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(Frontispiece.)
A striking instance of adaptive behavior. The photographs are scenes from
moving pictures taken of a rat while transferring a dish of food over a wall to
an enclosed space it had been trained to leave in reaching the food place. Since
the rat was reluctant about feeding in the exposed area, it overcame the difficulty
in the above manner. (From Hamillon and Ballachey, 1934. Jour. Genet.
Psychol., 48, p. 261.)
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PREFACE

This work is designed to serve as a systematic textbook of animal
behavior for courses in psychology and biology. Part I covers the
behavior of animals below the mammals, a comparative treatment
in which we have endeavored not only to characterize each important
animal type but also to work out certain fundamental principles of
animal adjustment. In Parts II and III these principles are devel-
oped further as the major problems of animal psychology are
attacked in connection with the behavior of mammals.

This organization of the parts results from an attempt to represent
the manner in which the subject has developed experimentaily, and
also to suggest a solution of the frequent conflict between the
consideration of animal behavior and the treatment of psychological
problems.

It is hoped that a systematic treatment of animal behavior will
stimulate interest in comparative psychology by serving as the
foundation upon which human psychology must rest. Many
problems which cannot be adequately analyzed in human subjects
may be successfully attacked when lower animals are used as sub-
jects. The volume of research in animal psychology has been
increasing rapidly in recent years as science has come to recognize
the fundamental importance of applying concepts to the entire
series of living organisms. Introductory texts in general psychology
express this advance by incorporating more evidence from studies
on infra-human animals. It is probable that in the near future a
training in psychology which does not include a study of lower
animals will be regarded as inadequate.

At the end of each chapter a short list of suggested readings is
appended, to indicate some general treatments of important topics
from sources available in most libraries. In order to keep the
general bibliography within bounds, only those titles are included

which are given reference in the textbook.
ix
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PRINCIPLES OF ANIMAL
PSYCHOLOGY

GENERAL INTRODUCTION

The Nature of Organization in the Living Individual.—The pur-
pose of this volume is to arrive at an understanding of the principles
which underlie the adjustment of animals, as living organisms, to
their environments. Our approach to the subject is based upon the
following interpretation of the fundamental concepts “life”’ and
‘“organism.” Life may be defined as that condition in which a
body demonstrates the functions irritability, motility, and reproduc-
tivity. The organism or living individual is that aggregation of
elements which displays the functions of life in a self-consistent
manner. The physiologist finds that the parts of an organism are
capable of functioning together in a well-integrated manner; and the
psychologist finds this organization expressed in behavior, in the
activities of the organism as it adjusts to its environment.

The unity and organization in the organism are the key to its
behavior as an individual. Our first general task is to consider, for
each outstanding type of animal, the evidence which is essential to
an understanding of the manner in which adaptation to environ-
mental conditions is effected. The “psychological standing” of a
given animal is determined by the degree to which its total organiza-
tior of activities has progressed and by the general nature of this
organization in connection with the overcoming of difficulties which
are encountered in its adjustment to surrounding conditions.

The “interesting things which animals do”’ are fascinating material
for study but have been greatly misinterpreted by some who have
been content merely to describe the acts and to draw from this super-
ficial treatment certain general conclusions as to their nature.
This applies particularly to stories of the performances of domestic
animals, which the proud owners usually are loath to evaluate
in the light of all the evidence and in comparison with the abilities of
other animals. A psychological understanding of such abilities is to
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be gained only through a careful examination of the evidence in the
light of a critical and sound judgment gained in a study of behavior
principles. If the path seems to be difficult at first, the student may
assure himself that the game is well worth the candle.

Major Problems and Order of Treatment.—In a study of the
adaptation of animals to their environments, it is necessary (1) to
analyze the behavior of characteristic animal types in relation to their
structural equipment ; (2) to compare and to contrast the behavior of
the various types of animal; (3) to trace the development of complex-
ity in adaptation through various animal groups; (4) to analyze cer-
tain problems systematically, without special consideration to animal
forms; and (5) to study individual variations in behavior.

Part I represents a survey of the major types of animal which stand
below the mammals in their psychological position, and that part of
the book attacks problem (1) in particular, as well as problems (2)
and (3). Part II prepares the way for Part III, in which we find it
possible to treat problem (4) and problem (5) in studying the behav-
ior of the highest animals, the mammals. This procedure is made
the most profitable one, and the necessary one, by the fact that
psychologists in their experimental investigations of mammals have
directed their efforts primarily toward the solution of certain prob-
lems and not toward the understanding of a given animal as such.
This fact is probably attributable to a natural tendency to view
results in terms of their eventual application to an understanding
of the psychological propensities of man. When man compares him-
self with other animals, he makes the basis of evaluation one which
throws into relief his own admirable superiorities and advantages.

The order in which the major animal groups are treated here is
dependent upon their respective psychological positions as indicated
by the available evidence. For instance, the organization of activi-
ties in the behavior of the worm shows certain important advances
over that of the starfish, and accordingly worms follow echinoderms
in our treatment, although often placed before them in zoological
classification. The mammals are treated last of all because it is in
their behavior that the problems of animal psychology reach their
most complex form. The study of lower animals gives us a keen
appreciation of the basic principles upon which complex behavior
rests in higher groups. This prepares us for a more fundamental
understanding of the most involved psychological organization, that
of the mammal, which otherwise defies adequate analysis.
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The Selection of Material for Study.—In a survey such as the
present one, it would not be possible to treat directly in a compre-
hensive manner the great mass of experimental literature which is
available in this branch of psychology. Therefore we have selected
representative work and have dealt with the results which are
most essential to a systematic study of animal adjustment! Typical
experiments have been given fairly detailed treatment, so that the
student may form a critical attitude while he is gaining a knowledge
of essential methods and types of evidence. Because of limited
space, many important experiments and much valuable evidence
could not be included in the present survey, and at times the selection
of experimental material for consideration has been forced to a some-
what arbitrary basis. We believe, however, that the inclusion of
additional material would verify in further detail the principles
arrived at from the evidence presented.

Since a constructive treatment is desired, evidence has been
critically dealt with in a negative way only when such procedure
contributes to an understanding of method, or when the evidence
concerns an important controversial point. The lessons taught by
inadequate experiments are better learned from the study of other
contributions which compensate for the mistakes.

The specialists will note that certain topics have been wholly left
out or briefly treated. Some matters have seemed either unessential
for a treatment of basic principles, or too little known to contribute
substantially to a study of psychological development. However,
problems such as these usually will be found dealt with in other ways.
For instance, although the phenomenon of bird song is not given spe-
cial attention, similar issues are taken up in our study of the develop-
ment of the pecking response in the chick.

Similarly, the book does not include separate chapters on the
structures of animals, on methodology, and on history. Each of
these topics is related in some specific way to each major problem in
behavior, and is so treated. Structures are considered in connection
with the behavior phenomena which they underlie, and new struc-
tures are described only when their importance for behavior can be
demonstrated as essential to the psychology of the animal concerned.

Although methodology is extremely important, it is questionable
whether a general method can be outlined for the entire subject, since
the method employed depends upon the animal under investigation
and upon the nature of the theory which is heing tested. “Scientific
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method”’ as a general subject constitutes a logical method for arriving
at knowledge. Qualitatively it is not different from any other kind
of fact gathering. A method that leads to new and dependable
information should be used in the investigation of a given problem,
but what method this is can be determined only from experience and
thought. *“Training in science” teaches one where pitfalls are
likely to be found, but the nature of the pitfalls and the special means
of avoiding them depend upon the problem and the animal under
investigation. New methods grow out of new concepts, and no
general framework for these can be outlined @ priori.

As for a special study of history, the lessons which it teaches are
largely if not entirely embodied in a study of the contemporary
condition of the science. Accordingly, special reference is made to
historical events only when they have some special significance for
the understanding of a problem, and reference is then made in con-
nection with the problem for which the event is of particular impor-
tance. Those who are interested in history as a special subject are
referred to separate treatments such as the excellent one offered by
Warden, Jenkins, and Warner (1934).

The Logical Treatment of Evidence—Fach phenomenon in animal
behavior represents a problem. The comparative psychologist
first attempts to understand the causal factors which contribute to a
given phenomenon. To take a simple example, an animal may work
for its food at night mainly because of the nature of its sensitivity to
temperature and to light, and because it is able to learn that its
slow locomotion makes food-capture impossible in the daytime.
The experimenter may determine the nature of the causal factors by
observing the phenomenon in the animal’s typical environment
(i.e., its “habitat’’) and by investigating it under laboratory condi-
tions. It is to be hoped that the future will bring more studies of
animals under field conditions, as a guide to better laboratory
investigations. It must be kept in mind that an experiment is also
an observation, but one in which the use of apparatus and of more
adequate control of conditions than is possible in the field permits a
thorough investigation of factors which underlie a phenomenon.
By observation and by experiment the scientist obtains evidence,
which must then be interpreted to improve understanding of the
phenomenon and to guide further investigation.

The reader should have the opportunity to evaluate the logical
basis on which the authors have studied and organized the evidence.
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The investigation of animal behavior is of the greatest value to the
science of psychology because it yields an abundance of facts con-
cerning behavior adjustments and permits the thorough testing of
logical interpretations of these facts. The growth of any science is
dependent upon the maturity and quality of its theories. Hence our
selection of evidence for treatment has been largely determined by a
consideration of its importance to systematic interpretation. This
makes it necessary to state our attitude toward theory.

Once the psychologist has studied the variety of phenomena which
are presented in the behavior of different types of animal, and under-
stands the nature of the causal factors in the respective cases, he is
equipped to formulate a general interpretation which constitutes his
theory of animal behavior. Since a theory is an interpretation of
facts, it follows that when facts are patterned to form a unified
account of a phenomenon a theory results. When items of evidence
(4.e., facts) are organized into patterns, the items take on meaning.
It is this meaning which makes the evidence interesting to students
of the subject. Because the “meaning” of facts depends upon the
theory which is developed from them, different theories impart
different meanings to the same facts. The student then must choose
that one among the alternatives which teaches him most about the
phenomenon.

One criterion is of the greatest importance. A good theory must
stand the test of consistency. For this reason, in case each of several
alternative theories appears to satisfy this test in explaining a given
phenomenon, the value of all of the theories is necessarily decreased.
When such cases arise scientists work with greater energy to obtain
more facts, since further evidence is certain to disclose inconsistencies
among the alternative lines of explanation and hence to show which
is the most adequate.

The importance of theorizing to science is evident. The theory
produces a number of hypotheses, i.e., assumptions which necessarily
follow from it. These must be subjected to experimental test. In
creating hypotheses, the theory presents suggestions for research, and
thus in one sense may be evaluated in terms of the amount of further
investigation which is inspired by it. The scientist, motivated by
interest in the way his hypotheses lead to the discovery of facts, will
endeavor to make his theory adequate and contributive. As the
scientific study of a given phenomenon progresses the verification of
certain hypotheses broadens knowledge and enhances the value of
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some one among the alternative theoretical explanations. In this
manner the science ascertains the most satisfactory theory and
eliminates the unsatisfactory alternatives. A theory which cannot
be tested naturally fails in this respect and is unsatisfactory for
pragmatic reasons.'

When a science has matured in its theories intelligent prediction
of further advances is possible. It is then that the science may make
a distinct social contribution. Immature sciences may contribute to
practical problems, but their contributions are necessarily limited
and specific in nature. The emphasis of practical application at the
expense of theoretical contributions is the long route to scientific
progress and therefore to social progress. It is of course true that an
experiment designed for direct and ‘““practical” purposes may be of
some immediate value, but unless the investigation has been planned
upon the broad basis of theoretical understanding the results are
almost certain to have a very limited scope of application.

These statements appear justified by the manner in which the
subject of animal psychology has developed. Judging from the
number of highly motivated scientists who are working in this field,
and the quality of work which is being performed, the future of our
subject is a very promising one indeed.

"'1;1 This would appear to be the reason why contemporary psychology has largely

discarded the concept “mind” as the basis for a theoretical explanation of the
phenomenon of “awareness.” Since psychology has not yet reached the stage
at which a satisfactory theory of awareness can be formulated (Lashley, 1923),
there is nothing to be gained from a discussion of whether given animals are
“conscious.” To illustrate the point in another way, science has outgrown
mystical theories such as “vitalism,” because they subordinate the critical treat-
ment of facts to the emotionally biased attitude of the observer, which is all too
frequently traceable to an early training in the doctrines of superstition. For
similar reasons, an exaggerated and almost religious attention to “viewpoints”
in contemporary psychology has actually delayed the advance of the science.



PART 1

PRINCIPLES DISCERNIBLE IN THE BEHAVIOR
OF INFRAMAMMALIAN ANIMALS

The “organism” is the living individual, and the activities of the
organism constitute its behavior. The environment of an individual
being is that totality of energy changes which may stimulate it and
influence its behavior.

In the lowest organisms behavior is dependent upon the nature of
the structural equipment possessed by an individual. In conse-
quence the lower animal may be regarded as essentially a creature of
the environment in which it is able to live. Survival is possible only
if that environment elicits responses which tend to perpetuate the
animal. The appearance of new structures which make possible
different lines of behavior increases the chances that the animal type
will become better adapted to its environment, unless the appearance
of unfavorable characters leads to its extinction.

The reason for the possession of structural equipment which makes
adaptation (fitness for the environment) possible lies in the history
of the race, i.e., in the evolution of the given type of animal, and is not
to be found in a study of the individual member of the species. We
should not be tempted to take the easy-way-out of explaining
behavior in terms of the end it attains, a special and hybrid form of
teleology, unless the facts warrant such an interpretation. For
instance, we cannot say that the ‘“scallop flees from the starfish
because it recognizes an enemy which will devour it.” Rather, we
know only that the starfish presents stimuli which act upon the
scallop in a given manner and produce ‘““flight”’ as a response.  Actu-
ally, it is only among the highest animals that the individual is able to
anticipate the results of its actions and to regulate its hehavior
accordingly. In any case teleological explanations cannot be
adopted in advance, but each animal form must be described as the
evidence warrants and dictates.

The environment of the Jowest animals plays upon their equipment
in a manner which is directly responsible for the nature of their

7
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behavior. Since the “environment” of a given animal depends upon
the nature of the stimuli to which it is sensitive, animals will have
different environments according to differences in their equipment
of receptors. In our study of successively higher animal groups,
we shall find that advance in the scope of sensitivity makes possible
other developments of great importance for the adequacy of adjust-
ment and hence for the psychological standing of various animal
types.

The environment furnishes energy which acts upon a receptor
in the animal, and sets into effect an excitation which is conducted
by a mervous system or some other transmissive mechanism to
parts capable of action, the effectors. We must first work out the
fundamental properties of behavior for animals in which these three
agencies are not differentiated or specialized to a great extent. In
the lowest animals the nervous system serves as a simple bridge which
connects receptors with action structures. The nature of behavior
in these animals therefore expresses the stimulus in a fairly direct
manner. Higher in the series, however, the receptors become more
specialized and the environment is correspondingly widened. Then
it is the increase in the structural complexity of the nervous system
which makes possible an advance in the complexity of the relation-
ship between the animal and its environment.

In Part I we shall trace the manner in which the basic behavior
mechanisms expand and become supplemented by new abilities.
For the inframammalian animals the chief task of the comparative
psychologist is to characterize each principal type in terms of the
properties which are essential to its adjustment. If clearly dis-
tinguished in animals that stand low in the psychological scale, the
discovered principles will greatly assist the student in grasping more
difficult phases of the subject in which specialization introduces
greater complexity into behavior.



CHAPTER I

FUNDAMENTAL CHARACTERISTICS OF BEHAVIOR:
PLANTS AND PROTISTA!

INTRODUCTION: THE SEED PLANT AS A BEHAVING ORGANISM

Growth Responses.—The Spermatophyta or seed plants are
listinguished from animals by their lack of locomotion (and by their

F16. 1.—Growth responses of a plant to light. The stem has bent toward the
light, while the root has bent away from it and the leaves are turned at right
angles to the direction of its rays. (From Haupt.)

possession of chlorophyll), but they are nevertheless behaving organ-
isms, since they demonstrate irritability and respond to energy

! Among the Metaphyta (multicellular plants) the phylum Spermatophyta
(seed plants) is most important for the present subject. The superphylum
Protista includes the Protophyta (single-celled plants, such as bacteria, desmids,
algae) and the phylum Protozoa (single-celled animals). Phylum Protozoa
includes the following classes: Rhizopoda (ameboid form, pseudopods character-
istically present, Fig. 2); Flagellata (commonly with flagella, Fig. 5); and Ciliata
(ciliated at some life stage, Fig. 7).

9
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changes in their environment. ‘‘Growth responses’ are observable
in all seed plants, and are brought about by effects which alter the
physiology of the tissues. The rooted plant typically bends toward
light which shines upon it from one side. This response depends
upon a reduction of growth rate on the more intensely illuminated
side, and an increased growth of tissues on the darkened side of the
stalk (Fig. 1). The position which is assumed by the stalk, leaves,

TABLE 1.—PLANTS AND PROTISTA

RECEPTOR EQUIPMENT

Chemical. No specialized receptors. In
protozoa, temporary or permanent anterior
end most sensitive.

Mechanical. Metaphyta: Ectoderm gen-
erally sensitive to contact; papillae (protu-
berances) heighten effect in many plants, as
do special hairs. Protista: General proto-
plasmic iritability. Cilia (ciliates) and
flagella (flagellates) may be considered spe-
cialized receptors.

Light. Metaphyta: epidermal layers light-
sensitive; in some, rounded epidermal cells
have lenslike function. Chlorophyll (green
substance) acted upon by light. Protista:
Protoplasm directly acted upon by light.
Spots of light-sensitive pigment in some
flagellates.

Other Effects.

position af root, thus influencing movements.
Temperature exerts a general effect on protoplasmic

in similar manner to control position.

FEATURES OF SENSITIVITY

Metaphyta: Leaves, growing partsaffected
by gases in air; roots by chemicals in soil.
Protista: Withdrawal from strong anterior
stimulation, approach to weak stimul'ation.

Tendrils of plants coil around roots; roots
push way through soil under influence of
contact. Special responses (e.g., in insec-
tivorous plants) depend upon touching of
irritable parts.

Protista: contact closely related to chemi-
cal stimulation in feeding; effects probably
the same. Pseudopod formation of rhizopod
controlled by contact, as is the ‘‘backing
reaction’’ of ciliates and flagellates.

Photosynthesis (action of light on chloro-
phyll) important for metabolism, the basis of
nutrition and growth. Light controls turgor
responses such as ‘‘day-night’’ movements,
and the direction of growth. In Protista
light usually controls movement: controls
protoplasmic flow in Amoeba, whipping of
flagellum in flagellates.

Starch grains in roots of certain plants press differently according to

Pressure of fluids in roots and in stems acts

activities (p. 23), controlling rate of reproduction, locomotion, and physiological processes.
Optimum differs among groups, e.g., near 22°C. for Amoeba proteus.

CoNDUCTION

Metaphyta: Passage of fluids from one region to another; or sap stream may carry chemical
from stimulated zone to another locality, thus influencing response.
Protista: Energy conducted through open protoplasm from the stimulated point, as

difference in electrical potential at interfacial surfaces of protoplasmic glebules.

In ciliates

a “‘neuromotor'’ apparatus described: protoplasmic fibrils leading from ciliated regions to
specially contractile protoplasm (e.g., retractor strands, membranelles).

MOVEMENT AND ACTION
Metaphyta: slow position changes through growth (stalk-bending), or more rapid turgor

movements, e.g., closing of leaves at night.

Protista: Pseudopodia formed through open protoplasm in some rhizopods, through

opening in a shell in others.

Permanent and specially contractile pseudopodia in some.

Rhythmically coordinated beating of cilia in the ciliate movement; local ciliary action

carries particles into gullet in feeding.
carries particles into gullet.

Whipping of flagellum pulls the flagellate forward,
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and other growing parts of the plant depends upon the manner in
which stimulating agents such as light, moisture and gases in the air,
and temperature changes, act upon the tissues. Mechanical stimuli
(contact with objects) and internal changes (fluid movements attrib-
utable to “gravity’ and to growth) cause many types of movement.
A tendril coils around a rod because growth is reduced on the side
which touches the surface; a horizontally held root turns downward
because of pressure and growth changes within it.

Turgor Responses.—Some rooted plants are capable of local move-
ments which occur more rapidly than is possible through growth
changes. Such activities, attributable to rapid changes in the fluid
content of cells, are called furgor movements. In the ‘‘Venus’s-fly-
trap” Dionaea, for instance, the closure of the two halves of a barb-
edged leaf when the bristles upon it are touched! is attributable to a
rapid increase in the fluid content of cells on the under side of the
leaf. In this way the plant entraps insects which alight upon
its leaves, the prey being digested by secretions within the closed
leaf before the leaf is slowly opened by further growth. The leaves
of the “sensitive plant” Mimosa suddenly droop when the plant is
touched, or when illumination is decreased in intensity. Normally
a given leaf group is held erect by the pulvinus, a little cushion
of cells situated beneath the base of the main stem; but many stimuli
cause the pulvinus cells to lose fluid to surrounding cells, so that the
leaf cluster is not supported. Such responses, as well as slower
movements, may be elicited by means of the rapid intercellular
passage of fluids, a means by which excitation is conducted from the
region first affected to other parts of the organism. Devices capable
of more rapid conduction of excitation have been described for certain
plants (Bose, 1926).

Plants Exhibit the Chief Properties of Behavior.—Seed plants are
therefore to be considered behaving organisms, since they display
varying degrees and types of sensitivity, conduction of excitation
from one part of the individual to another, and the abllity to respond
in various ways to energy. Understanding of phenomena such
as those cited increases with knowledge of the organic processes set up
in the living substance of the plant by external energy. Certain
fundamental problems have been raised here which may be examined
to greater advantage in the behavior of animals.

! To produce closure of the leaf, the tactual stimulus must be presented by an
object which contains nitrogen in some form.
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A BAsiC PRINCIPLE OF ADIJUSTMENT

The “Optimum” Illustrated in the Behavior of Bacteria.—Organ-
isms in general make most readily those responses which tend to
promote life activities; that is to say, behavior is fundamentally
adaptive. The principle of the optimum is basic to all adaptation.
The optimum is that environmental condition (e.g., a given tempera-
ture) which best promotes the representative physiological processes
(3.e., the metabolism) of the organism. In conditions above or below
this value the normal metabolism of the organism is interfered with,
and general behavior is consequently changed. The manner in
which a representative protophyte, the bacterium, adjusts to its
environment, illustrates this principle nicely. We may quote the
following typical observation from Jennings (1906a).

If we place water containing many Spirilla on a slide, allowing some
small air bubbles to remain beneath the cover-glass, we find after a time
that the bacteria are collecting about the bubbles. The course of events
in forming the collections is seen to be as follows: At first the Spirilla are
scattered uniformly, swimming in all directions. They pass close to the
air bubble without change in the movemeats. But gradually the oxygen
throughout the preparation becomes used up, while from the air bubble
oxygen diffuses into the water. After a time therefore the bubble must
be conceived as surrounded by a zone of water impregnated with oxygen.
Now the bacteria begin to collect about the bubble. They do not change
their direction of movement and swim straight toward the center of
diffusion of the oxygen. On the contrary the movement continues in
all directions as before. A Spirillum swimming close to the bubble into
the oxygenated zone does not at first change its movement in the least.
It swims across the zone until it reaches the other side, where it would
again pass out into the water containing no oxygen. Here the reaction
occurs; the organism reverses its movement and swims in the opposite
direction. . . . This is continued, the direction of movement being
reversed as often as the organism comes to the outer boundary of the zone
of oxygen within which it is swimming. . . . As a result of this way
of acting the bacterium of course remains in the oxygenated area. . .
The finding of the oxygen then depends upon the usual movements of
the bacteria—not upon movements specially set in operation or directed
by the oxygen (p. 29).

In this situation, the circular zone of water around the bubble
represents the optimum for Spirillum, since it contains oxygen, an
essential ingredient in the characteristic protoplasmic processes
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(metabolism) of these bacteria. Hence the movement of the
bacteria is not interrupted as it carries them into the zone. When
a given individual within the oxygenated area swims partly into the
surrounding water, which contains less oxygen, there occurs a dis-
turbance of protoplasmic activities which alters swimming activity
so that the direction of progress is changed. Hence a collection of
bacteria forms within the oxygen-saturated zone. This has been
called the trap phenomenon.

The basis of this phenomenon is the fact that the individual
bacterium of this species inherits a type of protoplasm! the balanced
activity of which is interfered with in deoxygenated water, but not in
an oxygenated medium. Other types of bacteria (anaerobic) are
killed by oxygen, and such bacteria collect in unoxygenated water,
since their forward locomotion is interfered with only when
oxygenated water is entered. 1t is therefore the protoplasmic consti-
tution of an organism which determines its optimum, and hence pri-
marily governs the nature of its adaptive responses.

PRINCIPLES OF BEHAVIOR IN A REPRESENTATIVE PROTOZOAN

Amoeba Best Known among the Protozoa.—Nearly 9,000 species
of the phylum Protozoa, living in a great variety of environments
(e.g., fresh and salt water; in the bodies of animals), present a multi-
plicity of behavior types. Most Protozoa are microscopic in size, but
for animal behavior, size is often a feature of slight importance in
comparison with the manner in which the parts of the organism coop-
erate in the adjustment of the whole to its environment. The
Amoeba® serves as an excellent representative of the phylum, partic-
ularly because of the extent to which it has been investigated.

The protoplasm of Amoeba is differentiated into a pellicle (the out-
ermost layer, thin and tough); the plasmagel layer (a thickened wall
of fairly solid but elastic protoplasm) lying next within; and an inner
mass of plasmasol (relatively fluid protoplasm) which contains
the nucleus and other “inclusions’” (Fig. 2). The form of the body is
subject to constant change. Amoeba is an organism, and its parts

! Protoplasm is the viscous substance of which living organisms are essentially
composed.

2 Amoeba is a member of the class Rhizopoda (order Lobosa), one of the Protozoa
characterized by the production of blunt fingerlike protuberances of protoplasm
called pseudopodia.
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function in a well-integrated manner as the animal responds to
stimuli. It will be profitable to study the conditions which govern
this organization in behavior, since the principles involved in
the adjustments of this protozoan are fundamentally the same as
those which account for less
directly approachable behavior in
higher animals.

The behavior of Amoeba at a
given time depends upon three
factors: (1) the strength and
localization of externally pre-
sented stimuli; (2) the internal
condition of the organism; and
(3) the general nature of the
surrounding medium (e.g., its
temperature). An adequate
understanding of amoeboid move-
ment should be gained first if we
are {o study the manner in which
the above three factors bring

Fi1G. 2.—Schematic view of a moving
Amoeba (from above). ant, anterior
pole at which gelation begins; post,
posterior pole at which solation begins
and plasmasol strecam starts to flow
forward. The direction of plasmasol
streaming is indicated by arrows. In
a few moments the portion of the
plasmasol stream now at x in the
interior will have flowed forward to a
point opposite y in the plasmagel layer,
which will then be farther from the
anterior end. Hy. hyalin cap;
nuc., nucleus; pell.,, pellicle; »plg.,
plasmagel layer; pls., plasmasol layer;
pseud, newly formed pseudopod.
(Modified from Mast, Pantin.)

C.

about variations in behavior.

An Analysis of Amoeboid
Movement.—When an Amoeba is
lightly touched in one place the
wall of the organism bulges some-
what in the stimulated region,
and a fingerlike protuberance, a
pseudopodium, is formed there.
Subsequently the entire animal
may move in the direction of
the stimulated point, with the
newly formed pseudopodium in

the lead (Fig. 2). The most adequate theory (Hyman, 1917;
Pantin, 1924; Mast, 1926) postulates a reversible chemical reaction
set into effect by the stimulus, which basically involves changes in
the state of protoplasm between the gel (relatively solid) and the sol
(relatively fluid) condition.! A weak stimulus sets into effect a

! Protoplasm is a colloid, a suspension of particles of one density in a fluid of
different density.
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change in the colloidal state of the protoplasm, a change which is
conducted throughout the organism and which makes possible a
movement toward the stimulated side. For an Amoeba which is
weakly stimulated on one side, the phenomenon may be theoretically
described as follows:

1. Formation of a Pseudopodium in the Stimulated Locality.—Energy
furnished by the stimulus causes the protoplasm in that locality
to become more sol (i.e., more fluid). An increase in acidity occurs
in the vicinity, and there is a local increase in the water content of the
protoplasm. This forces a bulge in the outer wall and marks the
beginning of a pseudopodium. If the change continues and even-
tually dominates the entire organism, the process of pseudopod
formation becomes true movement.

2. The Amoeba Becomes a Contractile ‘ Plasmagel Sac.”—The
Amoeba now may be described as an elongated sac, a plasmagel sac
filled with fluid, the “open” end of the sac (Fig. 2) having heen made
very sol by the stimulus. As fluid protoplasm reaches the anterior
clear region, carried by a central current which has formed, it is
deflected to the walls of the pseudopod. There it becomes gel (more
solid), and builds onto the “rim” of the plasmagel sac. As the
anterior end advances, more protoplasm is constantly added to the
plasmagel rim in this way. A given amount of substance thus added
to the wall in time comes to lie closer and closer to the “posterior”
end of the Amoeba, not because this substance actually moves,
but because plasmasol flows forward through the tube of which it
forms a part. The closer this plasmagel substance lies to the poste-
rior end the more water it loses, and hence the more gel (solid) it
becomes. For this reason the plasmagel sac has the power of con-
tractility, especially near the posterior end, and squeezes its fluid
contents forward in the direction of locomotion,

3. Features Which Complete the Continuous Gel-sol Cycle.~—From
the central region near the posterior end a stream of plasmasol flows
through the central part of the moving Amoeba toward the anterior
end. This fluid protoplasm apparently is “squeezed” forward by
contraction of the plasmagel, possibly is “drawn’’ forward as well, as
the anterior end takes up water from protoplasm in other parts.
The strongly contracted protoplasm at the posterior end begins to
“melt” in the central part and is then forced forward in the plasmasol
stream. Upon reaching the anterior end, this protoplasm gels as it is
added to the rim of the plasmagel tube.
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The reversible reaction thus set up by the stimulus continues in
force until its pattern (i.e., its operation in different parts of the
Amoeba) is altered by the effect of further stimulation.

Sometimes an 4moeba moves for more than a few minutes without
undergoing major changes in direction, but typically the form and
direction of movement fluctuate constantly (Schwitalla, 1924). As
one activity pattern becomes altered, a side of the organism which
has served as “anterior’” may next become ‘‘ posterior,” and the lead-
ing pseudopod may start to shrink and lose its dominance as a new
pseudopodium forms. We are now in a position to treat the princi-
pal factors which govern the behavior of Amoeba at a given time and
which are responsible for variations in the movement of this organism.

The Principal Determining Factors in Amoeboid Behavior. 1.
Intensity and Localization of the Stimulus—Other things equal, the
energy value of the stimulus determines whether the Amoeba moves
toward or away from the source. Stimuli of weak intensity charac-
teristically elicit movement toward the stimulated locality, the
so-called ‘“positive response.” A floating Amoeba proteus commonly
“follows up” the pseudopod which first touches the substratum, and
a crawling Amoeba moves toward a small object which brushes
against one side, a response important for food taking (pp. 23f.)-
Edwards (1923) used a capillary pipette to introduce a weakly
concentrated chemical close to the Amoeba, and typically a
pseudopod formed in the locality, followed by movement toward the
stimulated side. Schaeffer (1916) reported cases in which individ-
uals moved toward particles of glass without having touched them
and judged that the response was elicited by small quantities of light
reflected from the glass. As described above, weak stimulation
produces movement toward the source by setting into effect a local
liquefaction of protoplasm which determines a new pattern of inter-
nal activity.

Direction of Response as Dependent upon Stimulus Intensity—The
more intense the stimulus which is applied to Amoeba the more does
the next movement of the animal diverge in direction from the
stimulated locality. Thus far there have been no experiments in
which contact or chemical stimuli of graded intensities were applied
to Amoeba under adequate observational conditions, but Mast (1926)
has performed such an experiment with light.! Light of a given

1 Folger (1927) obtained results which led him to conclude that light and
contact of equivalent intensities exert qualitatively identical effects upon the
nrotoblasm of Amaoeha.
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intensity was directed momentarily onto the advance end of a mov-
ing Amoeba, and the observer noted any change in the tlow of
plasmasol or any interruptions or changes that might occur in general
movement. Five degrees of intensity were employed, ranging from
I, the weakest, to V, the strongest.

The results were clear-cut. The greater the intensity of the light
which was used to stimulate the advancing end the more widespread

was its interruption of the forward g

flow of plasmasol and the more likely
was this flow to reverse in its direction

or the reversal to remain in force.
The four lowest stimulus intensities
interfered with the previous move-
ment in relation to their respective
strengths, but even intensity IV was
not sufficient to force a general change
in locomotion. A still more intense
stimulus, degree V, was effective not
only in completely stopping forward
locomotion, but also in setting up a
reversed plasmasol current which 3
continued and made possible general
movement in a direction opposite to
that taken when the stimulus was
FiG. 3.—Reactlon of Amoeba

applied.

The four weakest intensities of
stimulation used by Mast did not
interfere with the resumption of
forward movement in the original
direction, although they did alter

to strong tactual stimulation.
In case 1 the stimulus is applied
to the posterior end, in 2 to one
side, in 3 to the advancing end.
Stage b shows the resulting gen-
eral contraction in each case, and
¢ shows the direction of sub-
sequent locomotion. (Redrawn

the protoplasmic flow to some /7O™ Hyman 1917)

extent. The response in each of these cases might therefore be
called a ““positive’ one, in contrast with the ‘ negative’’ response to
the strongest intensity, V. But one doubts the value of such
arbitrary expressions as “positive,” since they poorly express the
important fact that the effect of a stimulus depends upon its intensity
(other things equal). The ‘“positive” and the ‘“negative” in
amoeboid behavior do not represent a mysterious ability on the part
of the organism to diagnose the “beneficiality”” of the stimulus but
are only the crude and arbitrary designations of some observers
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for the different effects exerted upon protoplasmic activity by
stimuli of different intensities.

Localization Most Important when Intense Stimuli Are Involved.
We have established the point that the more intense the stimulus,
the more likely it is to change the general direction of locomotion.
When strong stimuli are used, therefore, the locality of applica-
tion is a very important factor. An experiment by Hyman (1917)
nicely demonstrated this. A needle was applied on each test with
sufficient force to pierce the pellicle of the Amoeba at a given point,
either the ‘“anterior” end, one ‘‘side,” or the ‘‘posterior’” end
(Fig. 3), with respect to the direction of locomotion. In all cases (1)
the stimulated region contracted more or less (depending upon its
previous activity), while the ‘“advance end” contracted powerfully
so that its surface became very wrinkled. In consequence, the
protoplasm flowed toward the middle of the body, which bulged out,
and (2) after a delay, new pseudopodia formed opposite the stimu-
lated point and the Amoeba moved rapidly away toward this side.
Thus a strong stimulus, wherever applied, typically forces movement
in which the stimulated locality becomes the ““posterior’’ end. On
the other hand, when weaker intensities are used to stimulate, the
location of the stimulus often is less important than is the nature of
the previous pattern of movement. The second of our three general
factors is responsible for this difference.

2. The Internal Condition of the Organism: The Temporarily
Dominant Activity Pattern, a Physiological Gradient.—Observation of
amoeboid locomotion encourages the working conclusion that a given
pattern of activity remains in force until it is interfered with by out-
side stimulation. When an Amoeba is moving in a given direction,
the temporary ‘“‘anterior end” may be considered dominant over
other portions of the body, since it is evidently from this region that
the excitation is conducted which first puts other parts into their sub-
ordinate roles. Physiologically, the dominant anterior portion is the
most active part of the Amoeba, and Hyman (191%) has demonstrated
a decrease in the rate of physiological activity from this part to the
posterior end. At a given time, then, there exists in Amoeba a
‘“‘physiological gradient” which corresponds in nature to the
apparent dominance-subordination relationships of the parts in
activity.

Child’s (1924) experiments demonstrated for other organisms that killing
agents such as dyes or strong acids first affect the parts which are physiologically
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the most active, next affect less active parts, and so on.  Hyman (1917) intro-
duced such toxic agents as potassium cyanide into the medium of a moving
Amoeba. The advancing end was first broken down, and the disintegration of
protoplasm progressed regularly from that part toward the posterior end of the
organism. If several pscudopodia existed at the time, the most recent and
active one of them was first affected, and others were attacked in the order of
their original formation.

The anterior or dominant end of the advancing Amoeba may be
considered a temporarily specialized receptor, inasmuch as stimuli
which are too weak in strength to be effective elsewhere on the body
bring observable changes in movement when applied to this portion.
For the same reason the tip of a pseudopod is more sensitive than is
its base (Verworn, 1889). In the same sense the plasmagel sac may
be considered a temporarily specialized contractile agent, which is
dominated by protoplasmic changes conducted from the anterior
end.

To repeat, the nature of the existing physiological gradient (the
pattern of activity which prevails at a given time) is of importance in
determining the effect of new stimuli. Weak stimuli may change the
direction of movement somewhat when presented to the sensitive
anterior end, but prove much less effective (or are ineffective) when
presented to other parts of the organism which are subordinate at
the time. Stronger stimuli are relatively more effective in altering
the prevailing pattern of activity.

Weak Stimuli May Become Effective through Summation.—A
stimulus may be too weak to alter general behavior, but may never-
theless set up protoplasmic changes which summate with the energy
effects of stimuli presented shortly afterward. For instance, a swim-
ming diatom (a protophyte) may brush against the right side of an
Amoeba’s principal pseudopod, without detectably changing the
movement of the animal. But when immediately afterward the
Amoeba comes into direct contact with the side of a filament, it
changes direction somewhat toward the right. The observer
may conclude that the weak contact which just preceded the broad
frontal contact had left an effect which increased the susceptibility
of the right side of the forward end to stimuli presented shortly
thereafter. An experiment by Folger (1927) suggests that such
occurrences account for much of the variability in the normal
behavior of Amoeba. A mechanical stimulus (the dropping of a
300-mg. wire through a glass tube to strike one end of the microscope
slide) was presented first in a typical trial. Then three seconds later
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a light was flashed momentarily onto the Amoeba (by reflection from
the microscope mirror). Table 2 gives representative results for two
orders of presentation, and for control tests in which the stimtli were
presented at well-separated intervals.

TABLE 2
) Number Number of
Manner of presentation . definite
of trials
responses
I. Stimuli presented at well-separated intervals:
Mechanical shock alone. ........................ 21 2
Sudden illumination alone................ ...... 5 .
I1. One stimulus closely following the other:
Mechanical shock, followed by sudden illumination. 6 4
Sudden illumination, followed by mechanical shock. 26 16

Neither stimulus used by Folger was sufficiently intense to produce
an observable change in behavior when presented alone. However,
the fact that such weak stimuli do affect Amoeba was shown by the
ability of the second stimulus, when it closely followed the first
(series II), to produce a response which otherwise could not have been
elicited by it. Hence slight protoplasmic changes induced by very
weak stimuli may be summated with the effect of stimuli which fol-
low. This fact shows the necessity of taking into account the condi-
tion of the organism when diagnosing its behavior.

Adaptation to Continued Stimulation.—The Amoeba is subject to
adaptation in that a steadily maintained stimulus may come to have
a decreased effect. When the protozoan is brought from the dark
into bright light (as when the student begins his observation by
reflecting strong light onto a microscope slide) there occurs a general
contraction of the body which may persist for some time. During
this quiescent period (¢f. p. 18) the Amoeba appears incapable
of movement, but after a few minutes the protoplasm begins to
flow again and soon locomotion is resumed. At this time the light,
which at first elicited a definite response, evidently has ceased to
stimulate the Amoeba. The continued action of the stimulus appar-
ently has set up a protoplasmic change which diminishes the effect
of light for the time. Once the internal change (the adaptation) has
been brought about, the organism gives no further indication of
response to the stimulus until some abrupt change occurs in its
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intensity. The same is true of chemicals, temperature, und other
types of stimuli. This accounts for Jennings’ (1go6a) observation
that ‘“change” is the most effective means of stimulation. Change
is stimulation.

It is noteworthy that if the intensity of the stimulus is not
increased abruptly but by degrees, the adaptation of the organism
may be induced so gradually that the observer finds it difficult to
detect a behavior change at any time. This important difference in
the effect of gradual and of sudden increases in intensity suggests that
adaptation depends upon relatively slow alterations in the balance of
the opposite phases of a reversible chemical reaction in the
protoplasm.

A suggestive experiment was performed by Mast and Pusch
(1924). A dark-adapted Amoeba was permitted to enter a beam of
bright light which stopped its forward movement. On successive
trials a count was made of the number of small pseudopodia put out
toward the light (and stopped by it) before the general direction of
locomotion was reversed. When trials were made at 3-minute inter-
vals, the number of projected pseudopodia decreased to zero within
10 or 20 repetitions of the test; and an interval of 24 hours did not
remove the protoplasmic change.

It is apparent that the readiness with which Amocba responds to
external stimulation is not constant. Frequently the animal appears
very sluggish and fails to react readily (if at all) to stimuli of moder-
ate or of weak intensities. At other times it is very active
in locomotion and very weak stimuli are effective. ~ Schaeffer (1916,
1920) observed that an Amoebe which had ingested a considerable
quantity of assimilable material might remain quiescent for as long
as one hour. The mere intake of substances is not responsible for
such changes, since the ingestion of amounts of carbon or glass par-
ticles did not, in Schaeffer’s observations, greatly alter the condition
of reactivity. However, assimilable (digestible) substances did
induce the sluggish condition. Digestion of the material apparently
changes the protoplasm so that it is not affected by slight external
energy changes. It is evident that this phenomenon is closely
related to ‘‘adaptation.”

The [nherited Constitution of the Protoplasm.—This factor is basic
to all of the influences upon internal condition, since it determines the
characteristic level of response. Under equivalent conditions stable
and predictable differences appear in the behavior of individuals
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representing various species of Amoeba.

BASIC PRINCIPLES OF ADJUSTMENT

For three closely related

species Schaeffer (1920) has described the characteristic differences

in form and in behavior given in Table 3.

TABLE 3

Such differences, which

Characteristic

Species of Amoeba

Amoeba proteus

Amoeba discoides

Amoeba dubia

Average size during
locomotion, microns

Usual number of pseu-
dopods during loco-
motion

General resistance to
external conditions

Fffect of mechanical
stimulation

Reaction to carmine

600

Very great
Responsive

Readily ingested,

450

3

Slight

Slightly respon-
sive
About same as

400

12

.

Greater than 4.
discoides
Very responsive

Eaten only occa-

particles but rejected in| Amoeba proteus| sionally; often
few minutes retained for
hours

become much more striking when widely separated species are com-
pared, depend upon the possession by each individual of a proto-
plasm which is characteristic of its species, a protoplasm which is
directly transmitted to each of the two daughter individuals which
arise from the division of a parent Amoeba.! The problem of the
manner in which the characteristic species protoplasm is transmitted
from one individual to its descendants has been treated suggestively
by Lillie (1918).

3. The General Nature of the Surrounding Medium.—The prop-
erties of the fluid medium which surrounds a protozoan have much
to do with its “level of activity” (readiness to respond) at a given
time. A change in surrounding conditions may so alter the internal
condition of the organism that the vigor of movement and of reaction
to stimulation is considerably changed. Individuals taken from
different cultures, the waters of which differ chemically, may show
wide variations in sensitivity to equivalent stimuli. Pantin (1924)

1 In binary fission, which is the usual method of reproduction in Amoeba, the

nucleus of the parent individual divides, after which the animal elongates and
finally splits into two new Amoebae. This is a type of ‘“asexual reproduction.”
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reported that in a medium of lower salt content than its normal
one a marine Amoebe became more fluid and formed pseudopodia
which were broader and more responsive to stimulation than the
usual ones; but when salt content was supra-optimal the animal put
out pseudopodia less readily, and these appendages proved sub-
normal in sensitivity. Mast (1931) found that the higher the
acidity of the surrounding medium the more susceptible was the
individual Amoeba to the action of light. Schwitalla (1924) varied
the temperature of a water bath which surrounded the observation
“well” across which an Amoeba moved, and found that the rate of
locomotion differed correspondingly. Ato°C. the Amoeba was practi-
cally immobile; at 10°C. the range of speeds was o.5 to 4.5 mm. per
second; at 20°C. it was 1.2 to 10.7 mm. per second; and at 30°C. it
was 5.3 to 6.5 mm. per second. It should be added that under
conditions which increase its general rate of movement the Amocba
is also more responsive to stimulation.

Feeding Activities and Amoeba’s Adjustment to Its Environment.
We have studied the nature of the factors which determine the
behavior of Amoeba. This study also constitutes a survey of the
adaptiveness of behavior, i.c., its suitability to or its conformity
with the conditions of the environment. This organism, like others
which have long survived, is so constituted that its characteristic
activities promote its life. But this does not mean that the relative
“beneficiality” of an act determines whether or not an Amoeba shall
commit it. The actual reasons for the adaptiveness of behavior are
indirect ones, so far as the contemporary Amoeba is concerned.  Such
matters lie beyond the scope of our study, since they necessitate
examination of the colloid chemistry of different species protoplasms,
in relation to the probable nature of the agencies which have influ-
enced the evolution of such protoplasms in the race.

The Three Phases of Food Taking—Food taking, a strikingly
adaptive feature of normal amoeboid behavior, is subject to investi-
gation along the lines of our preceding analysis. In this activity
three stages may be arbitrarily distinguished: (1) movement toward
the source of a weak stimulus; (2) ingestion, taking the stimulating
substance through the body wall; and (3) assimilation, internally
breaking down the substance (or releasing it through the body wall
after a time).

1. The intensity of stimulation governs whether an A moeba
approaches a stimulus source or moves in another direction, as we
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F16. 4.—The “food-cup"’
reaction of Amoeba. (1)
A small organism rests
fairly quietly against the
bottom. An Amoeba hap-
pens to be moving toward it.
(2) When the Amoeba is
fairly close, its main or
leading pseudopod begins to
divide. (3) The pseudopods
flow somewhat to the sides
as the Amoeba continues to
move forward, and they
partly surround the organ-
ism without actually touch-
ing it. (4) The hollowing
of the central part of the
forward end is now marked
by the appearance of a thin
upper sheet of plasmagel
which flows domelike over
the prey as the pseudopods
continue to surround it.
(s) The pseudopods have
met and fused with each
other; the upper sheet of
protoplasm has completely
covered the space encircled
by the pseudopods and has
fused with them, as has the
floor protoplasm of the food
cup. Now the small organ-
ism is digested during a
quiescent period of several
minutes. (Redrawn  from
Schaeffer, 1920.)

BASIC PRINCIPLES OF ADJUSTMENT

have seen. Schaeffer (1916) observed
Amoeba approaching a grain of soluble
material (tyrosin, an amino acid) at a
distance of 60 to 1oou. The animal
commonly moves toward or extends pseu-
dopodia toward objects which have moved
past it, apparently responding to weal
contact stimulation furnished by water
currents. A well-fed Amoeba usually fails
to approach an object which does not
furnish a chemical effect as well as a
tactual one, i.e., summation of stimuli is
necessary when stimuli are very weak.

2. Ingestion of the object is essentially
a continuation of the approach, and the
strength of stimulation is an important
determinant of whether the response
continues into this phase. As Schaeffer
(1916) observed, an active Amoeba will
ingest a great variety of substances,
including some which afford only a
mechanical stimulus (e.g., carbon particles,
glass). Such substances, when moving,
provide a summative effect. Chemically
effective substances, such as inert
materials which are soluble, are normally
more effectively ingested than are objects
which present merely a weak tactual
stimulus. Minute swimming organisms
are most readily ingested of all objects,
apparently owing to the fact that they
furnish weak contact and a weak chemical
effect in summation.

The extent of body surface acted upon
by the object, in relation to the strength
of the stimulus, would appear to account
for many of the differences in the mode of
ingestion. The “food cup” (Fig. 4) appar-
ently is produced by objects which stim-
ulate relatively intensely a limited amount
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of body surface, so that the outer protoplasm ‘“hollows out”
in the locality as the captor continues to move forward. In
contrast, Amoeba usually “flows around” a large object with
its body surface constantly touching the substance during ingestion.

3. Whether the object is assimilated or is eventually ejected
depends upon its solubility in the Amoeba’s protoplasm. Non-
digestible materials (e.g., soot, sand grains) are ejected sooner or later
in contractile vacuoles, but chemically soluble substances are soon
broken down and assimilated. It happens that most of the sub-
stances which stimulate Amoeba effectively, and thus are ingested
readily, also have the chemical properties which make for ready
assimilation. However, as Schaeffer (1920) reported, there are many
assimilable substances (e.g., gelatin particles) which are digestible but
usually are not ingested.

This brief survey suggests that the problem of food taking should
not be approached from the misleading standpoint of “food value,”
but that the proper procedure is to ascertain those properties of
stimulation and of protoplasmic activity which produce the observed
results.

SpPECIAL PROBLEMS IN PROT0ZOAN BEHAVIOR

Although the various species of Cilate and Flagellata (see foot-
note, p. 9) vary greatly in form and in behavior, adaptation in
these protozoan classes is subject to the controlling factors which have
been demonstrated for Amoeba as a representative of the Rhizopoda.
A consideration of certain special problems will illustrate this point.

The Significance of Permanently Differentiated Protoplasms.
Amoeba Compared with More Specialized Protozoa.—In the representa-
tive Amoeba, activity patterns (physiological gradients) are tempo-
rary in nature, and under appropriate conditions external factors
may make any portion of the organism the dominant and controlling
locality. The most sensitive part of the Amoeba is the momentarily
dominant or leading part. In other protozoans, permanent sensi-
tivity gradients exist; that is, the permanently specialized anterior
end is typically most sensitive and there is a regular decrease in
sensitivity toward the posterior end. One of the crucial advances
in animal adaptation is the appearance of permanent physiological
gradients in single-celled organisms. Some important consequences
of this fact for sensitivity and for action may be briefly outlined,
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Permanently Differentiated Sensitivity.—The stable differentiation
of highly sensitive protoplasms is well illustrated by the specializa-
tion of sensitivity to light in the flagellate, Euglena. This special
sensitivity is mediated by the “eyespot,” a reddish spot of oily
pigment which lies near the base of the flagellum, close to the
anterior end (Fig. 5). FEuglenae which are swimming about in a
dish pass into a lighted spot without change in movement, but
gradually collect in this area, since each
individual is whipped around by its
flagellum whenever entrance into the

Togellum-~.-
Flog shaded border zone suddenly decreases the
intensity of light to which the gyespot
Stigma, .. s Q has become adapted (Engelmann, 1882).
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or eye-spot Similarly, a Euglena remains within an
area of moderately intense light after
having entered by chance from an intensely
illuminated area which surrounds it. In
this case, when the organism reaches the
brightly illuminated horder zone, the sudden
increase in illumination sets up an abrupt
change in movement through its action on
the specialized photoreceptor.

Permanently Specialized Contractibity.—

Fi6. 5.—The flagel. 1The permanent differentiation of proto-
l(‘xfdf;;rz‘}::;nbl;ﬁfizz plasms snml.larly makes possible specialized
and Haswell.) motor functions. The flagellum of Euglena

is a specially contractile ‘“Organelle,”
the whipping stroke of which pulls the animal forward with
sensitive end in advance. The fine hairlike cilia which cover
the body of Paramecium, a representative ciliate, beat together in
wavelike fashion so that the organism is rotated forward about its
longitudinal axis. Owing to the asymmetrical shape of this organ-
ism, movement is in the form of a double spiral (Fig. 6, 1-6), i.e.,
the anterior end describes larger spirals than does the posterior end.
This fact is of great importance for the manner in which movement is
modified under certain stimulating conditions, as we shall find.

The possession of permanently differentiated action elements
makes it possible for these organisms to behave in a highly varied
and versatile manner under the influence of changing external and
internal conditions, and thereby the precision of adaptation is
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increased. Among the ciliates, in particular, the characteristic
movement (forward rotation) attributable to the action of cilia
becomes the basis for a diversity of behavior types among groups
that vary greatly in general body form.

In some of the Protozoa, especially the stalked forms (e.g., Stentor,
Fig. 7), there are specially contractile protoplasmic strands which
extend from near the mouth opening toward the posterior end.
When the organism is stimulated effectively, these ‘“myonemes”
contract suddenly, thereby shortening the body. In normal feeding,
a stream of water carrying suspended particles is drawn into the
mouth funnel by the cilia lining it, but if a large object bumps against
the anterior end, the backward jerk is elicited, and the substance is
whisked off in water currents without being ingested. This permits
a certain amount of “selection” in the feeding of Stenfor and similar
organisms.

Specialized Conductile Protoplasms.—In the Amoeba, conduction of
excitation occurs through ‘open protoplasm,” although the direction
of conduction differs according to the pattern of activity in force at
the time. In more specialized Protozoa, the lines of conduction
through the protoplasm (which in Amoeba depend upon the flux of
conditions) are fixed in terms of protoplasmic differences between the
specialized anterior end and other parts. The existence of special-
ized conductile protoplasms is attested by a large body of results.
For instance, Yocom (1918) cut certain protoplasmic fibiils in a
parasitic ciliate and reported interference with irritability and with
movement. )

In summary, it may be said that specially irritable protoplasms
increase the range of energy to which the organism may respond,
while specialization in conductile and action protoplasms increases
the rapidity as well as the variety of response. The differentiation of
a stable physiological gradient, with a specialized dominant anterior,
is the foundation for all of these factors which make for advances in
behavior. We turn to an examination of the increased variability
in behavior which is a consequence of these structural improvements.

The Significance of Variability in the Normal Mode of Locomotion.
Typical Variability in the Forward Swimming of Paramecia.—A
number of observers, particularly Jennings (19o6e) and Alverdes
(1922), have pointed out the great variability to which the normal
movement of the ciliate Paramecium is subject. The width of the
spiral is constantly changing and its form varies constantly as the
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animal slightly swerves or widely swings in its course. The speed
of swimming frequently changes, as well. Paramecium may glide
slowly for a distance with one side in contact with a surface, and the

/
/] (a)

F16. 6.—The normal forward spiraling (1-7a) and the reversing recaction
(9-1268) of Paramecium. At 7a a chemical stimulus causes the organism to
swivel (74 to 7¢) and next to move forward in a new direction (7e-9). At o,
contact with a filament causes the animal to spiral backward. At the end of its
backward excursion it swivels (124—12¢) and again spirals forward. (Modified
from Jennings, 1906a, and from Alverdes, 1922.) (a) Paramecium. C, cilia; M,
mouth; N, nucleus; T, tentaculecysts; V, vacuole. (Modified from Parker and

Haswell.)
animal often floats gently against an object and comes to rest with
most of its cilia motionless.

Many of these behavior variations may be traced to the intensity
changes of stimulation, or to the manner in which stimuli are encoun-
tered, as the following instances suggest. If a surface is struck at an



FUNDAMENTAL CHARACTERISTICS OF BEHAVIOR 29

obtuse angle, the Paramecium may ricochet from it without an observ-
able interruption of swimming except an enforced change in its
direction. Circling or veering has also been observed. As the organ-
ism nears a drop of chemical there may occur a slight increase in the
width of the spiral, accounting for an arching in the course which
may carry it around the drop. Sometimes, upon gently bumping an
object in its course or upon entering a zone of chemical stimulation,
the Paramecium slows in swimming so that forward progress ceases
for a short time (Fig. 6, 7 a—¢). However, during this moment the
animal continues to rotate, so that when the general ciliary activity is
resumed, the body is driven in a new direction by the beating of its
cilia.

The “ Backing Reaction” and Its Variability—When a contact or
chemical stimulus is fairly intense (as when a rapidly swimming
Paramecium bumps against a surface), a more or less vigorous back-
ing response is given (Fig. 6, 9-12¢). This reaction may be described
as follows:

1. The Paramecium spirals backward from the point of contact,
carrying through a distance which appears to vary with the strength
of stimulation, but which is usually not much greater than the body
length. Often, as noted above, the stimulus is so weak that the ani-
mal does not give its backing response at all, but swimming is merely
arrested for a moment.

2. Then the animal pauses, but the body continues to rotate, so
that the anterior pole circles widely (Fig. 6, 12ae).

3. Forward movement is promptly resumed, and the Paramecium
moves in a direction which depends upon the position of the front end
in its spiral at the time forward locomotion began (Fig. 6, 12¢-13).

Jennings (19o6a) observed that, when very strong stimuli were
used, the animal usually backed through a greater distance before
forward locomotion reasserted itself. Alverdes (1922) elicited the
backing reaction by stimulating with various salts, and found that
the distance through which the animal backed was greater when the
stimulating chemicals were more concentrated. In vigorous
responses the eventual change in direction of progress from the
original course is much greater, since the front end of the body
swings through a wider circle during the backward pause. In con-
trast, when Jennings used a weak stimulus such as water 3 to 4°C.
higher than the optimal temperature, the Paramecium would merely
pause in place, its anterior erd swinging in a narrow circle owing to
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the continued rotation, and then would proceed with but a slight
change in direction. ~As Jennings wrote,

Between this delicate reaction and the violent one first described
there exists every intermediate gradation, depending on the intensity of
stimulation.

The Adaptive Significance of Variability in Locomotion.—This
raises the question of the adaptive significance of such variations in
behavior. The close attunement of the Paramecium to its environ-
ment is made possible by an extensive specialization in its proto-
plasmic structures, and it is a fact of great importance for variability
in behavior that the animal is capable of movement in ‘three
dimensions. This ciliate is very successful, ordinarily, in escaping
the locality of a strong stimulus. Two reasons are apparent: (1) The
backing reaction is then stronger, and carries through a greater
distance than in responses to weaker stimuli; and (2) the more
strongly irritated animal rotates more widely at the end of its back-
ward movement, and is thus more likely to set off in a very different
direction. Awvoidance of the stimulus source thus depends upon whether
the stimulus is adequate to alter the chemistry of the animal’s protoplasm
in a manner that interrupts normal swimming.

It is significant that chemical compounds such as acetic acid or
zinc chloride normally elicit the backing respense when in strengths
much less than that capable of destroying the protoplasm. Accord-
ing to Jennings (19o6a), potassium chloride produces the backing
reaction at a minimal strength of 14 per cent, although it does not
destroy protoplasm below a strength of 1 per cent. In contrast,
chromic acid does not elicit the backing reaction below !{5¢ per
cent, a concentration at which this chemical destroys protoplasm.
Further, Jennings found that Paramecia collect in solutions of acid
salts (e.g., copper sulphate) after having entered readily from the
surrounding medium, although the “entrapping” substances are
actually toxic and soon kill the organisms. In many cases the
hacking reaction appears under these conditions, but only when it
is too late. Such behavior is to be accounted for only in terms of
the action of different values of energy upon the chemistry of
protoplasm, thus affecting swimming, and not by vaguely assuming
that the Paramecium possesses an ability to distinguish “injurious”
substances from others.
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The responscs we have described adjust the organism to its
environment, i.c.,, they are “adaptive.” Repcated backing reac-
tions are likely to take the ciliate out of the zone of strong (or
supraoptimal) stimulation sooner or later, unless death comes first,
since each repetition of the stimulus interrupts forward swimming
and changes the direction of locomotion. A Paramecium thus
escapes from a close tangle of
plant filaments, since one of the 22
many backing reactions given ~
in response to contact with
filaments will so change its
direction that the next forward
progress carries the organism
through some small opening.

. - ral
Expressions such as “trial and g lia T
error” ar

rror e out of place here, Oral ..«

since they encourage the mis- £,nne/ % &)
leading and fallacious teleo- '
logical assumption that the peganuclevs ¥
'fm.lmal” is “trying to escape Myonemes .3 ! ‘;
injury. (contractile)

“Adaptation,”” and Modifi-
cation of Behavior under Con-
tinued Stimulation.—In the
more specialized Protozoa, not
only may behavior vary con- A
siderably under changing 37/ P
external Stimulation, but a ] F1. 7.—Stentor roe:s'clit as in Jen-
sequence of identical stimuli }‘r‘;‘fj e::{:;;"‘ew:(ﬁ’_‘;"me"t‘ (Redrawn
may produce successive changes
in behavior. This fact greatly extends the possibilities of adapta-
tion, as the following case will show.

Jennings’ “Carmine Experiment” with the Ciliate, Stentor.—
Stentor is a little trumpet-shaped ciliate (F