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Preface

Until recently, a monograph on a specialized subject such as stress re-
mained current and in need of only minor revisions for one or more decades.
Now, the explosion of information has ended this relatively long life. Lange
(1975), reviewing a mere two years of investigations in only one of the stress
areas, covered 2700 publications and admitted that this did not include all
the published works. On this basis, it can be estimated that the total number
of publications in all areas of environmental stress since completion of the
first edition of this monograph must be in the tens of thousands and of the
same order as the total number published in the whole history of the subject
before the first edition.

To allow this mass of publications to accumulate without attempting
to incorporate them into an overall treatment of the subject would lead to a
tragic loss of valuable information contributed by the intense efforts of
countless able scientists. It would also leave the subject of environmental
stress in an archaic and even chaotic state. Someone had to have either the
courage or foolhardiness to attempt an integration of as many as possible of
these newer investigations with one another and with the earlier work and to
propose general principles based on this integration. Even if most of such
proposals should prove to be incorrect, they will contribute to the science by
suggesting the most reasonable direction of future meaningful research.

| have, therefore, taken the liberty of hypothesizing liberally throughout
this second edition, which is composed of two volumes. The reader must
always remember, however, that in our present state of ignorance all such
hypotheses must be tested, not accepted. Some of them may even be proved
incorrect on the basis of newer information appearing between completion
of the manuscript and its publication.

I apologize to those scientists whose valuable work has been overlooked
or inadequately treated in this first volume of the second edition.

). Levitt
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Preface to the First Edition

For many years, bits of information have been accumulating on the effects
of stresses on plants. | have long felt the need to integrate these in an attemptto
discover the basic principles. This need has now become more urgent due to
the increasing importance of stress injuries, largely as a result of man’s
activities. Previously known stresses are becoming more important, and new
ones are constantly arising. The practical aim is, therefore, to learn how to
control the stresses, or to decrease the injuries they produce.

But the practical goal, though sufficient in itself, is not the sole reason for
investigating environmental stresses. It has been said that to understand the
normal cell we must study the abnormal cell. To paraphrase this statement, if
we wish to understand life we must also study death. The causes of death as
a result of exposure to environmental stresses are, therefore, of fundamental
importance to all biology, and, for that matter, to all human activities since
these are all impossible without life. An understanding of the nature of
environmental stresses and of the plant’s responses to them may, therefore,
help to answer the age-old question: What is life?

It is, therefore, essential that we understand how stresses produce their
injurious effects and how living organisms defend themselves against stres-
ses. Why then confine our attention to plants? The simplest answer, of
course, is my ignorance. But there is also another reason. The plant has
succeeded in developing defenses against stresses that the animal (with few
exceptions) has not developed, for instance, against freezing and drought.
These also happen to be the stresses that have been most intensively studied.
As a result, the research on animals has been mainly confined to responses
of quite a different kind. At this stage, therefore, the resistance of plants to
environmental stresses is a field in itself. This does not mean that investiga-
tions of other organisms can be completely ignored. Some of the most
important aids to our understanding of the effects of stresses on plants have
come from investigations of animal cells and microorganisms. Such informa-
tion must, of course, be included.

I have covered four stresses in previous publications: ““Frost Killing and
Hardiness of Plants”” (1941, Burgess, Minneapolis), “The Hardiness of
Plants’” (1956, Academic Press, New York), Frost, drought, and heat resis-
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xii PREFACE TO THE FIRST EDITION

tance (1958, Protoplasmatologia 6), and Winter hardiness in plants [1966,
in “Cryobiology”” (H. T. Meryman, ed.), Academic Press, New York]. The
first two are now out of print, and all are out-of-date. This monograph will
include essentially all the environmental stresses which have been inten-
sively investigated (with the exception of mineral deficiencies, which com-
prise too broad and involved a field to be incorporated with other stresses)
and will attempt to bring the information on the above four stresses up-to-
date. An attempt will then be made to analyze the possibilities of developing
unified concepts of stress injury and resistance. The aim of this synthesis is,
therefore, a comprehensive, unified, and molecular point of view. Descrip-
tive aspects of the plant’s responses have been largely excluded. For a
diagnostic approach to the problem, the reader is referred to Treshow
(1970, ““Environment and Plant Response,” McGraw-Hill, New York).

Only too often in the history of science, parallel investigations by different
investigators have led to parallel but different systems of nomenclature. This
has occurred in the field of stress research. Any attempt to integrate the
results of such parallel investigations requires the adoption of a single,
exactly defined terminology. In the case of stresses, this terminology should
be applicable to all organisms, plant as well as animal. | have, therefore,
attempted to introduce such a uniform terminology in this monograph. The
earlier term ““frost”’ has, for instance, been discarded in favor of “freezing,”
which is now used more generally by cryobiologists. Similarly, the term
“tolerance’ is adopted in place of the older ““hardiness.” It is my hope that
such adoptions will clarify rather than confuse the concepts.

Unfortunately, the information explosion has prevented an all-inclusive
integration. | tender my apologies to all investigators whose important con-
tributions have not been included.

J. Levitt
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1. Stress and Strain Terminology

The responses of plants to the severities of their environment have oc-
cupied the attention of man long before the beginnings of the science of
biology (Levitt, 1941). To the farmer, plants that survive in these environ-
ments are “‘hardy,”” those that do not are “‘tender.” The scientist, however,
requires a more quantitative terminology. Therefore, in recent vyears,
biologists have adopted the term stress for any environmental factor poten-
tially unfavorable to living organisms, and stress resistance for the ability of
the plant to survive the unfavorable factor and even to grow in its presence.
Unfortunately, although stress has been exactly defined in mechanics, no
such exact terminology has been developed in biology. Since the lack of
exact terminology in science commonly leads to a lack of exact concepts, an
attempt will first be made to apply the definitions of mechanics to biology. It
must be recognized at the outset, however, that the mechanical and the
biological stresses are not completely identical, and that, therefore, the ter-
minology can be transferred only up to a point. Furthermore, the medical
concept of stress (Selye,1973) is quite different from both the biological and
the physical.

A. PHYSICAL STRESS AND STRAIN

According to Newton'’s laws of motion, a force is always accompanied by
a counter force (Duff, 1937). If a body A exerts a force on body B, then body
B must also exert a counter force on A. The two forces are called action and
reaction and are parts of an inseparable whole, known as a stress. When
subjected to a stress, a body is in a state of strain. The external force pro-
duces internal forces between contiguous parts of the body leading to a
change in size or shape. The magnitude of the stress is the force per unit
area. The magnitude of the strain is the change in dimension (e.g., length or
volume) of the body.

Up to a point, which is specific for each body, a strain may be completely
reversible. Such reversible strains are said to be elastic. Beyond this point,
the strain will be only partially reversible, and the irreversible part is called

3



4 1. STRESS AND STRAIN TERMINOLOGY
the permanent set (Fig. 1.1). The permanent set is also called a plastic
strain. The elastic strain produced in a specific body as a result of a specific

stress will always be the same, and the strain is proportional to the stress.
Therefore,

M = stress/strain

The constant M is known as the modulus of elasticity of the body, which
differs for different bodies: the greater the modulus, the more elastic the
body. The more elastic the body, the greater is its resistance to deformation
(i.e., the larger the stress required to produce a unit strain). It should be noted
that elasticity is not the same as elastic extensibility, which is a measure of
the maximum possible elastic (i.e., reversible) strain. Unlike elastic strains,

(A)

} ELASTIC STRAIN

e — —_— — -

(B)

PLASTIC PLASTIC STRAIN

+

ELASTIC PERMANENT SET
STRAIN

Figure 1.1. Elastic (A) and plastic (B) strains in a simple physical system.



BIOLOGICAL STRESS AND STRAIN 5

plastic strains are not constant for specific stresses, since they may eventu-
ally lead to rupture of the body. There is, therefore, no modulus of plasticity.

B. BIOLOGICAL STRESS AND STRAIN

Biological stresses differ from mechanical stresses in two main ways. First,
since the plant is able to erect barriers between its living matter and the environ-
mental stress, the stress must be measured not in units of force but in units of
energy. Second, the term stress in biology always has a connotation of possible
injury—i.e., of irreversible or plastic strain. A biological stress may, therefore,
be defined as any environmental factor capable of inducing a potentially injuri-
ous strain in living organisms. Since the biological stress is not necessarily a
force, the biological strain is also not necessarily a change in dimension. The
living organism may, however, show a physical strain or change (e.g., cessa-
tion of cytoplasmic streaming) or a chemical strain (a shift in metabolism). If
either strain is sufficiently severe, the organism may suffer a permanent set, i.e.,
injury or death. Like the physical body, a specific organism will undergo a
specific strain when subjected to a specific stress. It will, therefore, have its
own modulus of elasticity, or resistance to physical or chemical change. By
analogy with disease resistance, the term “‘elastic resistance’” is more in
agreement with biological terminology than modulus of elasticity. In biolog-
ical systems, unlike physical systems, ‘“plastic resistance’” is more com-
monly measured than elastic resistance. Since plastic strains may be depen-
dent on the time exposed to the stress, the time factor must be measured
whenever the plastic resistance of biological systems is determined. The
above stress terminology for the two systems is compared in Table 1.1.

The stress resistance of biological organisms is, therefore, of two main
types. Elastic resistance is a measure of the organism’s ability to prevent
reversible or elastic strains (physical or chemical changes) when exposed to
a specific environmental stress. Plastic resistance is a measure of its ability to
prevent irreversible or plastic strains and, therefore, injurious physical or
chemical changes.

One advantage of a precise biological terminology based on an analogy
with mechanics now becomes apparent. The term resistance to environmen-
tal stresses has been mainly used for plastic resistance. The concept of an
elastic resistance has not been as clearly recognized. There is, therefore, a
whole field in physiology waiting to be investigated—a determination of the
comparative elastic resistances of different organisms and an attempt to
discover the mechanisms involved. As an example, when a corn plant is
cooled from 30° to 5°C, its growth comes to a complete stop. Wheat, on the



6 1. STRESS AND STRAIN TERMINOLOGY

TABLE 1.1

Stress Terminology

Term Physical sense Biological sense
Stress A force actingonabody  An external factor acting on an
(F/A = dynes/cm? or organism (e.g., bars of
bars) water stress)
Strain A change in dimension Any physical or chemical change
produced by a stress produced by a stress
Elastic strain A reversible change in Areversible physical or chemical
dimension change
Plastic strain Anirreversible changein  An irreversible physical or
dimension chemical change
Modulus of elasticity Stress/elastic strain Intensity of external factor/
(or elastic resistance) amount of reversible physical
or chemical change
Modulus of plasticity Not measured Intensity of external factor pro-
(or plastic resistance) ducing a standard irreversible

physical or chemical change?

aThe organism must be exposed to the stress for a standard time.

other hand, continues to grow, though at a slower rate. In both cases, when
returned to the normal growing temperature, normal growth is resumed. The
strain is, therefore, reversible, i.e., elastic. Why does the corn plant suffer a
greater elastic strain than the wheat plant when cooled? Or, using resistance
terminology, what is the cause of the greater elastic resistance of wheat than
corn when cooled?

Another advantage is that the importance of the time factor becomes
obvious in the case of plastic strains. The plastic stretch of a wire may be just
as dependent on the time exposed to the stress as on the stress itself. Simi-
larly, injury to an organism is just as dependent on the time exposed to a
high-temperature stress as on the high temperature used. On the other hand,
this is not completely true of freezing stresses, as will be seen below.

There are two pronounced differences, however, between the responses
of a nonliving body and of a living organism to stress.

1. Plastic strains in biological systems may be reparable. As in the case of
the physical systems, the plastic strain will increase with the stress, produc-
ing more and more injury; the plastic strain is irreversible only in the spon-
taneous (thermodynamic) sense. The plant may be able to repair the strain
by an active expenditure of metabolic energy. As the stress increases, the
plastic strain also increases until the “rupture’”” point, when the strain is irre-
versible both thermodynamically and by metabolic repair, and the plant is
killed. It is obvious, then, that stress resistance has two main components:



BIOLOGICAL STRESS AND STRAIN 7

(@) The innate internal properties (or ““forces”) of the plant which oppose
(i.e., resist) the production of a strain by a specific stress. (b) The repair sys-
tem which reverses the strain. Only the first of these is analogous to the
modulus of elasticity in physical systems.

2. Living organisms are adaptable. They are, therefore, capable of chang-
ing gradually in such a way as to decrease or prevent a strain when sub-
jected to a stress. Both the elastic and plastic resistances of a plant to a
specific stress may, therefore, increase (or decrease). This adaptation may be
either stable, having arisen by evolution over a large number of generations,
or unstable, depending on the developmental stage of the plant and the
environmental factors to which it has been exposed. The unstable adapta-
tion must, of course, also have arisen by evolution, but the hereditary poten-
tial is wide enough to permit large changes during the growth and develop-
ment of the organism.

This adaptation is important both in the case of elastic and plastic strains.
Plastic strains are by definition injurious. Therefore the adaptation leading to
increased plastic resistance will obviously prevent injury by a stress which
injures the unadapted organism. This kind of adaptation has been called
“resistance adaptation”” by Precht et al. (1955), since the adaptation implies
a resistance to injury. Injury due to elastic strain would seem to be pre-
cluded, by analogy with nonliving systems. Although elastic strains are re-
versible by removal of the stress and therefore, by definition, are noninjuri-
ous, it must be realized that if they are maintained for a long enough period,
they may lead to injury and even death. This may simply be due to the
inability of the organism to compete with others that undergo less elastic
strain when subjected to the same stress (e.g., mesophiles versus psy-
chrophiles at low temperatures). The elastic strain may also eventually injure
the plant even in the absence of competition, due to a disturbance of the
metabolic balance. Thus, a low-temperature stress may simply decrease the
rates of all metabolic processes reversibly, but not all may be decreased to
the same degree. Therefore, if the stress is maintained for a long enough
period, the strain may conceivably lead to an accumulation of toxic inter-
mediates or to a deficiency of essential intermediates. In either case, a long
enough exposure to the stress may injure or kill the organism. An adapted
organism, on the other hand, may live, grow, complete its life cycle, and re-
generate in the presence of the stress. This kind of adaptation has been called
“capacity adaptation” by Precht (1967). Resistance adaptation may not per-
mit growth and may merely prevent the plastic strain and therefore the injury
until the stress is removed or decreased to the level permitting growth and
development.

Nevertheless, both adaptations involve a resistance to the effects of a
stress; on the one hand, a resistance to elastic strain, and, on the other, a



