro and con in botanical
literature, and it is frequently answered without a clear analysis of the
problem. In the case of a green alga or a flowering plant growing sub-
merged in water, transpiration certainly is not an essential process. If the
plant is removed from the water and placed in the air, transpiration oc-
curs only as an unavoidable process and its effects soon cause death.
Transpiration goes on whether its effects are harmful or beneficial, just
as water evaporates from a wet towel or any other saturated object ex-
posed to the air. Consequently if transpiration is an essential process in
plants, it must be limited to those in which some part or the whole plant
is exposed to the atmosphere.

One should be clear whether the term “essential” is applied to the
survival of the plant, or merely to some particular quantitative difference
in its development. We have already seen that leaves are thicker, have
a thicker cuticle, more layers of palisade cells, and a greater amount of
woody cells when they develop in dry air where transpiration is high
than when they develop in moist air where transpiration is low. Trans-
piration may be essential to many such quantitative differences among
plants, without being essential to the survival of the plant. These differ-
ences are merely the ultimate effects of transpiration on development.
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- Among the claims that transpiration is an essential process are: (1)
that it is necessary to cool the plant on hot summer days, (2) that it is
necessary in the absorption and conduction of salts from the soil to the
leaves, (3) that it increases the water supply of the plant, (4) that it
regulates the water content of the plant, (5) that it maintains the water
supply of leaf cells, and (6) that it would not occur in plants if it were
not of some value to them.

The fallacies implied in the last four statements should be so obvious
from data discussed in previous chapters as to make further discussion
unnecessary here. Some additional data may help to evaluate the first
two statements.

The cooling effect of transpiration is most frequently cited as its es-
sential feature. It is claimed that if transpiration did not occur, the
temperature of leaves in full sunshine on a hot summer day would rise
to 150° F. or more; this rise is sufficient to kill protoplasm. The well-
known fact that the evaporation of water lowers the temperature of the
mass from which it is evaporating is sufficient evidence that transpira-
tion has a cooling effect on the plant, but it is not sufficient evidence
that it is essential, or that it prevents the temperature of a leaf from
rising to 150° F. every day in summer.

When one compares the enormous differences in the rate of transpira-
tion in the date palm, coconut palm, and cactus in the tropics he might
expect them to differ greatly in their internal temperature. It is known,
however, that the temperature of all plants corresponds fairly closely to
that of the atmosphere in which they are growing. The daily evaporation
of water from the columnar cactus mentioned earlier in this chapter
would lower its temperature less than 14 of a degree, yet it daily ab-
sorbs sufficient radiant energy from the sun to raise the temperature and
kill the protoplasm if there were no other way by which heat passed
from the plant to the surrounding air. A hot stove loses heat by radia-
tion and convection. A plant warmer than the surrounding air also loses
heat by radiation and convection.

When the temperature of a plant is more than a few degrees above
that of the surrounding air the loss of heat from the plant by radiation
and convection usually exceeds the amount lost by transpiration. The
greater the difference between the temperature of the plant and that of
the surrounding air, the less important is the loss of heat by transpira-
tion in comparison to that lost by radiation and convection.

The relation of transpiration to salt absorption and conduction is
an indirect one. The date palm mentioned earlier absorbs and loses



[Chap. XXV TRANSPIRATION AFFECTS PLANT DEVELOPMENT 243

40,000 times as much water as the cactus plant cited in the same table.
The roots of the coconut palm grow in both brackish and fresh water.
If the absorption of salts depended upon the absorption and transpira-
tion of water, one would expect to find corresponding differences in the
salt content of these plants. No such differences occur. Salts enter the
roots of plants as molecules and ions by diffusion. This diffusion of
salts is undoubtedly influenced by electrical charges, but, as we have
already seen, it is independent of the diffusion of water into the cells.
After the salts have entered the plant, their movement within the plant
is brought about by further diffusion accompanied by flow in the xylem
tubes and by protoplasmic streaming.

Transpiration may indirectly influence the total amount of salts ab-
sorbed by plants through its effects upon several other processes. Two
plots of bean plants were placed under experimental conditions so that
the plants in one plot grew in a saturated atmosphere, the others in an
atmosphere having only 25 per cent humidity. Transpiration was much
greater in the plants exposed to the drier atmosphere. These plants
were not as tall as those that grew in the saturated atmosphere. Their
root systems were larger in proportion to the leaves and stems above
ground, and both their dry weight and salt content were greater. That
is, there was a greater amount of photosynthesis in the plants in the
drier air, a greater amount of assimilation of foods, and a greater amount
of salts absorbed. Here again is evidence of quantitative variations in
plant development due in part to differences in transpiration, but such
facts are not evidence that transpiration is essential to the plant. One
may say, however, that it is essential to certain differences in develop-
ment, provided that these same differences cannot be obtained by chang-
ing some other process.

From the experimental data available it appears that the most effi-
cient leaves are those that develop when the roots of land plants are
well supplied with water and transpiration rates are moderately high
during the periods when the leaves are growing. The number of layers
of mesophyll cells is greater and the mesophyll surface exposed to the
air in the intercellular spaces per leaf area is at a maximum (Fig. 32,
page 77). As a result a greater amount of sugar may be made throughout
the life of the leaves. All these favorable effects of transpiration may be
partially annulled by such conditions as an overabundance of nitrates,
or by a deficiency of light or of certain ions of inorganic salts—for ex-
ample, a deficiency of magnesium ions.

Most plant physiologists have come to the conclusion that wet cell
