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PREFATORY NOTE.

The investigations the results of which are herein set forth were
carried out by the aid of certain grants from the Carnegie Institution
of Washington. The author desires to express his deep sense of obli-
gation for the aid thus rendered. The first five papers were prepared
at the Zoological Laboratory of the University of Michigan, and were
submitted to the Carnegie Institution for publication August 1, 1903.
To the third paper some additions were made in February, 19o4.
‘T he sixth and seventh papers were prepared at the Naples Zoological
Station, while the writer was acting as Research Assistant of the
Carnegie Institution, and were transmitted for publication in January

and March, respectively, 1904.
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FIRST PAPER.

REACTIONS TO HEAT AND COLD
IN THE CILIATE INFUSORIA.
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REACTIONS TO HEAT AND COLD IN THE
CILIATE INFUSORIA.

To explain the movements of organisms toward or from a source of
stimulus, we find given almost universally in one shape or another a
certain general formula. This is the schema set forth, with unessen-
tial variations, by Verworn (1899, pp. 500-502) for the orientation of
a ciliate or flagellate infusorian to a one-sided stimulus, and by Loeb
(1897, pp. 439—442) for the tropisms of organisms in general. Essen-
tially, the schema is as follows: An agent acting upon the organism
from one side causes the locomotor organs of that side to contract
either more strongly or less strongly than those of the opposite side.

/‘/ﬁ"\

Fie. 1.*

li

In the former case (Fig. 1) the animal is turned away from the source
of stimulus, till it comes into a position in which the motor organs of
the two sides are similarly affected. Then progressing straight for-
ward, it of course moves away from the source of stimulus (negative
taxis or tropism). If the motor organs on the side most affected are
caused to contract less strongly than those on the opposite side (Fig. 2)

*F16. 1.—Diagram of a negative reaction of an organism, according to the
tropism schema. The motor organs which act more effectively are shown more
heavily drawn. The more pointed end is the anterior. A stimulus is supposed
to impinge upon the organism a from the direction indicated by arrows; this
causes the motor organs directly affected by the stimulus to beat more strongly,
as indicated by the darker shade. The result is to turn the anterior end in the
direction indicated by curved arrows. The organism thus occupies successively
the positions a, 5, ¢, finally coming into the position d. Here the motor organs
of the two sides are equally affected by the stimulus, hence there is no further
cause for a change of position. The usual forward motion of the organism now
takes it away from the source of stimulus, as indicated by the straight arrow at d.

7
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S THE BEHAVIOR OF LOWER ORGANISMS.

the organism is necessarily turned with anterior end toward the source
of stimulus; then its usual forward movements take it toward the
source of stimulus (positive taxis or tropism). I.oeb lays especial
stress on the direction from which the stimulus comes, as it is this
that determines which side shall be most strongly affected by the
stimulus ; otherwise the theory as he sets it forth is essentially like that
held by Verworn. Both these authors apply this schema to the move-
ments of organisms to and from many sorts of stimuli, making ita
general formula for faxis or tropisms. Verworn says (1899, p. 503):

Thus the phenomena of positive and negative chemotaxis, thermotaxis, photo-
taxis and galvanotaxis, which are so highly interesting and important in all or-
ganic life, follow with mechanical necessity as the simple results of differences
in biotonus, which are produced by the action of stimuli at two different poles of
the free living cell.

In the present series of papers the writer proposes to examine the
behavior of a number of lower organisms, in order to determine

O N D

Il

d
a b c

Fi1G. 2.*

whether the reactions to the usual stimuli take place in accordance
with this tropism schema or not, and if not, to determine the real
nature of the reaction method. In this first paper we shall deal with
reactions to heat and cold.

In his recent series of papers on the reactions of infusoria to heat and
cold, Mendelssohn (1902, «, 4, c) develops a theory of thermotaxis in
accordance with the general theory of tropisms, above set forth. In an
earlier paper (Jennings, 1899) the present author, on the other hand,

*F16. 2.—Diagram of a positive reaction, according to the tropism schema.
A stimulus coming from the direction indicated by the arrows to the right acts
upon the organism a. The effect of the stimulus is to cause the motor organs
directly affected by it to contract less strongly, as indicated by the lighter shade
on the right side of a. As a result the animal is turned as shown by the curved
arrows, occupying successively the positions @, 4, ¢, d. At d the stimulus
affects the two sides alike, hence there is no cause for further turning, and the
usual forward movement of the organism takes it toward the source of stimulus.
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REACTIONS TO HEAT AND COLD. 9

gave a brief account of the reactions of Paramecium to heat and cold,
according to which these reactions are quite inconsistent with the
tropism schema. As the matter is one of considerable interest, and the
conclusions reached by Mendelssohn and myself seem quite irrecon-
cilable, I have examined anew the phenomena in a considerable number
of infusoria, including Paramecium.

The general phenomena to be explained are well seen in the follow-
ing experiment, taken from Mendelssohn (Fig. 3). An ebonite trough
1o cm. in length and 2 cm. wide is filled with water containing Para-
mecia (¢). Now, by proper methods, one end of the trough is slowly
heated to 38°, while the other is kept at the temperature 26°. The

J8¢

10*

’ Fie. 3.*
Paramecia soon leave the heated region, traveling away from it in a
rather compact mass, and in 5 to 15 minutes they have reached the op-
posite end (). If now the temperature at the two ends is reversed,
the Paramecia travel back to the end from which they came. If the
temperature is lowered to 10° at one end, instead of raised, similar re-
sults are obtained ; the Paramecia leave the cold region, as before they

* F16. 3.—General phenomena of thermotaxis in Paramecium, after Men-
delssohn (1903, a). At a the Paramecia are placed in an ebonite trough, both
ends of which have a temperature of 19°. The Paramecia are equally scattered.
At 3, the temperature of one end is raised to 38°, while at the other it is only 26°.
The Paramecia collect at the end having the lower temperature (‘‘ negative
thermotaxis’’). At ¢, one end has a temperature of 25°, while the other is
lowered to 10°. The Paramecia now gather at the end having the higher tem-
perature (‘¢ positive thermotaxis ”).
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10 THE BEHAVIOR OF LOWER ORGANISMS.

left the heated region (¢). If one end is heated, while the other is
cooled, the Paramecia gather in the intermediate region.

How are these movements to be explained? Mendelssohn applies
to the phenomena Verworn’s schema for the orientation of a ciliate
organism to a one-sided stimulus (see Figs. 1 and 2). As we wish to
deal thoroughly with this schema, it will be well to set it forth here, as
applied by Mendelssohn to heat and cold, with some fullness.

The temperature being higher at one end of the trough than at the
other, that side or end of the animal directed to the heated end of the
trough has a higher temperature than has the opposite side or end
(see Fig. 4). This difference in temperature causes a difference in the
beat of the cilia. In negative thermotaxis the higher temperature
causes the cilia to contract more strongly, as indicated by the heavier
shade (on the left side) in the figure; hence the animal is turned
toward the opposite side, or away from the source of heat, until it
comes into a position where the heat acts equally on the two sides.
The Paramecium then of course has its anterior end directed from the

heated region, and its ordinary

a 2 - swimming carries it away. In

a positive thermotaxis, on the

0 ﬁ ﬁ {::} other hand, the lower tempera-

ture causes stronger contrac-

FIG. 4.* tions ; hence the cilia on the

side next the cold region con-

tract more strongly, turning the anterior end in the opposite direction.

The Paramecium then swims away, as a result of its normal forward
movement.

Mendelssohn studied the subject primarily from a quantitative stand-
point, determining the optimum temperature, the rate of reaction, the
effects of different temperatures, etc. For this purpose he constructed
a very ingenious and delicate apparatus, which permitted accurate
quantitative results. Relying then upon his valuable papers for these
matters, I have devoted myself entirely to a study of the mechanism of
the reactions. For this purpose an apparatus was used that is similar

* F1a. 4.—Diagram of the thermotactic reaction of Paramecium as conceived
by Mendelssohn, after Mendelssohn (1902, 5). The heavier cilia on the left side
show those contracting most strongly and hence those most effective in turning
the organism or driving it forward. In negative thermotaxis the left end would
have the higher temperature, causing the cilia of the left side of the organism
& to beat more strongly. As a result, the organism turns, occupying suc-
cessively the positions a, 8, ¢, d. In the latter position there is no further
cause for turning, and the animal swims directly away from the heated end.
The same diagram illustrates also positive thermotaxis, if the left end is sup-
posed to be cooled below the optimum.
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REACTIONS TO HEAT AND COLD. II

in principle to that of Mendelssohn, but more easily constructed and
permitting exact observation of the organisms with the microscope,
though otherwise much less elegant than Mendelssohn’s. This ap-
paratus is shown in Fig. 5. It consists essentially of three glass tubes,
of 8 millimeters bore, which are supported in a horizontal position,
side by side, by passing them through auger holes in a block of
wood. The tubes are one inch apart and are placed exactly at
the same level, so that a glass slide rests equally on all three. To
the two ends of each of these rubber tubes are attached. The rubber
tubes from one end pass upward into vessels of water raised on a shelt
above the level of the apparatus. From the other end the rubber tubes

FiG. 5.*

pass downward into a waste pail, thus acting as overflow tubes. A
trough, or slide (s), containing infusoria, is placed on the three glass
tubes ; the water in the vessels on the shelf is heated or cooled to any
desired temperature, and is then siphoned off and allowed to flow
downward through the glass tubes. The rate of flow is controlled by
pinchcocks. In this manner heated water can be caused to flow
beneath one end of the slide, cold water beneath the other. The slide
being thus unequally warmed, the reactions of the organisms can be
observed. The rubber tubes leading from the hot and cold vessels can
be interchanged, so that the temperature at either end or the middle of
the slide can be at once changed and made high or low, without the

* F16. 5.—Apparatus used for testing reaction to heat and cold. For de-
scription, see text.
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12 THE BEHAVIOR OF LOWER ORGANISMS.

slightest disturbance to the slide or trough containing the organisms.
The plan of this apparatus is taken from that of Mendelssohn. It can
be readily constructed in an hour or less, and gives essentially the same
results as Mendelssohn’s more elaborate arrangement. With the use
of specially constructed thermometers, such as were employed by
Mendelssohn, exactly the same quantitative work could be done. The
present apparatus has the advantage that it is possible to place a
mirror beneath the glass slide or trough bearing the organisms, and
thus to observe the movements of the latter with the microscope by the
aid of reflected light. With the long-armed Braus-Driiner stand the
whole extent of the trough can be examined at ease, and the movements
of the organisms accurately observed with the stereoscopic binocular.

As a trough I usually employed a glass slide, to which strips of glass
2 mm. in diameter had been cemented, making a trough 3 inches long,
about two-thirds of an inch wide, and 2 mm. deep. In some of the
experiments the trough was covered with a glass plate; in others it
was left open. Both methods have their advantages and disadvantages.

To realize the exact conditions under which the organisms are act-
ing it is necessary to consider a further question: What is the precise
nature of the stimulating agent in these experiments? Are we dealing
with radiant heat or with conducted heat? If we are dealing
primarily with radiant heat, of course currents in the water have
no effect on the distribution of the stimulating agent. 1If, on the other
hand, we are dealing with conducted heat, if the stimulating agent is
the heated or cooled water, then the conditions are different. Local
currents will cause local variations in the distribution of the heated
water. It is evident, I think, that the second alternative is in all
probability the correct one. Certainly in a bath-tub or in a long
vessel of any sort in which the water is heated at one end and not at
the other, it is possible by producing currents to vary the distribution
of the heated water and to perceive with the hand that it is this heated
water which acts as the stimulus.

The importance of these considerations is evident when we take into
account the fact that the ciliate infusoria are always accompanied by
currents of typical character, having a definite relation to the form and
orientation of the animal’s body. As a result of these currents, the in-
fusorian becomes not a mere passive recipient of stimulations, but an
active agent, determining by its activity how and in what part of the
body it shall be affected by stimuli. This may be illustrated by a
diagram (Fig. 6) showing the typical currents produced by the cilia
of Paramecium and the effect produced by these currents upon the
distribution of the heated (or cooled) water. The temperature is con-
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REACTIONS TO HEAT AND COLD. 13

ceived to be greatest to the right of the figure and to fall off regu-
larly toward the left, the lines indicating regions of equal temperature.
The last line to the left is marked 28°, this being about the threshold
temperature for the negative reaction of Paramecium, according to
Mendelssohn. The space about the Paramecium (without lines) is at
a temperature below 28°—say at the room temperature—so that it
does not act as a stimulus to cause movement. Now, us the diagram

28 : / / /

28¢

Fie. 6.*

shows, a cone of water is drawn toward the anterior end of Para-
mecium, from a considerable distance away, necessarily therefore
including water above the threshold temperature of 28°. This cone or

*F1G. 6.—Diagram of currents produced by the cilia in Paramecium when
the animal is nearly or quite at rest. At right of the line marked 28° the tem-
perature is above the optimum (above 28°) while at the left of this line it is at
the normal or optimum temperature. The heated water first reaches the Para-
mecium at the anterior end on the oral side, passing down the oral groove to
the mouth.
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14 THE BEHAVIOR OF LOWER ORGANISMS.

vortex of water passes as a slender stream along the oral groove of
Paramecium to the mouth. Consequently, water heated above the
threshold temperature reaches the Paramecium in this region before it
touches the body elsewhere. The result is thus a stimulation on the
oral side of the body, not elsewhere.

Thus the way in which the organism is stimulated depends not ex-
clusively on the physical laws of the distribution of heat, but upon the
activity of the organism ; and the method of reaction, as we shall see,
is of a corresponding character.

It is not difficult to observe the distribution of the currents abaove
described if one adds to the water on one side of the nearly or quite
quiet infusorian a cloud of very finely ground India ink. The same
results are obtained with other infusoria; in Stentor, in Bursaria, and
in some of the larger Hypotricha the results are particularly striking.
Of course if the India ink, or the surface of threshold temperature, is
advancing obliquely to the axis of the infusoria, the results are more
complicated, and a diagram such as we have in Fig. 6 is not easy to
construct. But the result is uniformly to bring the stimulating agent
to the peristome before it reaches any other part of the body. It is not
possible to observe directly the distribution of water of different tem-
peratures, but under the influence of currents this of course follows,
essentially, the same laws as do fine particles suspended in the water.

Another factor which it is important to take into consideration in
studying the effects of heat or other agents on the infusoria is the
greater sensitiveness of the anterior end and oral surface (or peristome)
as compared with the remainder of the body. This the present writer
has demonstrated for the anterior end by direct mechanical stimulation
in a considerable number of infusoria (Jennings, 1900), while Roesle
(1902) has shown a similar high comparative sensitivity for the peri-
stome region. The difference is such that in many cases where the
animal is completely enveloped by a stimulating agent (as by a chemi-
cal, or by warm or cold water) there is reason to think that the
reaction given is due to the stimulation at these regions alone. In
other words, the stimulus reaches its threshold value for the anterior
end and the region about the mouth much before it reaches this value
for the rest of the body. This consideration has an important bearing
on the theory which is'frequently maintained, that the directive action
of a stimulus is due to the difference in its intensity on the two ends or
sides of the organism. Even if a stimulating agent acts, per se,
slightly more strongly on the posterior end than on the anterior end
of an infusorian, there is reason to think that the reaction would be
conditioned entirely by the stimulus at the anterior end, this reaching
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REACTIONS TO HEAT AND COLD. 15.

its threshold value before the stimulus elsewhere produces any effect.
Corresponding statements could be made with relation to the oral and
aboral sides. Of course, owing to the course of the currents above
described, any stimulating agent whose distribution is affected by cur-
rents in the water will usually reach the anterior end and oral side
first in any case.

Summing up, we find (1) that the threshold intensity of a stimulating
agent whose distribution is affected by currents in the water will reach
the anterior end and oral side of the organism before it reaches other
parts of the body; (2) that the anterior end and oral surface are more
sensitive than the rest of the body, so that the threshold value for
stimuli is less here than elsewhere.

We may now proceed to an account of the observed method by
which some of the organisms react to heat and cold.

Oxytricha fallax: This is one of the most favorable of the Ciliata
for determining the method of reactions to stimuli, for two reasons.
(1) Itis easily procurable in large numbers, occurring in cultures of
the same sort that produce Paramecium, and in equal abundance.
(3) It does not, as a rule, revolve rapidly on its long axis, as Para-
mecium does, but usually creeps with its oral or ventral side against a
surface, so that it is not difficult to observe the relation of the reaction
movements to the differences in the sides of the body.

When water containing a large number of Oxytrichas is placed in
the trough and one end of the trough is heated by passing warm water
through the tube which underlies it, the Oxytrichas gradually pass
toward the opposite end of the trough, forming a dense assemblage
with a rather sharply defined edge toward the heated side. If the end
at first heated is now cooled and the opposite end heated, the organisms
pass back to the end from which they first came. Similar results are
obtained by making one end very cold; the animals gather in an
optimum region, avoiding both too great heat and too great cold.*
The phenomena are identical with what is to be observed in the case
of Paramecium, save thatit requires somewhat longer for the Oxytrichas
to move from one end of the trough to the other, and the progress in a
definite direction is not so steady as we find it in Paramecium.

If the movements of the individuals are observed we find them to be
as follows: Near that end of the trough where the temperature is

* Many quantitative data for various infusoria are given in the valuable papers
of Mendelssohn. As the object of the present paper was not to obtain quantita-
tive data, but to determine just how the animals acted, absolute temperatures
are not recorded. In every case the experiments were so varied as to use at
times temperatures to which a reaction was hardly noticeable; at other times
more extreme temperatures, up to those which were destructive.
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16 THE BEHAVIOR OF LOWER ORGANISMS.

raised above the threshold value the animals begin to move about
rapidly. At first view this movement seems to be quite irregular, as
Mendelssohn describes it in Paramecium. But exact observation of

FiG. 7.*

the jndividuals taken separately shows that this movement is not so
entirely irregular as it at first appears. Most of the animals swim

* F1G6. 7.—Method by which Oxytricka fallax reacts to heat or cold. The fig-
ure represents one end of a trough or slide, which is heated from the end ». An
Oxytricha in the position 1 is reached by the heat coming from the end . The
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REACTIONS TO HEAT AND COLD. 17

backward, circling at the same time toward the right or aboral side, as
shown in Fig. 7. This lasts but a moment; then the animal swims
forward, at the same time turning to the right or aboral side. That is,
the individuals give the typical motor reaction, as described in the fifth
of my studies (Jennings, 19oo). This reaction is repeated many
times, as long indeed as the animal remains in the heated region. But
of course this movement scatters the animals rapidly. Those that
strike against the end or sides of the trough repeat the reaction above
described, backing, turning to the right, then going forward (Fig. 7 at
8, 9, 10, 11). They thus become directed in some other way. Those
that are directed away from the heated region pass into cooler water
and hence no longer give the reaction, but continue their course (Fig.
7at 13, 14). The result is that the individuals which swim away from
the heated end continue their course, while those starting in any other
direction are stopped and turned (through the motor reaction), until
they too get started away from the heated region. Thus after a time
there is a steady stream of organisms swimming or creeping away from
the heated end, while there is no regular movement in any other
direction. In this manner arises the orientation of the animals, with
anterior ends directed away from the heated region.

The movements of the individuals are exactly as above described
even when the heat is applied some distance from the region where
the animal is found and gradually approaches it from one side. The
animal by no means turns directly away from the heated region, but
repeatedly gives the backing and turning reaction till it is finally mov-
ing in a direction which takes it out of the heated region.

How is this continued backing and turning to be accounted for on
the theory of direct action on the locomotor organs of the two sides as
maintajned by Mendelssohn? This author speaks in the case of Para-
mecium merely of ¢‘disordered” movements when the reaction first

animal reacts by turning to the right and backing (1, 2, 3), turning agsin (3-4),
swimming forward (4-5), backing (5-6), turning again to the right (6-7), etc.,
till it comes against the wall of the trough (8). It then reacts as before, by
backing (8-9), turning to the right (9-10). This type of reaction continues as
long as the Oxytricha is in the heated region, or as long as its movements carry
it either against the wall or into the heated region. When it finally becomes
directed away from the heated region (13), as it must in time if it continues its
reactions, it swims forward, and since it is no longer stimulated, it no lgnger
reacts. When large numbers of animals react in this way, in the course of
time nearly all become pointed in the same direction, as at 13 or 14, so that a
marked ‘‘orientation” is produced. Thus orientation is produced by ‘‘ex-
clusion,” due to the fact that the organism is prevented, either by the heat or
the walls of the trough, from swimming in any other direction.
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18 THE BEHAVIOR OF LOWER ORGANISMS.

begins, and thinks this is due to ¢t individual differences, or to ill-
defined internal causes, or perhaps rather to the heterogeneity of the
medium in which they find themselves” (Mendelssohn, 1902, ¢, p.
492), and that it has nothing to do with thermotaxis proper. This is
typical of many of the statements made concerning the behavior of the
lower organisms; the movements, so long as they do not agree with
the preconceived schema, are cast aside as disordered, and attention is
called only to the movements that do not conflict with the theory.
Thus Mendelssohn says that this disordered movement ¢ ceases im-
mediately as soon as the thermotactic action manifests itself ” (/. c., p.
492). This is true merely because the thermotactic action is conceived
to begin only after the organism has, through the movements above
described, gotten itself into such a position that it moves away from
the heated region. Of course if all movements except those after
orientation has occurred are thrown out of consideration, the orientation
can be accounted for in any way desired.

In Paramecium, for which alone Mendelssohn attempts to give an
account, based on observation, of the mechanism of the thermotactic
response, the exact character of the movements is undoubtedly difficult
to observe. This animal is nearly cylindrical in section ; the oral side
is very slightly marked, the movements are rapid, and the animal con-
tinually revolves rapidly on its long axis, so that observation of the
relation of the direction of turning to the differentiations of the body is
very difficult. In Oxytricha and other Hypotricha these difficulties
are almost absent ; the body is markedly differentiated ; the movements
are less rapid, and, most important of all, there is usually no revolu-
tion on the long axis. It is unfortunate therefore that Mendelssohn
included none of the Hypotricha among the organisms which he
studied. With careful observation of the movements of individuals
the mechanism of the reactions is in these animals absolutely clear.

A crucial test of the theory of direct orientation as maintained by
Mendelssohn is given by observation of the direction in which the
animals turn in becoming oriented. Mendelssohn (1902, ¢, p. 492)
says that after the disordered movements ¢¢ the movements executed to
place the body in orientation are rather movements of rotation.” This
could hardly be otherwise, but the important question for deciding as
to the nature of the reaction is, How does the rotation take place? Is
it determined by the direction from which the heat comes, as required
by Mendelssohn’s theory, or is it determined by the differentiations of
the animal’s body ? This point is a decisive one for interpreting the
nature of the reaction. Suppose we have an Oxytricha in the position
a-a, Fig. 8, and heat is applied in such a way as to reach the organism
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REACTIONS TO HEAT AND COLD. 19

from the direction indicated by the straight arrows. The heat is supra-
optimal, so that the organism moves away from it. In what direction
will the organism turn in order to reach the position of orientation
6-6? According to the theory of Mendelssohn, that the orientation
is due to an increase of the effective beat of the cilia on the side from
which the heat comes, the animal must turn in the direction indicated
by the arrow x», and this is of course what one would naturally
expect, since this is the most direct method of becoming oriented.
But as a matter of fact the organism turns in the opposite direction, as
indicated by the arrow y, thus demonstrating the incorrectness of the
theory that orientation is due to increase of the effective beat of the
cilia on the side from which the heat comes. I have made this obser-
vation hundreds of times, not only upon Oxytricha, but on other
Hypotricha and on infu-
soria belonging to other
groups (see below). The
direction of turning is de-
termined, under the heat
stimulus, by the differen-
tiation of the animal’s
body. Oxytricha turns to
the right, without regard
to the direction from which
the heat comes. This is
very striking when the
trough is covered and part
of the animals are creep- Fi16. 8.—Method of orientation in Oxytricha.
ing on the cover-glass with For detals, sce text.

ventral side up, while the remainder are creeping on the bottom of the
trough with ventral side down. When stimulated by heat approaching
from one side, all the members of the first group will be observed to
turn counter clock-wise, while those of the second group turn in the
same direction as the clock hands; that is, each specimen turns toward
its right side.

For becoming completely oriented an animal in the position g-a in
Fig. 8 usually requires a number of reactions, as indicated in Fig. 7,
but the turning in every case is as indicated by the arrow y (Fig. 8).

After it has become oriented with the anterior end away from the
source of heat, Oxytricha by no means maintains this position with
rigidity ; on the contrary the individuals shoot back and forth, in a way
that might be anticipated from the method in which the reaction
occurs. They thus form groups here and there, which gradually move
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20 THE BEHAVIOR OF LOWER ORGANISMS.

away from the heat, much as is described by Mendelssohn for Para-
mecium bursaria. With a large number of individuals a general
orientation is evident, however, after the experiment has been some
time in progress.

If ice water is used as the stimulating agent in place of heated water,
the phenomena to be observed are practically identical with those
above described. The organisms leave the colder region, giving the
same reaction as with heated water. As the cold has the additional
effect of decreasing the movements, many individuals are immobilized
by a very low temperature before they have succeeded in escaping
from it, so that they remain in the cold region. The reaction is thus
less clearly defined than that to heat.

Oxytricka eruginosa: This organism, though smaller, is in some
respects more favorable than O. fallax for observing the method of
reaction. This is because the individuals are more inclined to swim
freely through the water, so that their progress away from or toward
the heated region is more rapid than in O. fallax. O. @ruginosa,
further, even when moving freely through the water, either does not
revolve on the long axis at all or revolves only very slowly. In con-
sequence of this it is easy to determine the relation of the direction of
turning to the differentiations of the body.

The reaction to heat and cold is in essentials identical with that of
O. fallax, and this reaction is repeated till the animals are carried into
a region where the temperature is not such as to cause the reaction.
Those that are carried into such a region will of course be swimming
away from the stimulating region ; hence, in a large number of individ-
uals there is an evident orientation, with anterior end directed away
from the source of heat or cold. All the conditions and details as to
the production of this orientation are as set forth above for O. fallax.

Stylonychia mytilus: This large Hypotrichan is still more favorable
for the study of the movements of individuals under the stimulus of
heat or cold coming from one side than are the two species of
Oxytricha. But I have found it less easy to obtain in large numbers,
and for this reason have not chosen it for the detailed description of
the reaction. Where comparatively few specimens are available,
the movements of individuals are easily studied, but there is little
impression of any real orientation, such as one gets clearly when large
numbers are used.

The movements of the individuals are like those described for
Oxytricha fallax. The animal in reacting always turns to its right,
without regard to the relation of this to the direction from which the
heat or cold is coming. With an organism of the large size of
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Stylonychia this is very evident. This turning to the right under the
stimulus of heat and cold in Stylonychia has already been described
by Piitter (1900), incidentally to his study of the effect of contact
stimuli in this organism.

Stentor ceruleus: Mendelssohn includes in his paper a note stat-
ing that positive and negative thermotaxis occur in some species of
Stentor, and giving the optimum ; but he made no study of the mech-
anism of the reactions in this animal. Had he done so, it seems to me
that he could not have maintained his theory of the way in which
the reaction takes place.

When one end of the trough is warmed the Stentors near that end
begin after a few seconds to move about more rapidly. In most cases
the movement is as follows: The animals swim backward some
distance, then turn toward the right aboral side and swim forward
(the typical motor reaction). Thus the general effect is as of an
irregular movement in all directions. Those individuals which swim
forward toward the other end of the slide pass out of the heated region ;
hence the motor reaction no longer takes place, and the animals con-
tinue to swim forward. Those which start in any other direction do
not escape from the heated region, and therefore soon give again the
motor reaction, backing and turning again to the right. Thus only
those that swim away from the heated region continue their course;
the others are stopped and turned until finally they too get started in
the same direction. Therefore, after a period of apparently disordered
swimming, there is an evident orientation of many individuals, with
anterior ends away from the heated region. This orientation is caused
as it were by exclusion ; in animals swimming in any direction but one
the motor reaction is produced, so that only this direction can be main-
tained. After a lime, therefore, a large proportion of the individuals
are swimming in this direction, with a common orientation.

Thus the direction in which the animals turn is determined, as in
the Hypotricha, by the structure of the body, and not by the direction
from which the heat comes.

Those outside the region where the heat has reached the threshold-
temperature often swim for some distance toward the heated region;
then arriving at a point where the heat is effective, they give the motor
reaction, backing and turning to the right. They are thus prevented
from entering the heated region.

If the temperature is rapidly raised, the animals may not succeed in
escaping from the heated region until they are injured. In this case
the specimen contracts strongly and swims backward a long time. It
becomes distorted, places the disk against the bottom or.other surface,
becomes motionless, and finally dies.
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Fixed specimens react less readily to heat than do free-swimming
specimens. They do not orient themselves with reference to the direc-
tion from which the rise in temperature comes. They may remain
extended normally, carrying on the usual activities, after the tempera-
ture has risen beyond the point which sets the free specimens in rapid
reaction. But as the temperature rises they repeatedly bend over into
a new position (bending toward the right aboral side), then contract
strongly, and finally free themselves from their attachment. There-
upon they behave like other free individuals.

Spirostomum ambiguum : In this large ciliate the reactions to heat
and cold take place in essentially the same manner as is described
above for Stentor and the Hypotricha, so that it is not necessary to
describe the phenomena in detail. The organism reacts to heat or
cold by backing and turning toward its aboral side ; and this whether
the change in temperature is uniform over the entire surface of the
animal or whether it approaches from one side. The movements of the
animal are slow, and under the Braus-Driiner stereoscopic microscope
its method of reaction is very clear. There is little marked common
orientation at any time, however ; this being due to the slowness of the
movements and the frequency of repetitions of the motor reaction.

Bursaria truncatella: In this very large infusorian, in which cer-
tain differentiations of the body are visible even to the naked eye, the
method of reaction to heat and cold is observed with the greatest ease.
But orientation of a large number of individuals in a common direction
is hardly to be noticed, though if Bursaria could be obtained in such
numbers as Paramecium or Oxytricha, perhaps an indication of orien-
tation would be noticeable in spite of the slowness of movement.

Bursaria is very inactive, often remaining quiet for long periods.
It swims slowly, and frequently creeps along the bottom with ventral
side down, but may also swim freely through the water, revolving to
the left. If the temperature of the trough is raised at one end, the
animals in this region that are moving freely through the water swim
backward, turn to the right, and swim forward. This may be repeated
till the organism passes out of the heated region. Rather more
frequently, however, the animal, after thus reacting once or twice, sinks
to the bottom and places its ventral side against the surface. It now
conducts itself in the same manner as do the other individuals in this
situation, as will be described.

The individuals which are resting against the bottom (usually the
majority of those in the trough) react as follows: They begin to swim
backward, keeping the ventral side down and at the same time circling
toward their own right sides. They thus describe rather narrow circles.
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This continues until the heat becomes destructive—the animals cease
circling, become quiet, and finally disintegrate. The reaction of those
individuals which are resting or creeping on the bottom is thus not of
a character to save them from destruction.

Specimens which are by chance moving along the bottom from a
cool region toward the warm region do not escape; they merely stop
and begin to circle backward to the right when they reach the heated
spot, and continue this till they die.

Thus the reaction of Bursaria to heat, while of the same general
character as that of other infusoria, must be accounted very imperfect,
since it hardly results in orientation at all, and does not preserve the
animals from destruction.

Paramecium caudatum :* In the second of my studies (Jennings,
1899, pp- 334-336) 1 gave a brief account of the way in which, ac-
cording to my observations, Paramecium reacts to heat and cold.
From my more recent studies I can confirm this account. But as
Mendelssohn has recently come to different conclusions for the tempera-
ture reaction of this animal, and as he misunderstands certain points
in my brief description, it seems desirable that I should supplement the
account previously given in order to make it clear.

Paramecium reacts to heat and cold in essentially the same manner
as is described above in detail for Oxytricha. When the higher or
the lower temperature advances from one side the animals swim
backward, turn toward the aboral side, and swim forward again.
They continue this until the movement brings them into a region of
more moderate temperature. Paramecium reacts more readily than
Oxytricha, the reactions are repeated at shorter intervals, and the
movements are more rapid, so that a common orientation of many
individuals swimming away from the region of higher or lower tem-
perature is more quickly produced and is more striking to the eye. It
results farther from this more rapid movement, as well as from certain
other factors, that the method of reaction in Paramecium is much less
easily observed than in any of the other infusoria described. Indeed,
Paramecium is one of the most unfavorable forms obtainable for a
study of reaction methods, and it is, I believe, due largely to the fact
that this animal is usually employed for such study that progress has

*The common Paramecium, which appears everywhere in immense numbers
in decaying vegetation, receives from different authors sometimes the name
Puramecsum anrelia, used by Mendelssohn; sometimes the name given above.
T use the name candatum because it appears to me to be the correct one, but
there is no reason for considering the animals thus differently denominated to
be really different.
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been so slow in appreciating the real nature of the reactions of the in-
fusoria. If Stylonychia or Oxytricha or any other of the Hypotricha
had been taken as the usual type for study on reactions, many of the
theories now maintained could never have been put forth. The body
of Paramecium is comparatively little differentiated, so that it is diffi-
cult to distinguish oral and aboral sides, and, to multiply this difficulty
many times, the animal revolves rapidly on its long axis, so that oral
and aboral sides never retain for two successive instants the same
position. It is not wonderful, therefore, that the method of reaction
by turning toward the aboral side was not observed in the first investi-
gations on Paramecium and that many still find it difficult to observe.
Nevertheless, it was on Paramecium itself that this reaction method was
first observed (Jennings, 1899), and its existence was confirmed later
on the organisms where its observation presents no difficulties. Aside
from the direct observations of the method of reaction, the following
facts throw light on the way in which the collections take place.

' As described in the second of my studies
. (Jennings, 1899, pp. 314, 3I5), the collect-
ing of Paramecia in regions of optimum
) . temperature may be produced in the follow-
s Lo ing manner : The infusoria are mounted in
water which is above the optimum temper-
ature (say 30°) on a slide beneath a cover
glass supported at its ends by glass rods. Into this slide is introduced
with the capillary pipette a little cooler water (say at 24°), which
covers a small circular area in the center of the slide. Very soon the
Paramecia have collected in this region till a dense group is formed.
The same result may be obtained by placing a drop of ice water on the
top of the cover glass of a slide of Paramecia which has been warmed
considerably above the optimum temperature. (Fig. 9.)

Are these collections due to the orienting of Paramecium by the
heat, as maintained by Mendelssohn for thermotaxis in general? Ob-
servation shows that they are not; that on the contrary the Paramecia
gather in the optimum region in the same manner as they gather in a
drop of weak acid, as described in my studies. The Paramecia on the
heated slide are swimming rapidly in all directions. They do not
change their course or become oriented in the least when a spot in a
certain part of the slide is cooled. But as a consequence of their

FiG. 9.*

*#F16. 9.—Collection of Paramecia due to the reaction to temperature change.
The slide rests on a vessel of water at a temperature of 45°. An elongated drop
of ice water is placed on the upper surface of the cover glass. The Paramecia
quickly collect beneath the drop of ice water.
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rapid movements many of them by chance enter the cooler region.
They do not react at all as they enter, but continue across. On
coming to the other side of the drop, however, they do react, by back-
ing and turning toward one side (the aboral). They react whenever
they come to the boundary of the cooled region; hence they do not
leave it. In every respect their behavior is like that seen when Para-
mecia collect in a drop of weak acid, and I believe there is no longer
anyone who holds to the orientation theory for the gathering of Para-
mecium in chemicals.

As in the case of chemicals, it may be demonstrated to the eye in the
following manner that the method above described suffices to account
for the gatherings. On the #pper surface of the cover glass is marked
a small ring in ink. By confining the attention to this ring it is easily
seen that in the heated preparation of Paramecia many individuals
cross the ring every instant, so that, if these could all be stopped i7
the ring, a dense aggregation would soon result. Then the region
within the ring is cooled by placing a drop of ice water on the cover
above it. The Paramecia continue to swim just as before, save that
they no longer pass out of the ring after swimming in, as they did at
first. In this way a dense collection is soon formed.

Mendelssohn (1902, 4, p. 487) finds it inexplicable why the Para-
mecia should form dense aggregations at the optimum temperature.
He says that they execute ‘¢ only some insignificant movements ” in
this region, not swimming away. On the theory of thermotaxis held
by Mendelssohn this is perhaps inexplicable, but this, it seems to me,
is only because the theory is incorrect. Such collections are due to
precisely the same factors as the rest of the reaction to heat and cold
and are clearly intelligible when the nature of the reaction, as described
above, is taken into consideration.*

In a former paper (Jennings, 1899, p. 336), after giving a brief
account of the reaction method above described, I pointed out that this
method does not demand a sensitiveness to such minute differences in
temperature as does Mendelssohn’s theory, and that therefore the sensi-
tiveness to temperature differences may have been overestimated.

* Mendelssohn (1903, 5, p. 487) supposes that I would explain these gatherings
at the optimum temperature through the collection of Paramecia in CO, pro-
duced by themselves, and shows that this would not account for the phenomena
observed in these cases, though he confirms the fact of the collections in CO,.
But I have by no means maintained that such collections can be produced only
by CO,; on the contrary, I have given an account of many different agencies
that will give rise to such collections, and have especially described the fact that
collections are formed in a warmed region through exactly the same reactien by
which they are formed in CO,. (Jennings, 1899, p. 315.)
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Mendelssohn (1902, @, p. 406) misunderstands my ground for this
statement. He supposes that I hold that the Paramecia do not react
to differences in temperature less than that existing in a certain illus-
trative experiment, where one end of the slide was resting on ice, while
the other was heated to 40°. This experiment was purely for the
purpose of bringing the phenomena of thermotaxis concretely before
the attention of the reader; its details had no special significance. I
have not the slightest reason for doubting the entire accuracy of the
quantitative experimental results set forth by Mendelssohn, and consider
them a most valuable addition to our stock of exact data. But the
calculation of the sensitiveness of the organisms concerned, from these
experimental results, involves a certain interpretation as to the reaction
method, and it was this interpretation that I called in question. Men-
delssohn, in accordance with his general theory, holds that the reaction
is due to the difference in temperature between the two
ends of the organism, and he calculates that this difference
in temperature could amount, in the case of Paramecia,
to but 0.01° C. According to the reaction method which
I have described above, however, it is not the difference
t in temperature between the two ends of the same indi-
vidual that causes the reaction. Consider a slide cooled
below the optimum at the end a; above the optimum at
the end 4 (Fig. 10), the optimum temperature for the
Paramecia being between the lines x and y. The animal
may swim a considerable distance from a position y, at
one side of the optimum, to a position , at the other side
of the optimum, before it reacts (by backing and turning, etc.) at all.
We have no ground for maintaining then that it perceives any less differ-
erences in temperature than that between the lines ¥ and y, and this
difference will be much greater than that between the two ends of the
animal. A similar diagram could be made for the case where the tem-
perature is raised or lowered only at one end of the slide. It seems to
me correct, therefore, that the sensitiveness to temperature differences
has probably been much overestimated. The only way that it could
be estimated would be by observation of individuals to determine the
extent of the stretch x-y over which they pass before reacting, and to
calculate the difference in temperature between the ends of this stretch.
It would of course be very difficult to do this with accuracy.

Mendelssohn’s view that it is the difference in temperature between
the two ends of the same individual that determines the reaction is not

a

Fi1G. 10.*

* F16. 10.—Diagram illustrating conditions necessary for determining the sen-
sitivenees of Paramecia to differences in temperature. See text.
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only rendered inadmissible by the reaction method above described,
but it is rendered @ priors improbable by certain other considerations.
First we have the fact that the anterior end is much more sensitive than
the posterior. Of course it is impossible to measure this difference in
sensitiveness, yet the experiments with mechanical and chemical stimuli
show that it is great. In many infusoria, while the slightest touch at
the anterior end causes a pronounced reaction, it requires a strong stroke
at the posterior end to produce even a slight reaction. (See Jennings,
1900, pp. 238, 243, 251.) Owing to the much greater sensitiveness of
the anterior end, it is probable that, with the posterior end but o.01°
warmer than the anterior, the reaction, if any, would be due to the tem-
perature of the anterior end. In other words, there is reason to suppose
that the threshold temperature for the anterior end would be considera-
bly lower than that for the posterior end. If this is true the usual tem-
perature reactions would be throughout due primarily to stimulation
at the anterior end ; and the reaction, as we have seen, is of just the
character which would be expected from this. The first stage in
the reaction is to swim backward, and this is true also when the animal
is dropped directly into water of uniformly high or low temperature, so
that the temperature of the anterior end is no greater than that of the
posterior end. There is no explanation for the swimming backward
under these circumstances on the theory that accounts for thermotaxis
by the different temperature of the two ends.

A second factor which must be taken into consideration relates to the
currents produced by the cilia of the organism itself. As shown above
(p- 13) . the water of a higher temperature (supposing that we are deal-
ing with the reaction to heat), would as a rule first reach the anterior
end and pass at once down the oral groove, on the oral side (Fig. 6).
The natural result therefore would be a turning toward the opposite or
aboral side, and this is exactly what we find takes place. We should
therefore not expect the organism to turn dérectly away from that end
of the trough from which the heat comes, for the heated water may not
reach the Paramecium from that side at all.

As will be seen, the facts adduced in the last paragraph are not incon-
sistent with the idea that the organism turns directly away from the
side stimulated. It is the oral side which is, as a rule, stimulated, and
the organism turns toward the aboral side. We seem thus to obtain
a most gratifying union of two apparently opposed views. But the
reactions to certain other stimuli do not admit of such a union. This
is notably true of the reactions to mechanical stimuli, as shown in a

previous paper (Jennings, 1900), and of the reactions to light, to be
described in the following paper.
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SUMMARY.

The ciliate infusoria react in the same manner to heat and cold as
to most other classes of stimuli; the response on coming into a region
where the temperature is above or below the optimum is by backing
and turning toward a structurally defined side, followed by a movement
forward. This reaction is repeated as long as an effective supraoptimal
or suboptimal temperature continues. The result is to prevent the
organisms from entering regions of marked supraoptimal or suboptimal
temperature, and to cause them to form collections in regions of opti-
mal temperature. The common orientation of a large number of
individuals sometimes produced in this way is an indirect result of the
method of reaction. Since movement in any other direction than a
certain one is stopped, the organisms after many trials come into this
direction. Orientation is therefore by ‘¢ exclusion,” or by the method
of trial and error. In many of the organisms orientation is not &
noticeable feature of the reaction.
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REACTIONS TO LIGHT IN CILIATES AND
FLAGELLATES,

In the reactions to light we are dealing with a stimulating agent
which differs in one very important respect from chemicals and from
heat or cold. The distribution of the agent with which we are con-
cerned is not affected by the currents of water produced by the organism ;
hence there is no tendency for one side or part of the organism to be
more strongly affected than the rest, as was found to be the case for
chemicals and for heat and cold. This peculiarity light shares with
the electric current and with radiant heat. The conditions demanded
for immediate orientation through direct action of the agent on the
locomotor organs, in the manner required by the general theory of
tropisms as set forth in the foregoing paper (p. 7), are therefore present.
In a recent paper Holt & Lee (1gor) have attempted to show that
the reactions of organisms to light actually take place in accordance
with this theory.

We shall examine the reactions to light in Stentor ceruleus and in
certain flagellates, in order to determine whether they take place in
accordance with the tropism schema, and, if not, just how they do occur
and on what factors they depend.

THE CILIATA.
STENTOR CZERULEUS.

As is well known, very few of the ciliate infusoria react to light.
Light reactions have been described by Engelmann (1882, «) for several
chlorophyllaceous ciliates ; by Verworn (1839, Nachschrift) for Pleuro-
mema chrysalis; and by Davenport (1897) and Holt & Lee (1901) for
Stentor ceruleus. In none of the ciliates have the reactions been
described in sufficient detail to enable us to determine their exact
nature.

In Stentor ceruleus the reaction to light manifests itself in the
culture dish by the usual aggregation of the organisms at the side away
from the window. If a number of Stentors are removed to a watch
glass or trough, and this is placed near a window or other source of
light, most of the Stentors are soon found on the side of the vessel away
from the light. If one-half of the glass is shaded by a screen, most of

3z

Google
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the Stentors are soon found in the shaded half. . ceruleus thus shows
the phenomenon usually called negative phototaxis.

It is to be noted that not a// the Stentors are to be found on the side
away from the light, or in the shaded half of the vessel. On the con-
trary, a considerable fraction of the whole number will usually be found
swimming about in all parts of the dish, or at rest in the lighted portion.
The light reaction is thus somewhat inconstant, and varies among
different individuals. It varies considerably with Stentors of different
cultures ; from some cultures almost all the individuals show it, while
from others it is barely noticeable. This variability and inconstancy
run through all manifestations of the light reaction in Stentor.

A word further needs to be said as to the behavior of individuals
which are not free-swimming, but are fixed by the posterior end. Such
individuals do not react at all to light. When light is thrown on them
they remain in the positions in which they are found at the beginning,
neither contracting nor in any way changing their position. No matter
whether the light is weak or strong, and without regard to the direction
from which it comes, fixed .Stentors give no reaction and show no
orientation with reference to light. The contact reaction apparently
inhibits the light reaction completely. We shall therefore omit the
fixed individuals from consideration in the remainder of the account,
confining attention to the free-swimming specimens.

The typical motor reaction of Stentor, by which it responds to most
stimuli, is as follows: The Stentor stops or swims backward a short
distance, then turns toward the right aboral side, and resumes its for-
ward motion. This is the reaction which is produced by strong
mechanical stimuli, by heat, and by chemical stimuli, acting upon the
anterior end or upon the body as a whole.

How is the reaction to light brought about? To answer this ques-~
tion it is best to arrange experiments in such a way as to distinguish
as far as possible the effect due to unequal illumination of different
areas from the effect due to the direction from which the light is coming.

In order to produce strong differences in illumination in different
areas of the space in which the Stentors are found, a flat-bottomed
glass vessel containing many Stentors in a shallow layer of water was
placed on the stage of the microscope, in a dark room. From beneath
strong light was sent upward through the opening of the diaphragm,
by throwing the light from the projection lantern (using the electric
arc light) on the substage mirror. By this the light was directed up-
ward through the vessel containing the Stentors. Thus a small,
definitely bounded circular area was illuminated, while the rest of the
vessel remained in darkness. A black screen was usually placed over
the diaphragm opening of the microscope in such a way as to shade one-
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half of the circular area, making a sharp line (x-y, Fig. 11) dividing the
light from the darkness. A mirror was placed above the microscope,
inclined in such a position as to project the image of the Stentors, very
much magnified, on the ordinary vertical screen used for receiving
lantern slide views. Thus the behavior of the Stentors could be studied
with great ease on the screen.

The heat from the lantern was cut out, so far as possible, by placing
between it and the mirror of the microscope a glass cell three inches
thick, filled with cold water. In this manner the heat was excluded to
such an extent as to fall below the threshold for the stimulation of
Stentor by heat. This was demonstrated by comparing the reactions
of Stentor with those of Paramecium. Stentor is less sensitive to
changes in temperature than is Paramecium ; this was clear in my ex-
periments on the reaction to heat. Par-
amecium does not react at all on passing
into the area illuminated by the lantern,
but swims about indifferently in both the
dark and thelight parts of the dish, show-
ing that the heat produced is below the
threshold for Paramecium ; it must then
be below the threshold for Stentor.

The free Stentors in the unlighted part
of the vessel swim about at random.
Many individuals thus come by chance to
the line x-y, Fig. 11, where they would
pass into the lighted area. These at v
once back a little, then turn toward the FIG. 11.*
right aboral side, and swim forward .
again. The turning toward the right aboral side is usually through an
angle sufficient to direct the Stentor away from the lighted area (see
1, 2, 3, 4, Fig. 11); if it is not, the Stentor repeats the reaction until,
after one or two trials, it swims into the unlighted region.

Many of the individuals react as soon as the anterior end reaches the
lighted area, so that less than one-fourth of the body is in the light.
This shows that light falling upon the anterior end alone is sufficient
to cause the reaction.

A few specimens swim completely into the lighted area, then react

* F16. 11.—Method of studying the manner in which Stentor reacts to light.
The figure shows a circular area, illuminated from below, with the light cut oft
from the left side by a dark screen, the line x-y separating the light from the
dark area. The Stentors collect in the dark area. The reaction of a specimen
which comes to the line x-y is shown at 1, 3, 3, 4.
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in the manner above described. In such cases the nature of the reac-
tion is seen with especial clearness, the entire animal being projected
on the screen and the differentiations of bodily structure (mouth, oral
and aboral sides, etc.) being conspicuous. Specimens which swim
completely into the lighted area are usually compelled to react two or
more times before they escape from the lighted region.

When the light is cut off entirely the Stentors distribute themselves
throughout the dish. If the light is now admitted from below, the
unattached Stentors in the lighted area react by swimming backwards
a certain distance, turning toward the right aboral side, then swimming
forward again. This reaction is repeated frequently until after an
interval the Stentors are carried by these movements outside the lighted
area. They then cease to give the reaction. The reaction, under these
conditions, is thus the same as that produced when Stentors or Para-
mecia are subjected to other adequate stimuli, as when they are placed
in a chemical or dropped into very warm or very cold water. The
result of the reaction is, in every case, to remove the organism from
the sphere of action of the stimulus. When the stimulus is light this
result is produced in exactly the same way as when the stimulus is
heat or cold or a chemical.

The same results may be obtained by lighting the vessel containing
the Stentors directly from above and shading one portion with a screen.
The Stentors remain in the shaded region, responding by the motor
reaction above described when they come to the lighted aréa. With a
favorable culture the experiment succeeds even when the source of
light is comparatively feeble, as when an ordinary incandescent electric
light is used as the source of illumination.

The results so far show that a sudden increase in the intensity of
illumination induces in Stentor a reaction which is of the same
character as the reaction to other strong stimuli. Such a sudden
increase may be due either to the passage of the Stentor from a dark
to a light region, or to a sudden increase in the brightness of the light
which falls upon the animal. The general effect of the reaction is to
prevent the Stentor from entering a brightly illuminated area, or to
remove it from such an area. .

We may now arrange the conditions so that the light shall come
from one side, while at the same time differences in illumination shall
exist in different regions. This may be done by illuminating the vessel
containing the Stentors from the side, then covering one portion of the
vessel with a screen.

The organisms are placed before a lighted window, or an incandes-
cent electric light, in a vessel with a plane front (Fig. 12). One-half
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of the vessel is then cut off from the light by a screen (s), the shadow
of which passes across the middle of the vessel containing the Stentors.
One side of the vessel is thus in the light, the other in the shadow,
and these two regions are separated by a sharp line (Fig. 12, x-y).
The Stentors are soon all collected in the shaded side of the vessel.
Here they swim about freely in all directions, but do not cross the line
into the lighted portion. Now, by focusing the Braus-Driiner on this
line, the behavior of the individuals on reaching it may be observed.
It is well to examine
the conditions in this case
with care, as they present
opportunities for a pre-
cise and crucial test of
the theory that the reac-
tion to light is duetoa di- ——
rect orientation through
the falling of light on one
side of the organism (pho-
totaxis or phototropism s
in the strict sense, as de- ———
fined by Holt & Lee).
In the lighted portion of
the vessel the rays of light
comefroma certain direc-
tion, as indicated by the ——
large arrows (Fig. 12).
In theshaded region there
is not enough light to pro-
duce orientation, the ani-
mals swimming in every - s
direction. On passing FiG. 12.
from the shaded region
across the line x-y into the lighted region, the animal should (according
to the tropism theory) become oriented. According to the theory of
negative phototaxis by direct orientation due to differential action on

* F1G. 12.—Method of testing the manner of reaction to light in Stentor. The
large arrows show the direction from which the light rays come. A screen (s)
cuts off the light from half the vessel, leaving a line (¥-y) separating a shaded part
from a lighted part. The Stentors collect in the shaded part, here swimming
about without orientation. Ata (1, 3, 3, 4) we see a diagram of the reaction
required by the tropism schema when the organism swims across the line »-y,
while at 4 (1, 3, 3, 4) we have a diagram of the reaction as actually given under
these conditions.
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the two sides, the animals on crossing the line should become oriented
by turning directly away from the source of light, as shown in the
diagram (Fig. 12) at a. The animal would then be expected to swim
in the direction x-y as shown by the specimen a, 1, 32, 3, 4.

It cannot be held that the real source of light for the Stentors is that
reflected from the bottom or sides of the dish in the lighted region, and
hence coming on the whole from a direction perpendicular to the line
xy, for the behavior of the Stentors shows that this is not the case.
A Stentor in the shaded region, close to the line x-y, as at ¢, Fig. 12,
receives whatever light there may be thus reflected exactly as it does
after it has crossed the line, yet it shows no reaction and does not
orient itself in any way. On the other hand, as soon as it crosses the
line x-y, 80 as to receive the light coming from the window, it reacts
strongly, as we shall see. It is thus clearly the light from the window,
coming in the direction shown by the large arrows, that causes the re-
action ; hence the Stentor ought, according to the direct orientation
theory, to orient itself in the line of these rays.

When a Stentor, swimming at random, reaches the line x-y, it
reacts by stopping suddenly, then turning toward its aboral side,
then swimming forward. It thus swims about until its anterior end is
again within the shadow, where it continues to swim forward (Fig. 13,
5, 1,2, 3,4). Often the first reaction is not sufficient to direct it into
the shadow ; in this case the reaction is repeated ; one to three reactions
almost invariably bring the Stentor back into the shadow. It has no
particular orientation in the shadow, but swims in whatever direction
it happens to be headed. '

Very frequently the animals react when the anterior end alone has
crossed the line, so that less than the anterior half of the body is lighted.
In other cases the animal swims completely across the line, sometimes
for a distance greater than its own length, into the light, before it reacts.
In any case the reaction is that above described.

Does the Stentor, when it turns on entering the light, always turn
away from the source of light, as the theory of direct orientation
requires ?

At the moment of crossing the line into the light the Stentor may
occupy various positions. It will be well to note specifically the re-
action in certain of these positions, as we obtain here the observations
which furnish an exact and crucial test of the direct orientation theory.

1. The Stentor may reach the line with the aboral side directed
toward the source of light (Fig 12, ). It therefore turns (as usual)
toward its aboral side. It thus swings its anterior end foward the
source of light, in the direction opposite that required by the direct
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orientation theory. This observation was made repeatedly in a very
large number of cases ; not a single exception to it was observed. The
swinging of the anterior end is continued past the point where the light
falls directly upon it until the animal is directed again into the shadow,
as illustrated in the diagram (Fig. 12, 4, 1, 2, 3, 4).

2. The Stentor may reach the line with the ahoral side directed away
from the source of light. In this case it turns (as usual) toward the
aboral side, thus swinging its anterior end away from the source of light.

3. The Stentor may reach the line with the aboral side directed
upward or downward or in some intermediate position. In every case
it turns toward the right aboral side, in whichever way this is directed.
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The writer wishes it to be understood that the foregoing statements
as to the direction in which the animal turns are presented, not merely
as interpretations in accordance with a certain theory, but as direct,
unequivocal observations, many timesrepeated. Thus, on passing from
a darker to a lighter area, even when the light comes from one side,
the Stentors react merely to the difference in illumination, without
regard to the direction from which the light comes. The direction of
turning is determined throughout by an internal factor, not by the side
of the animal on which the light falls, nor by the direction of the rays of
light. We have put the theory of orientation by direct differential

* F16. 13.—Another method of testing the manner in which Stentor reacts to
light. For a side view of this apparatus, see Fig. 14. Light comes from the
left side, in the direction indicated by the arrows. A screen (s) is interposed
between the source of light and the vessel containing the Stentors. This screen
is of such a height (as illustrated in Fig. 14) that it cuts off the light from the
half (A) of the vessel next to the window, leaving the other half (B) lighted.
At e (1, 3, 3, 4 5) is seen the reaction method of a specimen which swims across
the line x-y, separating the shaded half 4 from the lighted halr' B.
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action of the light on the two sides of the animal to a precise test, and
found it to be incorrect.

The same result is brought out in perhaps a still more striking
manner by the following method of experimentation: A vessel con-
taining Stentors is placed on a dark background near a source of light
(a window or an incandescent electric lamp). The light thus comes
from one side and a little from above. An opaque screen is placed
between the window and the vessel containing the Stentors, of such a
size and in such a position that the top of the shadow of the screen falls
across the middle of the vessel on the line x-y (Fig. 13; see also Fig.
14). Thus the half of the vessel next to the window (.4) is darker
than the farther half (B), and the Stentors collect in this shaded half,
After some time scarcely a specimen is found in the lighted part of the
vessel away from the window. The conditions in this case are illus-
trated in the side view (Fig. 14).

The exact behavior of the Stentors in
the darkened portion of the vessel is then
studied by focusing upon them the Braus-
Driiner microscope. The Stentors within
the shaded area are not oriented nor gath-
ered in any particular region,
but swim about at random.

\ , When one of the specimens
S ¥ : comes in its course to the
line x-y (Fig. 13), separating
the darkened area from the
light, it responds to the sudden light which falls upon it from the
window by giving the motor reaction, turning to the right aboral side
and swimming back into the shaded region. Often the reaction occurs
as soon as the anterior end of the Stentor has crossed the line x-y, so
that the entire Stentor does not pass out into the lighted area. In other
cases the specimen crosses the line x-y completely before the reaction
occurs, so that the entire body is illuminated. It then reacts in the
usual manner, turning toward the right aboral side, so that it is headed
toward the shaded region; thus swimming back across the line (Fig.
13, c). After returning into the shaded region the animals swim about
at random as before.

What is the reason for the return of the Stentor into the darkened
area after it has crossed the line into the light region?

F16. 14.*

* F16. 14.—Sectional view, from the side, of the conditions shown in Fig. 13.
The arrows show the direction of the light rays. The region from s to x is
shaded by the screen s.
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By so doing it swims toward the window, thus in the direction from
which the strongest light is coming. According to the theory of photo-
taxis as due to the direct action of the light on the motor organs of the
animal, this movement is inexplicable. Thus, in the analysis of this
theory given by Holt & Lee (1901), it is shown that in the case of a
negative organism, such as Stentor, light of supraoptimal intensity,
like that coming from the window, must be assumed to cause increased
contraction of the cilia. After the organism has passed across the line
x-y, or while it is passing across this line, it has the anterior end directed
away from the source of light; according to the tropism theory this
is a stable position and should not be changed. For, supposing the
organism swerves a little toward either side, the cilia on that side will
be more strongly affected by the light, so that the animal will at once
be turned back into the position of equilibrium with anterior end directed
away from the light. .

Nevertheless, under these circumstances the organism does turn and
swim back into the darkened area. An explanation for the apparent
movement of a negative organism against the direction of the light rays
is sometimes given in the following form : The light from the window
is said to fall upon the side or end of the dish farthest from the window
and is reflected back, so that the chief source of light for the Stentors
is not the window, but the side of the dish opposite the window. The
animal therefore becomes oriented with relation to this source of light
and swims away from it.

Comparison of the movements of the Stentors in the darkened area
A with those in the lighted area B shows that this explanation can not
possibly be correct. Consider an individual at the point 8, Fig. 13,
which turns and swims toward the window into the dark region. It
is affected by light from two sources, (1) from the window, (2) reflected
from the side opposite the window. According to the above theory
the turning is due to the fact that the light from the opposite side is of
greater strength than that from the window (in itself a most improbable
suggestion). Compare this Stentor 4 with an individual at a, in the
darker region. This animal receives no direct rays from the window,
yet does receive the reflected rays from the opposite side. If these
reflected rays are sufficient to cause 4 to become oriented in spite of
the opposing rays from the window, they must produce the same effect,
a fortiori, on the individual @, since they are the only rays which
reach it. Yet individuals in the position @ do not become oriented at
all. The individuals in the shaded portion of the vessel swim about
in all directions, without relation to the direction of the light rays. It
is only when they come to the line x-y, where they would pass into the
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region lighted directly from the window, that they react by turning
toward the right aboral side and passing back into the shadow. It is
thus clear that it is the light coming from the window to which they
react, not the light reflected from the sides of the dish. We have here
realized the condition concerning which there has been so much dis-
cussion, and which has been considered impossible and unrealizable by
various authors-—a negative organism reaching the darker region by
swimming toward the source of strongest light.

This would of course be quite inexplicable on the tropism theory as
set forth by Holt & Lee. What does it indicate as to the real nature
of the reaction? To this inquiry there can be but one answer. The
organism reacts on passing from a darker to a lighter area, without
regard to the direction from which the light comes. It reacts to the
increase in the amount of light falling upon it as compared with the
condition an instant before it had passed into the lighted area. The
reaction takes the usual form—a backing and turning toward the right
aboral side, followed by a forward motion. The organism, therefore,
is directed again toward the shaded area, which it enters.

In all our experiments thus far there have been marked differences
in the illumination of different areas. Let us now arrange the condi-
tions so that light comes from one side, and all parts of the vessel are
equally illuminated. This may be done by placing the Stentors in a
glass vessel with plane walls at one side of a source of light, such as a
window or the bulb of an incandescent electric light. The Stentors,
after a very short interval in which the reaction seems indefinite, swim
away from the source of light, thus gathering at the side away from
the window, where they move about in a disordered way. During the
reaction the Stentors are orientfed, with the longitudinal axis in the
general direction of the light rays and with the anterior end away from
the source of light.

Thus while it is true that the direction of the rays of light has little
if any effect on the reaction when the animals are at the same time
subjected to a sudden change from dark to light, it does determine the
direction of movement when acting alone. In order to discover just
how the reaction occurs it is necessary to observe the animals at the
moment when they change from their former undirected swimming to
the movement away from the source of light.

For determining this a large number of Stentors are placed in the
dish next the window on a dark background. The light comes from
one side and a little from above. The direct rays of the sun were not
employed.

Above the glass vessel are focused the lenses of the Braus-Driiner
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stereoscopic binocular. This gives a magnification of 65 diameters,
with a working distance of 3 cm., and permits exact observation of
the movements of the individual Stentors. To one who has worked
only with the monocular microscope, the use of the stereoscopic binocu-
lar in studying the movements of small organisms will be a revelation.
The vessel containing the Stentors is first covered with a dark screen
and the Stentors are allowed to become equally distributed throughout
the dish. The screen is then raised, allowing the light from the window
to fall upon the Stentors. Those which are swimming in any other
direction than away from the window now turn and in a short time
are swimming toward the side of the dish away from the window.
With the Braus-Driiner the movements of individuals are observed
at the moment of removing the screen. Some turn at once, while most
continue for a few seconds in the direction in which they are swimming
and then turn. A/l turn in every case toward the right aboral side.
The turning is continued or repeated until the anterior end is directed

Fi16. 15.*

away from the window ; then the direct course is continued, carrying the
Stentor to the side of the dish away from the window. Zke direction
of turning is thus determined by an internal factor—the structure
of the body.

The behavior of the Stentors may be controlled and studied more
exactly by a different order of experimentation. The animals are
placed in a shallow rectangular glass vessel on a dark background, in
a room that is entirely dark save for two incandescent electric lights
A and B (Fig. 15). These are clamped in position, one on each side
of the dish containing the Stentors, and about eight inches from it.
Both these lights can be turned on at once; both can be extinguished
or one can be turned on while the other is turned off. When only one
is turned on the direction of the light can be instantly reversed by
simultaneously extinguishing this one and turning on the other.

With both lights extinguished the Stentors in the vessel are allowed
to become equally distributed ; then B isilluminated. In a short time

* F16. 15.—Method of testing the reaction of Stentor to light. A4 and B are
incandescent electric lights.

Google



42 THE BEHAVIOR OF LOWER ORGANISMS.

most of the individuals have gathered at the side next to A4, as in
Fig. 15. Then B is extinguished, while at the same time A4 is illumi-
nated. The Stentors then turn and move toward B.. They may be
stopped at any point in their course and the direction of swimming
reversed by simultaneously turning off one light and turning on the
other. With a sensitive culture the phenomena take place with con-
siderable precision, about four-fifths of the individuals responding
quickly to every reversal of the direction from which the light comes.

Under these circumstances it is easy to observe the individuals at the
moment of the reversal of the course. The observation already made
is confirmed ; the animals always turn at the moment of reversal toward
the right aboral side. The reaction is thus of the same sort that occurs
when there is a sudden increase in illumination. After the first reaction
the anterior end is pointed in a new direction. If this new direction
is away from the source of light the animal swims forward in the
course so laid out. If, as is usually the case, the first reaction does
not result in directing the anterior end away from the source of light,
the reaction is repeated, and this may occur several times. Thus the
anterior end becomes directed successively toward every quarter; as
soon as it lies toward the side opposite the light the reaction ceases.
The animal now swims straight ahead (that is, in a spiral with a
straight axis) away from the source of light.

Thus while it is clear that light falling from one side produces a
well-defined orientation, this orientation does not take place in such a
way as to be in accordance with the tropism theory as set forth, for
example, by Holt & Lee. It is not the direct action of the light on
the motor organs of the side on which it impinges that determines
the direction of turning, but the latter is due to an internal factor.
This becomes still more evident when the conditions are so arranged
that the direction of turning demanded by the internal factor is the
opposite of that required by the tropism theory.

These conditions can be fulfilled in the following manner: The
light to be turned on (Fig. 15) is so moved beforehand that its rays
shall fall, not directly on the anterior end of the Stentor, but obliquely
at an angle to the path they are foTlowing. The animals then react
as before, by turning toward the right aboral side. It often happens
that this involves first a direct turning toward the light, as illustrated
in Fig. 16. In such a case the turning is continued or repeated until
the anterior end is directed away from the source of light. We have
seen the same result produced under similar conditions in the experi-
ments illustrated in Fig. 13.

What is the real stimulus to the production of the motor reaction
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which results in orientation? The experiments directed precisely
upon this point show that the stimulus producing the motor reaction
is an increase in the intensity of light upon the sensitive anterior end.
Now, in the reaction to a continuous light coming from one side, the
conditions are present for exactly such changes in the intensity of light
at the anterior end as would induce the observed reactions. In the
spiral course the animal swerves successively in many directions. In
certain directions the swerving subjects the anterior end to a more
intense illumination. This change acts as a stimulus to produce the
motor reaction, which carries the anterior end elsewhere. In other
directions the swerving leads to a decrease in the intensity of light
affecting the anterior end. In this case no reaction is produced, and the
organism continues to swim in that general direction. The details of
this method of reacting
will be given in the ac-
count of the reactions of
Euglena, where the mat-
ter was subjected to care-
ful analytical experimen-
tation. The evidenceall
indicates that the condi-
tions in Stentor are ex-
actly parallel to those in
Euglena.

We may sum up our
results on Stentor as fol- FIG. 16.¢
lows: A change from
dark to light, such as is caused by swimming from a shaded into an
illuminated region, acts as a stimulus to produce a typical motor reaction ;
the Stentor backs and turns toward the right aboral side, so that it
returns into the shaded region. A change in the illumination of the
anterior end produces the same effect as a change in the illumination
of the entire organism. The direction from which the light comes has
no observable effect on this reaction. But when the illumination is
uniform and the light comes from a definite direction, then light fall-
ing on the anterior end of the Stentor causes the reaction, while light
falling upon the posterior end causes none. The result is that the
animal turns (toward the right aboral side) until its anterior end is

4

*F16. 16.—Method by which Stentor becomes oriented to light, when the light
falls on the aboral side of the animal. Stentor turns, as shown by the arrows,
at first toward the light, but the turning is repeated or continued until the
anterior end is directed away from the light
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directed away from the source of light, and swims in the direction so
determined. The reaction to light is of essentially the same character
as the reaction to other usual stimuli, and takes place by what we may
call the method of trial and error. When the animal comes to the
boundary of a lighted area, or when the anterior end is illuminated,
this constitutes error ; the animal tries some other direction, and repeats
the trial till the condition constituting error disappears.

Are these results in agreement with all the observed facts? The
only point on which perhaps question might arise is in regard to the
production of a clearly marked orientation such as we find shown by
Stentor when the light falls upon it from one side. In this case, as

FiG. 17.*

we have seen, Stentor swims directly away from the source of light,
and shows thus a typical orientation. As we have had the dictum
that a motor reaction, such as I have described, ¢* cannot account for
an orientation ” (Garrey, 1900, p. 313), it will be well to examine this
matter a little farther. In a previous paper (Jennings, 1900, @) I have
shown how orientation could be produced through a motor reaction ;
the case of Stentor exactly realizes the possibility there set forth. If

*F16. 17.—Diagram to illustrate the difference between the method of orienta-
tion to light required by the tropism schema and that which actually takes
place. To light coming from the direction shown by the straight arrows the
tropism schema requires that an organism in the position »-y should attain the
position y-x by turning in the direction indicated by the (broken) arrow a-5.
The position is actually attained by turning in the direction indicated by the
long arrow c-d.
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the organism is at first not oriented to lines of influence coming from a
certain direction, as in Fig. 1%, x-y, and then becomes oriented, as at
Fig. 17, y-z, there are clearly more ways than one by which the orienta-
tion can be produced. The essential question for deciding as to the
nature of the reaction is not whether orientation occurs, but Aow tke
orientation is brought about. This consideration has been too often
lost sight of in discussions of the behavior of the lower organisms.

According to the theory of tropisms, as defined by Verworn, Loeb,
and Holt & Lee, the orientation should be brought about by the differ-
ential action of the external agent on the different sides of the organism ;
the organism should turn directly into the line of action of the external
agent, and the direction of turning should be determined by an external
factor, the direction of the infalling rays, or the side on which they
strike the organism. Now this is a matter which can be settled by
direct observation. Direct observation shows us in Stentor that orien-
tation is not brought about in the manner demanded by the theory.
The direction of turning is determined by internal factors. The reac-
tion which produces orientation is identical with the typical reaction
to a mechanical shock, to chemicals, to heat and cold. The difference
between what is demanded by the theory of tropisms and what is
actually observed may be made quickly evident to the eye by Fig. 17.
According to the theory of tropisms the orientation of a negatively
phototactic organism should take place by turning in the direction of
the arrow @-4; in a Stentor in the position shown (x-y), orientation
actually occurs by turning in the opposite direction, as shown by the
arrow c-d.

The further question then arises as to why the organism remains
oriented. All the facts point, in the case of Stentor, to the conclusion
that the reaction to a constant light is due to the intense illumination
on the sensitive anterior end. As soon, therefore, as the anterior end is
turned away from the light, as is the case in the position y-z, Fig. 17,
there is no further cause for reaction; the animal therefore remains
with its anterior end directed away from the light; that is, it remains
oriented. If, as a result of reaction to some other stimulus, or in any
accidental manner, the animal comes into a position such that it is no
longer oriented, the ¢ motor reaction” is repeated until the animal
comes again into the position of orientation in which it is no longer
stimulated.

How does the method of reaction to light here described for Stentor
agree with what we know of light reactions in other ciliates? As
noted in the introductory paragraphs, comparatively little is known as
to light reactions in this group of organisms. The observations of
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Engelmann (1882, @) on the light reactions of certain green ciliates
‘(Paramecium bursaria, Stentor viridis, etc.) were made before the
typical motor reaction—the turning toward a certain structurally de-
fined side—had been observed in any of the infusoria. Engelmann,
therefore, paid no attention to this point. Yet there is much in his
account of the reactions to light in these organisms to suggest that
it takes place in a way similar to that which I have described above
for Stentor ceruleus. Indeed, Engelmann’s account, so far as it
goes, fits precisely into the reaction method which I have described
above. He found, as I have, that the organisms react either when only
the anterior end is affected, or when the entire organism is flooded with
light from beneath. The reaction consists in a sudden turn to one side,
or a sudden start backward, just as in Stenfor ceruleus. The only
point which is lacking in Engelmann’s account is the observation as
' to which side the organism

1 l l 1 turned ; to this point he did

not direct his attention.

| It is interesting to note that
in the account given by Ver-

/
/,/ worn (1889, Nachschrift) of
/ the reaction to light in Plex-
™ /’:‘\ ronema chrysalis there is
- Py L P NP SN AN . .
F1c. 18.% nothing tending to support

the theory of an orienting tro-
pism. According to Verworn the reaction of Pleuronema to light is by
a sudden leap (‘¢ Sprungbewegung ), which is repeated several times if
the light continues. This sudden leap seems identical with the ¢ motor
reflex” which I have described as the typical reaction to stimuli in
many ciliates, and which consists usually in a leap backward, followed
by a turning toward a structurally defined side. It is in this manner,
as we have seen, that Stentor ceruleus reacts to light and the reac-
tion, as in Pleuronema, is often repeated many times. .
~ Thus the other carefully studied accounts of reaction to light in the
Ciliata, while incomplete, agree so far as they go with that which I
have given for Stentor, and contain nothing to suggest the idea of an
orienting tropism dependent upon unequal stimulation of the motor
organs on the opposite sides of the animal.

*Fi16. 18.—Diagram of the reaction of Stentor to light, after Holt & Lee.
Stentors are confined in a vessel behind a wedge-shaped prism containing a
substance which partly cuts off the light, so that one end of the vessel is darker
than the other. The usual course of & Stentor near the lighter end is shown by
the broken line.
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Davenport’s reference (Davenport, 1897, p. 189) to the negative
light reaction of Stentor makes no attempt to explain the mechanism of
the reaction. Holt & Lee (1901) have given an account of some fea-
tures of the light reaction of Stentor ceruleus. They did not attempt
to determine directly the mechanism of the reactions, by observation
of the exact movements of the organism. Specifically, they made no
observations to determine whether Stentor becomes oriented by turn-
ing directly away from the source of light or only indirectly through
a *‘ motor reaction” such as I have described. They did attempt, how-
ever, to show that the gross phenomena observed might be interpreted
in accordance with the prevailing theory of tropisms set forth on page
7 of the present volume. It will be

well, therefore, to examine their obser- R R
vations in order to determine whether 1
they contain anything inconsistent with 1 1 1

the account set forth in the present
paper.

Holt & Lee studied the behavior of
Stentor in an elongated trough which
was lighted from one side. The light
passed through a prism which con-
tained a translucent fluid (a weak solu-
tion of India ink), by means of which

a portion of the light was cut out (F'igs. ﬂ
18 and 19). g @

At the thicker end of the prism more
light was cut out, hence this end of the
trough (Fig. 19, D) was darker than
the opposite end (Z). It was found
that when Stentors were placed in the trough close behind the prism
(ato, Fig. 19) they turned and swam away from the lighted side till the
back of the trough was reached (a to d, Fig. 19). This is of course ex-
actly what happens when no prism is interposed. Reaching the back of
the trough the animals give the motor reaction (by backing, then turning
toward the right aboral side), thus coming into either the position e or the
position f (Fig. 19). They then swim forward again, strike the wall,

Fi6. 19.%

* F16. 19.—~Reaction of such an infusorian as Stentor to light, under the con-
ditions shown in Fig. 18. After Holt & Lee. The animal in the position x-y,
close behind the prism, turns and swims to the position 4, where it comes against
the rear wall of the trough. It then turns either into the position e, toward the
darker end D, or into the position £, toward the lighter end L. In the latter case
it usually soon reacts again, and by repetition of the reaction it finally, as a rule,
becomes directed toward D. Thus, finally, most of the Stentors collect in the
dark end of the trough.
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and repeat the reaction. This is repeated many times until the organ-
isms are swimming either toward the end D or toward the end Z. In
course of time it is found that the preponderance of movement is toward
the dark end 2, so that the majority of the Stentors are gathered at D.
Why this should be so is explained by Holt & Lee as follows:

The reason why the Stentors went eventually in greater numbers toward D,
and thus appeared oftener to choose e than £ is that such Stentors as went to e
progressed farther toward D than those which went to / could progress toward
L. These latter would soon strike the wall a second time, now pretty nearly at
right angles, and during the recoil the light stimuli would favor a return to d.
It appears then amply possible that the circumstance that the organism encoun-
ters the wall of the trough at an acute angle is sufficient to cause its farther
progress to be, in the long run, toward D.

There is evidently nothing in this account which is inconsistent with
the method of light reaction which I have described. On the contrary,
the reason why the organisms finally swim toward the dark end and
gather there becomes much more evident when the reaction method
that I have described is taken into consideration. Let us suppose that
the Stentors, after striking the back of the trough, turn in equal numbers
toward D and toward L. In those swimming toward D the anterior
end is directed away from the source of strongest light (due to reflection
from the lighted end of the dish L), and the animals are passing into a
region of less intense light. There is thus nothing to cause the ‘¢ motor
reaction,” with its accompanying change in the direction of movement.
In the Stentors swimming toward Z, on the other hand, the strongest
light falls on the anterior end, and the organisms are passing into a
region of more intense light. Either of these factors taken separately
may, as we have seen, cause the motor reaction (the turning toward
the right aboral side), thus changing the direction in which the Stentors
swim. The animals which start to swim toward Z will therefore soon
be turned, and only when the direction of movement is toward D will
there be no cause for further change.

The observations of Holt & Lee are thus quite in harmony with
the reaction method which I have described, and indeed receive
illumination when this reaction method is taken into consideration.

In the ¢ fourth case” discussed by Holt & Lee (loc. cét., pp. 475~
478), the two factors mentioned as determining the turning of the
Stentors away from the end Z would work in opposite directions ; only
experience can tell which would be more effective. As Holt & Lee
do not state specially that they observed the reactions of Stentor under
these conditions no comment is required. Experiments of this character
will be further considered after we have described reactions to light
in flagellates.
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THE FLAGELLATA.

49

In the following pages we shall examine the method of reaction to

light in the flagellates Euglena viridis, Cryplomonas
ovata, and a species of Chlamydomonas.

EUGLENA VIRIDIS.

Euglena viridis swims in a spiral path, continu-
ally swerving toward that side which bears the larger
¢ lip” and the eye, the so-called dorsal side (Fig. 20).
Its motor reaction to most stimuli is by a sudden pro-
nounced turning toward the dorsal side; that is, by
swerving still farther toward the same side toward
which it swerves in its normal swimming. Thus the
direction of its path is changed (Jennings, 1900).

The general features of the reaction of Euglena to
light have been well worked out by Englemann
(1882, a) and Wager (1900). These authors show
that Euglena collects in lighted regions. The organ-
isms pass into a lighted area without reaction. But
on coming to the outer boundary of such anm area,
where they would pass out into the dark, they react
by turning round and passing back into the light.
The collections of Euglenz in lighted areas are thus
brought about in much the same manner as the col-
lections of Paramecia in regions containing a weuak
acid (Jennings, 1899). If diffuse light falls from one
side on water containing Euglen=, the organisms swim
toward the source of light. But if strong sunlight
falls upon them they swim away from the source of
light.

Engelmann showed that the colorless anterior end
is the part that is chiefly sensitive to variations of light.
Often the organism in a lighted area, on reaching the
edge, reacts by turning when only the colorless tip
has passed into the darkness.

The precise method of reaction to light, the direc-
tion of turning in becoming oriented or in passing

Fi16. 20.*

back into the lighted area, was not worked out by the authors named.

To this point we shall direct our attention.

When a large number of Euglenz are swimming toward the source
of light, if the illumination is suddenly decreased in any way, they give

* Fig. 20 shows the spiral path of Euglena in its ordinary swimming.
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the typical motor reaction described in my previous paper as a response
to other classes of stimuli (Jennings, 1900, p. 235). That is, they
turn at once toward the dorsal side (that bearing the larger lip and the
eye). This is very easily seen when the Euglen® are mounted in the
ordinary manner in a thin layer of water on a glass slide and observed
with the microscope in the neighborhood of a window. If the hand
is interposed between the slide and the window all the Euglenz react
in the way just described.

The reaction is a very sharp and striking one and produces a very
peculiar impression. At first all the Euglen® are swimming in parallel
lines toward the window. As soon as the shadow of the hand falls on
the slide the regularity is destroyed ; every Euglena turns strongly and
may seem to oscillate from side to side in the manner described later.

The turning is often preceded by a slight movement backward.
This was not observed in the reactions to other stimuli (Jennings, 1900,
p- 235), though it agrees with what we find in most other ciliates and
flagellates. In Euglena the reaction to variations in the intensity of
light seems more sharply defined than to most other stimuli. The fact
that the turning is always toward the dorsal side is observable with the
greatest ease. It is particularly evident when the organisms are con-
fined to a thin layer of water, so that they cannot swerve up or down,
but only to the right or left.

The reaction occurs whenever the light is suddenly decreased in any
way. Certain different conditions under which it occurs deserve special
mention. (1) As we have seen, the reaction occurs when a screen is
brought between the organisms and the source of light toward which
they are swimming. (2) It also occurs when the illumination is de-
creased by cutting off light from some other source than that toward
which they are swimming. Thus the organisms on the stage of the
microscope may be lighted from below, by the substage mirror, and at
the same time may receive light from the window at one side of the
preparation. They swim toward the window, since the light from that
quarter is much stronger than that from below. If now the light from
below is suddenly decreased by closing the iris diaphragm, the Euglenz
react as usual by turning strongly. This is notwithstanding the fact
that the proportion of light coming from the window, to which they
were oriented, is now greater than before, so that it might be supposed
that they would remain more strongly oriented than ever. For the rest,
the disturbed orientation is soon restored. (3) The reaction occurs
when the decrease in illumination is due to the movements of the
Euglenz ; that is, when the swimming organisms come to the edge of
a lighted region where they would, if the course were continued, pass
into the darkness. As a result of the reaction they return into the light.
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The reaction occurs at a decrease in illumination not only when the
organisms are oriented and swimming toward the source of light, but
also when they are not oriented and are merely scattered in a weakly
lighted area. Further, in cases where most of the Euglenz are oriented
and swimming toward a source of light, a number of specimens will
always be found that are not oriented at all, or are swimming away
from the source of light. Such individuals react to a sudden decrease
in illumination in the same manner as do the specimens that are oriented
with the anterior end toward the source of light. This result may be
observed in a curious way as a consequence of the fact that it requires
some time for the light to produce its orienting effect. Thus, if the
Euglenz are placed between a weak and a strong light they swim toward
the strong light. If, now, the strong light is cut off, they react in the
usual way and swim toward the weak light. Now the strong light
may be restored ; the Euglens continue for a few seconds to swim toward
the weak light, thus away from the strong light. If while they are
swimming in this manner the strong light is cut off, the Euglen=, swim-
ming away from it, react in the usual manner, by turning strongly
toward the dorsal side.

The usual reaction may be produced by a decrease in illumination
that is not sufficient to cause a permanent change in orientation. Thus
the Euglenz on a slide or in a shallow dish may be lighted from a
window at one side. By passing a small screen in front of the window
at some distance from the preparation a portion of the light is cut off’;
the Euglen® then respond in the usual way, by swerving toward the
dorsal side. The movement thus becomes very irregular. Since the
Euglen= continue to revolve on their long axes the dorsal side may lie
first to the (observer’s) right, then to the left. The Euglen all seem,
therefore, to vibrate from side to side. This is the ‘¢ Erschiitterung ”
or trembling described by Strasburger (1878) as occurring in swarm-
spores when the illumination is changed; it will be understood better
when we have considered more in detail the mechanism of the reactions.
Meanwhile the screen retains its position, but still admits more light
from the direction of the window than from any other direction. The
reaction of the Euglen=, therefore, soon ceases; their orientation is
restored in the way to be described later, and they continue to swim
toward the window.

This experiment is an important one. Itshows that the typical reac-
tion may be produced by a decrease in light that is not sufficient to
permanently destroy the orientation. Thus it is clearly the decrease
in illumination to which the organisms react; not to a change in the
direction of the light rays. The experiment shows further that it is
not the absolute amount of light that determines the reaction. Some
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time after the decrease in illumination takes place the organisms behave
just as they did before, swimming in the same direction. Further,
the illumination may be decreased very slowly to the same extent
without causing a reaction. If the screen is at first far away from the
preparation and is then slowly moved to the position it occupied in
the experiment just described no reaction is produced. It is only the
sudden change that has caused the reaction. The change, however,
need not be a very marked one in order to be effective.

Our experiments thus far have shown that in a moderate light Eu-
glena reacts to a decrease in illumination. But the absolute amount of
light present has an effect on the reaction. If the light is very strongly
increased the same reaction is produced as when the light is decreased.
If while the organisms are swimming toward a moderately lighted
window direct sunlight is allowed to fall upon them, they respond in
the same way as to a sudden decrease in illumination; that is, they
turn strongly toward the dorsal side, continuing or repeating the re-
action till the anterior end is directed away from the source of light.
They now continue to swim in that direction, the positive reaction
having been transformed into a negative one. Thus under intense
light the conditions of stimulation are the opposite of those under
moderate light. This is paralleled in the reactions of the infusoria to
chemicals ; often a strong solution of & certain chemical produces a re-
action under opposite conditions from those in which a weak solution
of the same chemical is effective.

Let us now proceed to a more careful study of the reaction itself.
The reaction which occurs when the illumination is changed is really
an accentuation of a certain feature of the usual movements. Euglena,
as we know, revolves on its long axis as it swims forward, and at the
same time it swerves toward the dorsal side. The resulting path is
therefore a spiral one (Fig. 20). The usual reaction to a stimulus is
an accentuation of this normal swerving toward the dorsal side, as com-
pared with the other factors in the swimming; the organism suddenly
swerves so much farther than usual in this direction that the path may
be completely changed. If the reaction is a very decided one the revo-
lution on the long axis and the movement forward may cease during
the swerving toward the dorsal side; the anterior end then describes
the arc of a circle about the posterior end as a center. In a less pro-
nounced reaction the revolution on the long axis continues. The circle
described by the anterior end is then less and the whole body describes
the surface of a cone, or a frustum of a cone, as illustrated in Fig. a1.
Every gradation exists between the normal spiral course and the strong
reaction in which the anterior end swings in a circle about the
posterior end as a center.
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cone, or the frustum of a cone, as indicated in Fig. 21. The result, as
seen from above, is that all the specimens seem to vibrate from side to
side; in other words, they are taken with a sudden oscillation or trem-
bling. This oscillation when the intensity of the light is suddenly
changed was observed by Strasburger (1848,
pp- 25 and 50) in flagellate swarm-spores; he
speaks of it as ‘¢ Erschiitterung” or ¢ Zit-
tern.” During this oscillation the anterior end
becomes pointed successively in many different
directions, as Fig. 21 shows. When, now, the
usual forward course is resumed (with only the
usual amount of swerving toward the dorsal
side), the animal follows one of these directions.
Thus its path is changed (Fig. 22). Strasburger
(1848, p. 25) noticed that the path followed after
the oscillation was oblique to the former path.
As a study of Figs. 21 and 22 will show, thisis a
necessary consequence of the increased swerving
toward the dorsal side, to which the oscillation
itself is due. All these relations bécome much
clearer if a model of an actual spiral is studied ;
it is difficult to represent them upon a plane
surface.

If the stimulus is stronger, as when there is a
greater decrease in illumination, the swerving
toward the dorsal side is much greater ; the or-
\ ganism wheels far to that side, so that the spiral
ﬂ% course seems entirely interrupted. But there is
\b really nothing in this reaction differing in prin-

ciple from what is happening in the normal
forward swimming. If the swerving toward the
/ I . .

dorsal side is long continued the specimen may
é‘f/ be seen to swing first far to the (observer’s) right,

then, after it has revolved on the long axis, far
to the (observer’s) left; in reality it swings an
equal amount upward and downward and in intermediate directions.
It may, however, swing at once so far to the dorsal side that the new

Fi6. 232.*

¢ F16. 22.—Shows the spiral path of Euglena, illustrating the effect of a
slightly marked reaction. At a the illumination is decreased; the organism
therefore swerves toward the dorsal side, causing the spiral to become wider.
At 5 the ordinary method of swimming is resumed; since at this point the
organism was more inclined to the axis of the spiral than before the reaction,
the new course lies at an angle with the previous one. Compare with Fig. 21.
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revolves on its long axis, bringing the dorsal side down. Since it can
not swing downward, owing to the narrow space, this has little effect
on the reaction, save to stop the movement to the left. Now, by con-
tinued rotation the dorsal side has come to lie to the (observer’s)
right; the Euglena may then be seen to swing far to the right. In each
case under these conditions it is at once evident by observing the
larger lip at the anterior end that the organism is swinging toward
the dorsal side.

This method of reaction is very effective in preventing Euglena from
passing from an illuminated region to a shaded one. As soon as the
anterior end enters the shadow, the animal swings far toward the dor-
sal side till the anterior end is brought again into the light, repeating
the reaction if necessary. There is then no further cause for reaction.
The reaction to a very strong increase of illumination is, as we have
seen, identical with that to a decrease in illumination.

In our experiments thus far we have directed attention primarily to
the effects of changes in the intensity of illumination, and have found
that such changes produce a motor reaction independently of the direc-
tion of the light rays. But it is of course well known that Euglena
does react with reference to the direction of the light rays. Euglen=
swim toward the source of light when weakly illuminated, away from
the source of light when strongly illuminated. If Euglena are swim-
ming at random in a diffuse light they soon become oriented when the
light is allowed to act on them from one side, even if the intensity of
illumination remains the same. Or, if Euglen® are swimming toward
a source of very weak light and a stronger light is allowed to act upon
them from the opposite side, they become oriented, in time, with
anterior ends toward the stronger light. In examining this dependence
of the direction of swimming on the direction of the rays of light, we

swerves strongly toward the dorsal side, at the same time continuing to revolve
on the long axis. It thus occupies successively the positions 2, 3, 4, 5, 6. In
passing from 3 to 6 the illumination of the anterior end is increased; hence the
reaction nearly or quite ceases. In the next phase of the spiral, therefore, the
organism swerves but a little toward the dorsal side—from 7 to 8. But this
movement causes & decrease in the illumination of the anterior end, and this
change induces again the strong swerving toward the dorsal side. Hence in
the next phase of the spiral the organism swings through g and 10to 11. In
this movement again the illumination of the anterior end is increased; hence
the reaction ceases, so that from 12 the organism swerves only as far as 13.
Then owing to the decrease in illumination caused by this movement, the
swerving increases, so that the Euglena swings from 13 through 14 and 15 to 16.
Now it is directed toward the source of light, and such swerving as takes place
in the spiral course neither increases nor decreases the illumination of the
anterior end. Hence there is no further reaction; the Euglena continues to
swim forward in the direction 16-17.
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shall have to keep in mind two questions: First, how is the position
of orientation brought about? Second, what is the real stimulus in

producing orientation ?
To answer the first question we must observe the movements of the

'—_\f_,_ _ofs

y

organism at the time orientation occurs. Observation of the individ-
uals as they are becoming oriented shows that orientation is brought
about through the same motor reaction that we have already described ;

FiG. 24.*

* F16. 24.—Path followed by Euglena when the direction of the light is
changed. From 1 to 2 the organism swims forward in the usual spiral path
At 2 the position of the source of light is changed, so that it now comes from
behind. The organism then begins to swerve farther than usual toward the
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that is, by a turning toward the dorsal side. The simplest case is per-
haps that of the reversal of orientation, produced when strong sunlight
is allowed to fall from in front upon specimens that are swimming
toward a diffusely lighted window. Under these circumstances, as
we have seen, the Euglenz turn toward the dorsal side, changing their
course. They may turn directly through 180°, in which case they are
at once oriented with anterior ends away from the light; but usually
the orientation is less direct than this. The reaction is generally
repeated several times. Through its continued swerving toward the
dorsal side, combined with the revolution on the long axis, the organism
directs its anterior end successively in every direction. When the
anterior end has finally come into a position where it points away from
the strong light the reaction ceases, and the organism swims forward
in the usual way. The details of the orienting reaction will be brought
out more fully in the following account of the way in which the anterior
end becomes directed toward a source of light of moderate intensity.

Let us now take a case in which the change in the direction of the
rays of light is not accompanied by a change in the intensity of illumi-
nation. Euglen® are swimming about at random in a diffuse light
when all the light is allowed to fall upon them from one side. They
then become oriented, with anterior ends directed toward the source of
light. Or, the organisms are swimming toward a source of light when
the direction of the light rays is changed or reversed by quickly
moving the source from which the light comes. The Euglene then
after a time become reoriented. Under such circumstances there is no
sudden, decided reaction, such as occurs when the illumination is
suddenly decreased. The organism merely begins to swerve farther
toward the dorsal side than usual. Thus the spiral has become wider,
and the anterior end comes to be pointed successively in many dif-
ferent directions, as illustrated at 1—6 in Fig. 23. In some of these
positions the anterior end is directed farther away from the source
of light, as at 3; in other positions more nearly toward the source
of light, as at 6. In the latter case the swinging toward the dorsal
side becomes less marked ; hence the succeeding phase of the swing,
which carries the anterior end away from the light, is less pronounced ;

dorsal side, owing to the decrease in the illumination of the anterior end. Thus
the spiral becomes wider, a and 4 showing the limits of the swerving. At 3 the
normal amount of swerving is restored, so that the new path is at an angle with
the old one. Now the organism swerves at each turn of the spiral a short dis-
tance away from the source of light, as at ¢, ¢, 2, and a longer distance toward
the source of light, as at d, f, 4, for the reasons shown in Fig. 23. At & it has
in this manner become directed toward the source of light, and there is no fur.
ther cause for swerving more to one side than to the other; it therefore swims
in a spiral with a straight axis toward the source of light.
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the anterior end therefore does not swing so far in the direction
away from the light as in the preceding phase it swung toward the
light. This is illustrated at 7-8 in Fig. 23. But as a result of such
swerving as does occur the anterior end is now (at 8) directed more
away from the source of light than before. There then follows a
new reaction, with increased swerving toward the dorsal side in the
next phase of the spiral (8-11, Fig. 23), which carries the dorsal side
toward the source of light. Hence the anterior end swings still further
toward the position where the light shines directly upon it. This con-
tinues. As a result of this repeated swinging of the dorsal side slightly
away from the source of light and strongly toward the source of light
the organism gradually changes its course, continuing to swim in a
spiral and to swerve toward the dorsal side, until the axis of the spiral
is in line with the light rays and the anterior end is toward the source
of light. This method of reaction will best be understood by a study
of Figs. 23 and 24 and their explanation.

Thus the orientation is gradual and for a certain stretch after the
light has begun to act the organism is not completely oriented. With
a fairly strong light, however, the period of time required for complete
orientation is very slight. Strasburger (1878, p. 24) noticed that when
Heamatococcus is swimming toward a source of weak light and the
light is suddenly increased so as to reverse the orientation, there is a
period of ‘¢ verschiedenen Schwankungen ” before the reverse orienta-
tion is attained. He paid little attention to the behavior of the
organisms during this period, however.

Our account has been thus far purely descriptive ; we have attempted
to set forth the events as they may be observed, without trying to
indicate the causes at work. We must now inquire as to what is the
real stimulus and its method of action in producing orientation.

First, we note that in becoming oriented Euglena does not turn
directly toward the source of light. As in the reaction to other stimuli,
the turning is throughout toward a structurally defined side. This
shows that the orientation of Euglena, like that of Stentor, cannot be
accounted for on the orthodox tropism theory. In other words, the
orientation is not due to the direct effect of the light on the motor
organs of the side on which it falls. As in Stentor, orientation may
be reached by turning either toward or away from the source of light,
or in any intermediate direction. The response is a ¢ motor reaction ”
of a definite type.

Just what is the stimulus which produces this motor reaction? All
our experiments up to this point have shown clearly that this reaction
is produced by changes in the intensity of illumination, and that a change
in the illumination of the anterior end produces the reaction as well as
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does a change in the illumination of the entire body. Indeed, Engel-
mann (18382, a) showed that a change in illumination over the remainder
of the body is ineffective in producing the reaction, so that in every case
the reaction is due to the change in illumination at the anterior end.
Now, in the orientation reaction the conditions are present for produc-
ing changes of illumination at the anterior end of precisely the character
which would, in view of our other experimental results, bring about
the reactions observed. This will best be shown by again examining
in detail from this point of view a concrete case. -

In Fig. 23 we will suppose that the Euglena at 1 is at first swimming
toward the source of light. When it reaches the position 2 the light is
changed, so that it now comes from the direction indicated by the
arrows at the right. By this change the intensity of illumination at
the anterior end is decreased, since before the light came from directly
in front and affected the entire end, while now it falls upon but one
side. We know from other experiments that as a result of such a
change the organism reacts by swerving more toward the dorsal side,
at the same time continuing to revolve on the long axis. This is ex-
actly what happens now ; by the increased swerving the organism is
carried from position 2 to position 3. In this change the anterior end,
swinging still farther away from the source of light, is still less illumi-
nated than before. As a result of this farther decrease in illumination
the reaction is continued or increased; combined with the revolution
on the long axis it carries the organism successively to positions 4, 5§
and 6. In this part of the movement the anterior end becomes pointed
more directly toward the source of light, and is hence more strongly
illuminated ; there is therefore nothing in this movement to cause a
reaction. The strong swerving toward the dorsal side then ceases or
becomes less. But in the next phase of the spiral course (from 7 to 8),
there is necessarily at least the normal amount of swerving toward the
dorsal side, and this carries the organism to a position (8), where
the intensity of the light acting on the anterior end is decreased. As
a result of this decrease we know that the ** motor reaction”” must again
be induced ; the organism swings then farther toward the dorsal side-
This movement, combined with the revolution on the long axis, carries
the Euglena through 9 and 10to r1. Here again the swerving de-
creases, because the change was from a less illuminated to a more
illuminated region. Hence after reaching 12 the Euglena swerves only
a little away from the light, to 13 ; then, as a result of the decrease in
illumination at the anterior end caused by this movement, it swerves
far toward the light, through 14 and 15 to 16. This movement causing
greater illumination, the reaction ceases. The light is now shining full
on the anterior end. The organism therefore swims forward in the
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usual spiral course, in all phases of which the illumination of the anterior
end is equal. If the light came from the rear of Euglena 1 instead of
from the direction indicated by the arrows, the reaction above described
would be continued in the same way until the direction of swimming
was completely reversed. '
Thus the orientation of Euglena in a continuous light is due to the
production of the ** motor reaction,” with its turning toward the dorsal
side, whenever there is a decrease in illumination at the anterior end.
There is no other explanation of the orientation, so far as I am able
to see, that is in agreement with all the facts. At first one is tempted
merely to say that the subjection of the anterior end to shadow pro-
duces the motor reaction, and that this is continued until the anterior
end is no longer shaded. This statement is correct if by * subjection
to shadow” we mean an active process, involving a change from a
more illuminated condition. But if we mean that darkness as a con-
tinuous, static condition is the cause of the reaction, then considera-
tion shows that this will not account for all the facts. It leaves out of
account the capability of the organism to become acclimatized to cer-
tain degrees of light and shade, and certain of the experimental results
are crucial against it. Thus, suppose the Euglen® are swimming
_toward a source of weak light, and a stronger light is then allowed to
act upon them fromn another direction. The anterior end continues to
receive the same amount of light as before (since the weak light still
persists), yet the organism reacts as usual, becoming oriented toward
the stronger light. The motor reaction by which the orientation is
brought about cannot therefore be due to darkness or shade (considered
statically) at the anterior end. On the other hand, the case just men-
tioned is easily understood on applying the explanation given above.
Again, it might be held that the reaction is due in some way to the
relative amount of illumination at the two ends. It might be main-
tained, for example, that when the posterior end is more illuminated
than the anterior, this difference acts as a stimulus to cause the ‘¢ motor
reaction.” There is, of course, no independent evidence in favor of this
view, and the experimental results prove it to be incorrect. We have
shown that the reaction is produced (1) when both ends are equally
stimulated, as when the light comes directly from one side; (2) when
neither end receives light, as when the light is cut off completely. Fur-
ther, it might be held that thereaction is produced when the anterior end
is not more intensely illuminated than the posterior end. It is, of course,
a little difficult to conceive how so indefinite a condition could act as a
stimulusto a definite motor reaction, butinany case the experiments show
that this is not the real cause of the ** motor reaction.” Thus certain of
the experiments show that the *‘ motor reaction” is produced even when
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the light is reduced by the same amount at both ends, so that the anterior
end is still more strongly lighted than the posterior. This case is
realized in the experiment in which a small screen is interposed between
the Euglenz and the window toward which they are swimming. The
light is thus somewhat decreased, but is still sufficient to cause orien-
tation. The anterior end is thus still lighted more than the posterior,
yet the organisms respond with the ¢ motor reaction” at the moment
the light is decreased. The same thing is shown still more decidedly
in the experiment described on page 50, in which the ¢¢ motor reaction
is produced when the light is cut off from some other source than that
toward which the organisms are swimming. In this case the propor-
tion of light shining on the anterior end is greater after the change in
illumination than before, yet the ¢ motor reaction ” is produced at the
moment the change takes place.

The explanation we have given is, therefore, the only one that is in
agreement with all the facts, and it accounts for every detail of the re-
actions to light. The cause of all the phenomena of light reaction in
Euglena is the fact that a sudden change in light intensity on the anterior
end induces a typical ‘¢ motor reaction.” It is noticeable that the
reaction is throughout due to a dynamic factor, to some change in the
relation of the organism to the light, a change due either to an active
alteration of the environment, or to a movement of the organism. To
static conditions, if not too intense, the organism may soon become
acclimatized, so that no farther reaction is caused. The absolute in-
tensity of the light affects the reaction only in so far as it determines
whether it shall be an increase or a decrease in intensity that causes
the *¢ motor reaction.”

To sum up, the reaction of Euglena, from beginning to end, is ex-
plained by the fact that a sudden change in illumination, even though
slight, causes a definite motor reaction, the essential feature of which
is an increased swerving toward the dorsal side. Orientation is brought
about by the increased swerving in the next phase of the spiral course
when the illumination of the anterior end is diminished, and by the
decreased swerving in the next phase of the spiral when the illumination
of the anterior end is increased. In general terms we can say that the
reaction of Euglena to light is by the method of trial and error. The
organism tries turning in many directions; when the turning is such
as to produce a decrease in the illumination of the anterior end it
¢ tries” other directions; when it is such as to produce increased
illumination of the anterior end, or when no change in illumination
results, the reaction ceases and the organism continues to swim forward
in that position. The result of this method of reaction is necessarily
orientation with the anterior end toward the source of light.
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CRYPTOMONAS AND CHLAMYDOMONAS.

Cryptomonas ovata is one of the organisms studied by Strasburger
(1878), under the name Ckilomonas ovata, in his classical paper on
reactions to light in flagellates and swarm-spores.

The specimens studied by the present author were mostly of the
¢ young ” form, having pointed, curved, posterior ends. One side is
strongly convex, while the other is less curved, or is even concave near
the posterior end. It is thus very easy to distinguish the two sides of
the organism and to observe their relation to the movements.

Cryptomonas ovata swims in a rather wide spiral, with the more
convex side toward the outer surface of the spiral. In other words, the
organism swerves continually toward the more convex side. The
response to usual stimuli is a strong turn toward this convex surface;
this is easily seen when the organism comes in contact with an
obstacle.

The Cryptomonads swim toward or away from the source of light
under the same conditions as Euglena, and gather in lighted areas in
the same manner as does the organism last named. They react to a
sudden decrease in the intensity of illumination by turning toward the
more convex side. If the decrease in intensity is marked, the organism
turns suddenly for a long distance, go° or more, so that the course is
completely changed. If the stimulus is less the turning toward the
more convex side is not so rapid, and since the revolution on the long
axis is continued the body of the organism describes the surface of a
wide cone or frustum of a cone. When a large number of specimens
react in this way at the same time a peculiar shaking or trembling
appearance is produced; this is evidently what Strasburger (1878)
called ¢t Erschiitterung ” or *¢ Zittern.” As a consequence of the wide
swerving, when the norinal method of swimming is resumed the course
lies in a new direction.

In all these respects Cryptomonas exactly resembles Euglena. Fur-
ther, the organism becomes oriented to light in precisely the same manner
as is described above for Euglena. In fact, if we substitute ‘‘* more
convex side” for ¢ dorsal side” in the account of Euglena, it will fit
almost throughout the reactions of Cryptomonas. Itis therefore unnec-
essary to describe the phenomena in Cryptomonas in detail.

A study was made also of the reactions of a species of Chlamydo-
monas. The movements of Chlamydomonas and its reactions to light
resemble those of Euglena and Cryptomonas. But the organism is so
small and the differentiations of the bodily structure are so slight that
I was unable to determine the relation of its structure to the spiral
path and to the direction of turning in the reaction. The oriented
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organism reacts to a decrease in illumination by a sudden turn to one
side, by an increase in the width of the spiral, and by a change in the
course, just as happens in Euglena and Cryptomonas. The unoriented
organism becomes oriented in a manner which is similar to that de-
scribed above for the two organisms just named. Since, however, I
am unable to give the precise relations of these movements to struc-
tural differentiations of the body, a further account of details would
not be of interest.
GENERAL RESULTS.

In summing up our results on reactions to light in the organisms
studied, there are two points of especia) interest which should be con-
sidered separately. The first relates to the nature of the reaction
produced, the second to the nature of the agent causing the reaction.

NATURE OF REACTION PRODUCED BY LIGHT.

As to the nature of the reaction produced by light there has been
much discussion. The orthodox tropism theory is perhaps that which
has the greatest number of adherents. It is set forth in detail in the
paper of Holt & Lee (1901). According to this theory the light acts
directly on the motor organs of the side on which it impinges ; supra-
optimal light causes increase of the backward stroke (in the case of
cilia or other swimming organs) ; suboptimal light causes a decrease
in the backward stroke. The result is that the organism is turned
directly toward or from the more intensely lighted side, and hence
toward or from the source of light. The diagrams given in the pre-
ceding paper (Figs. 1 and 2) can be applied directly to the elucidation
of this theory.

In the experiments on the ciliates and flagellates set forth in the
present paper the precise method of reaction was determined by obser-
vation. It is not in accordance with the tropism theory above set
forth. This has been emphasized in detail in the account of the
reactions of Stentor, so that it need not be reiterated here. The reac-
tion to light is of the same character as that to other stimuli, and takes the
form of a motor reaction in which the organism performs a definite
set of actions. It first usually stops or swims backward, then turns
toward a structurally defined side, then continues forward. The
result is to change the course of the organism. As a result of the con-
tinual rotation on the long axis, together with the swerving toward a
certain side, the organism comes to be pointed successively in every
direction. In continues to swim forward in that direction which does
not induce a stimulus to further swerving. The whole reaction is a
strongly marked example of the type of behavior which may be called
the ¢ method of trial and error.”

Google



REACTIONS TO LIGHT IN CILIATES AND FLAGELLATES. 65

NATURE OF AGENT CAUSING THE REACTION.

(1) The primary and essential cause of the reaction is a change of
illumination. The change of illumination must take place with some
suddenness, but need not be very great in amount. The ckange in
illumination acts as an effective stimulus even though the degree of
illumination preceding the change and that following it would, when
acting continuously, produce no such result. This is shown by the
experiments on Euglena, in which the light coming from one side was
decreased a certain amount. The orientation of the organisms and
their direction of movement was the same before and after the change,
but at the moment the change occurred there was a marked reaction.
Other experiments detailed above demounstrate the same thing. Further,
the change in illumination acts independently of the direction of the
rays of light. This is shown by the experiment just cited, in which
the effective direction of the rays of light was the same before and
after the reaction; it is also shown in the reaction caused when the
light is decreased from below, in the case of Euglenz swimming
toward a window (p. 50), and in the reaction of Stentor on passing from
a shadow to a lighted region even when the animal is oriented with
anterior end away from the light (p. 39). The change in illumination
acts equally whether it affects the entire organism or only the anterior
end. The evidence indicates that in all cases it is really the change at
the anterior end which induces the reaction.

(2) The absolute intensity of the light affects the reaction by deter-
mining in a given case whether a reaction shall be caused by an
increase or a decrease in illumination. Through this action it also
determines, in the way to be mentioned in the next paragraph, whether
in a continuous light the sensitive anterior end shall be directed toward
or away from the source of light; that is, whether the response shall
be ‘¢ positive” or *‘ negative.”

(3) Indirectly, and through the factor set forth in paragraph (1), the
direction from which the light comes is a determining factor in the
reactions. Through the spiral course in which the organisms swim such
conditions are furnished that in a field continuously lighted from one
side the sensitive anterior end of the unoriented organism is subjected
to repeated changes in the intensity of illumination. As a result,
organisms which respond by the motor reaction to an increase in illu-
mination at the anterior end must become oriented with anterior end
directed away from the light; organisms which react to a decrease in
illumination must become oriented with anterior end directed toward

the light. (Details in the account of Euglena, pp. 60, 61, and Figs.

23, 24.)
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The results of this method of reacting may be stated correctly, though
not completely, as follows: In a negative organism light falling upon
the sensitive anterior end causes a reaction by which the anterior end
is pointed in many different directions; the reaction ceases as soon as
a direction is reached in which the anterior end is pointed away from
the light. In a positive organism the shading of the sensitive anterior
end produces the reaction by which the anterior end is pointed in many
different directions; the reaction ceases as soon as the anterior end is
no longer shaded.* The reaction is thus by the method of trial and
error ; when stimulated the organism tries many different positions,
till one is found in which there is no further stimulation.

Consideration will show, I think, that the factors producing reaction
to light in these lowest organisms are essentially the same as in higher
ones, if man may be taken as a type of the latter. The factors are, as
we have seen, variations in intensity of illumination, and, indirectly,
the direction from which the light comes. It is possible that in man
the latter factor works more directly than in the infusoria ; leaving this
question out of consideration, the two factors are present in both cases.
Consider a human being who reacts to light as a purely physical agent,
not with regard to the associations which it brings up. Ina dark space
a gleam of light is pleasant and induces movement toward it. There
is then a positive reaction with orientation, but the orientation is not
due to the difference in intensity of light on different parts of the body,
nor to its direct effect on the motor organs. The orientation is such as
to keep the light shining on the more sensitive part of the body, the
eyes. An excessively powerful light is unpleasant and induces a nega-
tive reaction just as happens in Euglena; the orientation is then such
as to keep the more sensitive part of the body, the eyes, away from the
light. Further, man is sensitive to a sudden change in illumination.
A strong light bursting from the darkness, or sudden darkness in the
midst of bright light, induces a marked motor reaction, and less striking
differences may produce a response. Both in man and in Euglena the
reaction likewise depends upon color ; but with this phase of the matter
we are not at present concerned.

When the factors above set forth are taken into consideration certain
peculiar experimental results that have given rise to much discussion
become clearly intelligible. I refer particularly to the experiments in
which the direction of the light and the decrease in intensity of illumi-
nation do not show the usual relations. Under ordinary conditions
movement away from a source of light is movement into a region of less

* This statement is incomplete in that it does not bring out the fact that it is

& change from light to shade or vice versa that induces the reaction; if this be
understood, the statement is correct.
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intensity ; movement toward the light into a region of greater intensity.
In the well-known experiments of Strasburger (1878) and others, this
condition is modified by passing the light through a wedge-shaped
prism filled with a solution that cuts out part of the light.

When a drop of water or a culture dish is placed beneath such a
prism, and the latter is so situated that its surface is perpendicular to
the light rays, the intensity of the illumination is greatest behind the
thin edge of the prism, and thence decreases gradually toward the
opposite end, while the rays of light all come directly from above.
Under these conditions Strasburger (1878, p. 36) found that the positive
swarm-spores remained equally distributed throughout the drop, not
collecting at the lighter end. Now, the only difference between this
experiment and the one illustrated in Fig. 11 of the present paper is
that in Strasburger’s experiment the decrease in illumination is very
gradual. We have seen above (p. 52) that a very gradual change in
illumination produces no reaction. Hence the organisms may wander
from one side of the drop to the other without reaction, the difference
in illumination at two successive instants never rising to the necessary
threshold of stimulation. If the relation of stimulus to reaction follows
Weber’s law, the result is just what we should expect, provided the
change in illumination is sufficiently gradual. When the difference in
illumination from above is great, Strasburger’s own experiments (/. c.,
p- 33) show that the organisms do react.

On the other hand, Holt & Lee (1901), using a similar prism,
found, under similar conditions, that the negative organism, Stentor,
does, on the whole, tend to gather at the darker side of the drop.
This shows that the difference in illumination between neighboring
points in this particular experiment was not below the threshold of
stimulation for the organism in question. If, as Holt & Lee sup-
pose, a certain amount of light was reflected from the lighter end of
the vessel, then the inclination to go to the darker side would be rein-
forced by Stentor’s tendency to turn when the light falls upon its
anterior end (see p. 43). The fact that in Strasburger’s experiments
the organisms remained scattered throughout the drop seems to indi-
cate that this reflected light played no part in his results.

In ancther set of experiments Strasburger placed his prism over the
swarm-spores in such a way that the light came obliquely from the
direction of the thick end of the wedge. If the pusitive organisms now
go toward the thicker end of the wedge, they pass toward the source
of light, but into a region of decreased illumination ; if they go toward
the thin end they pass away from the source of light, but into a region
of higher illumination. Which will they choose?

Strasburger found that the positive swarm-spores pass toward the
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source of light, into the region of less illumination. But is not this
exactly what we must expect? His former experiment showed us that
under the prism the change from light to darkness was so gradual that it
produced no effect on the organisms. Hence the direction from which
the rays come is left to produce its effect alone, and it produces the
usual effect. The organism reacts in the usual ¢¢ trial and error” way
until the anterior end is directed toward the light; then it moves in that
direction. Incidentally it comes into a region of less intensity of light,
though the decrease is so slight as to produce no effect on the organism.

Parallel considerations hold for the negative organism. Under
similar circumstances, if the variation in illumination is very gradual,
it directs its sensitive anterior end away from the source of light (by the
method of ¢ trial and error”) and swims to the opposite side of the
drop, incidentally moving into a region of slightly greater (but
‘¢ unperceived ”’) intensity of illumination. Under similar conditions,
as we have seen in the experiment described on p. 39, if the decrease
in illumination is marked, the animal swims back into the shadow,
though in so doing it passes toward the source of light.

Thus in Strasburger’s experiments with the prism the difference in
the intensity of light between neighboring regions has been made so
slight that they are unmarked by the organism and have no effect upon
it. We need not be surprised, therefore, that it reacts as if these differ-
ences did not exist; for the organism they do not exist.

The reaction is in this case just what it would be in a higher organ-
ism under similar conditions. Let us suppose that the light stimulates
strongly the sensitive anterior end, the eyes, of a higher animal or man ;
it causes pain in the case of man. There will be a tendency (1) to
move into less illuminated regions ; (2) to turn the eyes away from the
light. Suppose that the man is enclosed in a space into which the
sun shines obliquely from above, and that the end from which it shines
is a little less illuminated than the opposite end, owing to causes similar
to those in Strasburger’s experiment on the swarm-spores. Supposethat
the man is at the end next the sun. He cannot know that the other
end is more illuminated, for the only way this would be possible would
be for the greater number of rays of light to meet his eye coming from
that direction, while by hypothesis all, or a much larger number, of
the rays are coming from the opposite direction. He will, therefore,
turn his eyes away from the sun, and if he moves will move toward
the end away from the sun. After having traversed some distance he
may observe, if he is very discriminating, that he is as a matter of fact
getting into a region of somewhat greater illumination, and may perhaps
reason that the best thing he can do under the circumstances is to keep
his eyes turned away from the source of light and move backward to the
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less illuminated end. But this involves the capability of making fine
distinctions, and a considerable degree of intelligence in deciding what to
do under the peculiar circumstances. The experiment with the swarm-
spores shows that they are incapable of such fine discrimination, or that
they are not sufficiently intelligent to know what to do under the circum-
stances. They give no indication that they notice the greater illumina-
tion after having passed to the end away from the light. Their action
may be considered perhaps in a certain sense as a ‘‘ mistake,” but it
is a mistake which even the highest organism would make, and which
could be corrected only after experience of its results.

The results of our study of the light reaction in ciliates and flagel-
lates lead to conclusions which stand in sharp contrast with certain
general conclusions in Radl’s recent extensive and interesting paper on
Phototropism (Radl, 1903). Radl reaches the somewhat extraordinary
conclusion that light orients organisms by exercising an actual
mechanical pressure upon them. This pressure necessarily disturbs
the equilibrium of the body, which is then compelled to change posi-
tion until equilibrium is restored ; the organism is then oriented. The
orientation is a consequence of the interplay of two sets of forces, inner
and outer ; these cannot be in equilibrium until the body has taken a
certain position with reference to the pressure exercised by the light
(4. c., pp. 151 fl.) The actual turning which induces orientation must
be due to the action of a pair of forces (/. c., p. 148). One of these
forces is the pressure produced by the light.

Orientation produced in the manner described in the present paper
for the reaction of ciliates and flagellates to light, and in the preceding
paper for the reaction to heat, could of course not be brought about in
the manner supposed by Radl. One of Radl’s chief arguments for his
view is that ¢‘ no observation thus far shows that the final orientation
is attained by a trial or after an oscillation, but it takes place auto-
matically ”® (/. c., p. 141).

The observations on ciliates and flagellates given in the present paper
show conclusively that the orientation in these cases £s brought about
through repeated trials. In the statement quoted above Radl has over-
looked certain other cases. Thus Strasburger, as we have seen (p. 59),
states that after the direction of the light is changed Hamatococcus
becomes reoriented ‘¢ nach verschiedenen Schwankungen” (Strasbur-
ger, 1878, p. 24). Radl himself refers on a previous page (p. 100) to
Strasburger’s observation of the oscillating movement of swarm-spores
under the influence of a variation in light intensity ; Rothert (1901,

s Keine bisherige Beobachtung zeigt ferner, dass die schliessliche Orientie-

rung etwa durch eine Priifung oder nach einem Schwanken erzielt wiirde,
sondern sie folgt automatisch.”
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P- 397) has called particular attention to this as a possible factor in the
so-called phototropism. Radl also refers (p. 99) to Exner’s view that in
Copilia the movements of the eyes are in the nature of a trial (‘¢ abtasten ”)
of the surroundings. Radl’s statement, quoted above, can then hardly
be considered strictly accurate, even leaving out of consideration the
results set forth in the present paper. In many organisms, doubtless,
the reaction to light is of thatdirect character assumed to be general by
Radl. But it may be strongly doubted whether this is what we may
call a primitive condition; in other words, whether it does not involve
more complicated internal processes than the reaction by ¢¢ trial and
error.” In any case, I am convinced that a similar reaction to light by
the method of ‘¢ trial and error ” will be shown to exist in many other
organisms ; it is demonstrated, for example, in Rotifera, in the paper
which follows the present one.

Recourse will doubtless be taken to the usual refuge when a sharp
concept has been defined to which the phenomena are not found to
correspond ; the reactions of the ciliates and flagellates will be simply
excluded from the tropisms and the definition of the latter maintained
in all its pristine purity. Indeed, it may be questioned whether the
reactions of infusoria (and Rotatoria) to light are not excluded from
phototropism through the definition given by Radl on p. 140, what-
ever the method by which they are produced. Radl says ¢ Unter
phototropischer Orientierung ist die Fihigkeit der Organismen zu
verstehen, eine feste Einstellung der Achsen des gesamten Korpers in
dem Lichtfelde einzunehmen.” Since the ciliate or flagellate (or
rotifer) revolves continually on its long axis, and swerves continually
toward a certain side, it can hardly be said that the body axes have a
¢ feste Einstellung” with reference to the light. In an explanatory
paragraph Radl says that in orientation ¢‘immer geht dann der
Lichtstrahl durch die (morphologische) Symmetrieebene des Korpers”
(4 c., p. 140). This is certainly not true for the ciliate or flagellate (or
rotifer), even leaving out of consideration the fact that in the former
two groups the animals are usually unsymmetrical. If it be proposed,
then, to exclude the light reactions of ciliates, flagellates, and rotifers
from the concept of ¢* Phototropismus,” one can only agree that this is
necessary, in view of the definitions of that concept.

But what is the value of a definition which excludes some of the chief
phenomena on which the concept that we are attempting to define is
based? And what is the value of a theory that depends on such a
definition and that can only be correct so long as we hold to this
definition? The phenomena themselves are, after all, the final refer-
ence for testing the correctness of any definition or theory; it is the
observed phenomena that we are attempting to formulate and explain.
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What we desire in the study of animal behavior is (1) a correct
description of what occurs; (3) an understanding of the relation of
what occurs here to other phenomena, this constituting their ‘¢ explana-
tion” so far as an explanation is possible. Whether the phenomena
when correctly described and understood are found to fall under some-
one’s definition of a tropism is comparatively unimportant; it is only
after such correct description and understanding that final definitions
can be made. I question much if there has not been undue haste in
framing precise definitions for the phenomena of animal behavior, when
we know so little about the phenomena in any thorough way. Radl,
I believe, makes a fundamental error in attempting to separate ¢ Pho-
totropismus ” rigidly from other reactions to light. Thus, he repeat-
edly cites Euglena as an example of an organism that shows undoubted
phototropism. On page 114 he further cites the motor reaction of
Euglena when suddenly shaded ® as a reaction that has nothing to do
with phototropism. As I have shown above, the two are really
closely bound up together ; the orientation in the ‘¢ phototropism” is
produced through this motor reaction. When the reactions of organ-
isms to light are known in detail, I believe that many other reactions
which Radl (p. 114) attempts to separate sharply from ¢¢ phototropism
will be found closely connected with the reactions that go under that
name. I had occasion to point out, in the paper preceding this, on
the reactions to heat, that if everything which the organisms do, except
the orientation itself, is left out of consideration, the orientation can be
accounted for by any theory desired. A thorough study of precisely this
point—the relation of ¢¢ phototropism” to the phenomena supposedly
unconnected with it—would, I believe, have saved Radl from marring
his otherwise most excellent and useful contribution to the study of
light reactions by the proposal of so fantastic a theory to account for
the reactions to light ; a theory that fairly produces a shock in the mind
of the reader when it is reached, coming as it does after Radl’s thorough
and valuable objective study of many of the phenomena and his exceed-
ingly sane, if somewhat sharp, criticism of other theories. Definition
and precise classification are of course valuable at a certain stage of
knowledge, but when carried out without a thorough knowledge of the
phenomena dealt with they may be a hindrance rather than a help.
The thorough knowledge of the phenomena of animal behavior required
for this is far from existing at present.

*Radl says when ‘‘ beleuchtet; this is evidently a slip of the pen.
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REACTIONS TO STIMULI IN CERTAIN ROTIFERA.

In my series of ¢ Studies on Reactions to Stimuli in Unicellular
Organisms” and in the foregoing papers I have set forth the reaction
methods of many infusoria to varied stimuli. The result has been
to show that the reaction method in these organisms is of a peculiar
character, differing radically from that required by prevailing theories
of the reactions of lower organisms. The essential nature of these
reactions, with their implications as to the character of behavior in the
lower organisms, will be discussed in the following papers. Before
proceeding to this discussion it is important to determine whether the
reaction method in the Infusoria differs radically in character from
that of Metazoa. For this purpose it seems well to select a group of
Metazoa whose habitat and mode of life are similar to those of the
Infusoria. In this way differences due primarily to the different plan
of structure of the two sets of organisms may perhaps be brought out
without the complications arising from different modes of life.

A group of Metazoa much resembling the Infusoria in their mode
of life is found in the Rotatoria. As is well known, the members
of these two groups are usually found mingled together. They are
of about the same size, and both swim about by means of cilia. So
great is the resemblance in general habit and in habitat that they were
at first classed together, all being given the name of Infusoria. As
we know now, however, they are really widely separated in relation-
ship. While the Infusoria are unicellular, the Rotifera are multicellu-
lar organisms of a high degree of complexity, possessing many systems
of organs, each composed of many cells. In particular, they have a
well-developed nervous system.

A comparison of the behavior of these two groups of organisms
should show us, therefore, whether there are types of reaction having
a high degree of generality, such as is claimed for the theory of
tropisms—types that may give a key to the behavior of groups so
widely separated in relationship as the two under consideration, which
are representatives of the Protozoa and of Metazoa of a fairly high
degree of organization.

In the present paper I can attempt to give an account of the behavior
of only a few free-swimming species, and that not in an exhaustive
manner. I hope to return to an extensive study of the behavior of this
interesting group, so as to develop its implications for the theory of
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animal behavior in general. In the study here set forth observation
was directed primarily to the questions of how
certain Rotifera react under the stimulus of
the agencies which usually give rise to the so-
called tropisms—light, chemicals, heat, elec-
tricity, contact, etc.—and to these questions
the present account will be devoted.

The species whose reactions were exam-
ined belong chiefly to the loricate group of
free-swimming Rotifera, and include a num-
ber of species of the Rattulide, several species
of Cathypnadz, two or three species of Euch-
lanis, Plasoma lenticulare, Anurea cockhle-
aris, and Brachionus pala. These were
studied as opportunity offered. In most cases
the reactions of any one species were not
determined with relation to more than two
or three classes of stimuli. The behavior of
Anurea cochlearis was examined most fully.
This species will be used as a type in describ-
ing the reactions. I have already given a
brief account of the general reaction type in
certain species of the Rattulide in my mono-

graph of that group (Jennings, 1903).
METHOD OF LOCOMOTION.

The free-swimming Rotifera progress
through the water in the same manner as the
ciliate infusoria. The cilia in the Rotifera
are limited to the anterior end, as they are
in the peritrichous infusoria. Itis interesting
to note that the same device is adopted in the
one group as in the other, to compensate for
irregularities in the form of the body, etc.,

Fi6. 25.* which might result in swerving from the
straight course. This is by revolution on the long axis, causing the
path to become a spiral with a straight axis. In the Infusoria the

* F1G. 25.—Spiral path followed in ordinary swimming by Ansrea cocklearis
Gosse, showing different positions of body in different parts of the course;
a, dorsal surface; &, left side; ¢, ventral surface; d, right side. The animal
revolves on its long axis over to the right, thus taking successively the positions
@, 3, ¢, d, a, etc. The large arrow indicates the general direction of the course
followed; the smaller arrows show direction of progression in certain parts of
the course.
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organism usually swerves from the straight line toward the aboral side ;
in the Rotatoria it is usually toward the dorsal side. Well-ordered
forward progression would therefore not take place, were it not for the
revolution on the long axis, converting the circular course into a spiral
one. In the Rotifera the revolution on the long axis is, so far as
observed, always over to the right. These relations have been brought
out in detail in a previous paper by the present author (Jennings, 19or).

The spiral path thus followed by most of the free-swimming Roti-
fera may be illustrated in Fig. 25, for Anurea cocklearis Gosse. As
will be seen from the figure, the path followed depends upon three
factors: (1) the animal continually swerves toward its dorsal side ; (2)
it progresses ; (3) it revolves on its long axis. The result of these three
factors is the spiral course. In all these relations the rotifer agrees
with the infusorian.

REACTIONS TO STIMULI.

The most general reaction to a stimulus in such a free-swimming
rotifer is an agcentuation of one of the factors in this course, namely,
the swerving toward the dorsal side. The result is to produce a spiral
of much greater width than previously existed. This may often be
observed when the vessel containing the rotifers is jarred. It is evi-
dent that this method of reaction is fitted to enable the rotifer to avoid
a small obstacle lying in its path, that is, in the axis of the spiral.
When the animal resumes its former method of swimming the axis of
the spiral lies in a new direction; the course has thus been slightly
changed.

With a stronger stimulus, as when the rotifer strikes against an
object lying in its path, the swerving toward the dorsal side may be
still more pronounced, while the revolution on the long axis nearly or
quite ceases. The result is that the organism swings strongly toward
its dorsal side, and when the usual forward swimming is resumed the
axis of the spiral lies in a totally new direction (Fig. 26). It thus
avoids the obstacle, if the latter is small; if the first reaction does not
avoid the obstacle completely the reaction is repeated until the course
is sufficiently altered so that the rotifer no longer strikes against the
source of stimulus. In some rotifers the increased swerving toward
the dorsal side is preceded by swimming backward a short stretch.

In all these points the reaction of the rotifer agrees even to details
with that of the ciliate infusorian. There is a difference in the fact
that the Infusoria are unsymmetrical and cannot therefore be said to
swerve toward the dorsal side, as do the prevailingly symmetrical
Rotifera. In the Rattulide, however, we have asymmetry of a char-
acter similar to that found in the Infusoria.
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We have dealt thus far specifically only with reactions to simple
mechanical stimuli, such as are presented by an obstacle in the path of

F1G. 26.*

the rotifer or by a simple mechanical jar. This type of reaction under
such conditions I have observed for Diurella tigris Miiller, D. por-

* F'16. 36 is a diagram of the reaction of the rotifer Anursa to a strong stimulus,
as when it reaches a source of mechanical stimulus or a region where some
chemical is dissolved in the water. From a to 4 the animal is unstimulated,
hence it follows the usual spiral course. At & it reaches the stimulating region,
whereupon it turns strongly toward the dorsal side, following the arc of a circle,
from & to d. Here it resumes the usual spiral course (4 to ¢). The large arrow
» shows the general direction of progression before the stimulus was received;
the arrow y shows the direction of progression after the reaction has taken place.
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cellus Gosse, D). gracilis Tessin, and a number of other species of
Rattulidee ; Plaesoma lenticulare Herrick, Cathypna ungulata Gosse,
Monostyla dulla Gosse, Brackionus pala Ehr., Anurea cocklearis
Gosse, and A. aculeata Ehr.

This method by no means exhausts the possibilities of reaction even
to a simple mechanical stimulus in these species. They may retract
the head and cease swimming, may creep over the surface of the object
with which they come in contact, or possibly may sometimes turn other-
wise than to the dorsal side when stimulated. Of this latter point I
am, however, by no means sure. It is certain that the typical reaction,
occurring in the great majority of cases, is that described above.

REACTION TO CHEMICALS.

The reaction given when the organism comes in contact with an area
containing a rather strong
diffusing chemical was
observed in Metopidia
lepadella, Anurea cock-
learis, A. aculeala, and
Diurella gyacilis.

The method of experi-
mentation was as follows :
A drop of water contain-
ing the rotifers was placed
onaslide. Near this was
placed a drop of N/8
NaCl, and the two drops
were connected by a nar-
row neck. The behavior
of the organisms as they
came into the region of the neck and thus in contact with the salt
solution was observed with the Braus-Driiner microscope. In the
species mentioned the reaction was by a sudden turn toward the dorsal
side, by which the path of the animal was directed away from the
chemical. The reaction is thus of the same character as occurs in the
ciliate infusoria.

This manner of reaction to chemicals is in both these groups of
organisms just what might be expected when the currents caused by
the cilia are taken into consideration. In the ciliate, as I have shown

FiG. 27.*

*F16. 27.—Diagram of currents in a nearly quiet Anurma, showing how a
diffusing chemical or an advancing region of warmer water (represented by shad-

ing), is drawn out by the ciliary vortex, so as to reach the mouth and the ventral
surface before affecting other parts of body.
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in a previous paper (Jennings, 1902, @), the cilia cause a current coming
from the region in front of the organism to pass along the oral surface
to the mouth ; in this way the oral surface comes in contact with the
chemical before any other part is affected. It is not surprising, there-
fore, that the organism should turn toward the opposite (aboral) side.

In the rotifera the conditions are parallel to those found in the ciliate.
The cilia cause a current, which passes to the mouth, on the ventral
surface of the body (Fig. 27). The solution thus reaches the ventral
surface first, and the reaction is, as might be expected, a turn toward
the dorsal side.

It should be distinctly stated that this reaction method is not universal
in rotifers even toward chemical stimuli. In some of the larger species,
bearing auricles, or with the ciliary apparatus of a very complex
character in other respects, varied reactions may occur, which I hope
to analyze in another paper.

REACTION TO HEAT.

This was studied in detail only in Anur@a cocklearis. A large
number of the rotifers were mounted in a shallow trough formed of a
slide, as described on p. 12, and one end of the slide was warmed by
means of the apparatus shown in Fig. 5. The reactions were then
observed with the Braus-Driiner stereoscopic binocular.

As soon as a portion of the slide has been warmed above the optimum,
the rotifers in this region turn more strongly than usual toward the
dorsal side, so that the course followed becomes a very wide spiral and
the animals make little progress. If the heat is increased the revolu-
tion on the long axis ceases, while the animals swerve still more
strongly toward the dorsal side (Fig. 28), so that they swim in circles,
the dorsal surface being directed toward the center of the circle.
Usually after circling thus a short time the animals begin again to re-
volve on the long axis, and dart forward. The direction of this dart
forward seems purely random. If it carries the animal out of the
heated region the forward movement is continued and the animal
escapes. If it does not carry the animal out of the heated region the
circling toward the dorsal side is quickly resumed, followed by another
dart forward. This is continued either until the rotifer passes out of
the heated region or until it is overcome by the heat. Usually, if it
does not escape soon from the heated region the circling becomes
more rapid and continuous and is kept up till the animal is destroyed
by the heat.

If one end of the slide is heated and the animal approaches the
heated region from the opposite end the reaction is of the same
character as that last described. As soon as the region is reached
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where the heat acts as an effective stimulus the animal swerves strongly
toward the dorsal side, thus beginning to circle, as shown in Fig. 28.
If this swerving should continue only till the animal had described a
semicircle, then were followed by the forward dart, the animal would
of course retrace its original course (or one parallel to it), and would
thus escape from the heated region, as happens in the reaction to the
electric current (Fig. 29). But the reaction to heat is less precise than
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this. Usually the animal makes several com-
plete circles before darting forward, and the
direction in which it darts seems a random
one ; sometimes it is toward the heated region,
sometimes away from it, sometimes oblique to
Fic. 28.% it. If the path followed leads the animal into

the heated region the circling toward the dorsal

side, followed by the dart forward, is repeated ; while if the path leads
away from the heat no farther reaction is caused and the animal escapes.
Thus when a large number of the animals swim toward the heated
region a considerable number will be seen a little later to swim away
again. But in many cases the dart forward carries the animal still
farther into the heated region. These specimens then begin to circle
again toward the dorsal side, and if the temperature is high they may

* F16. 38.—Diagram of a reaction to heat in Anurma. The unstimulated
animal at first advances in the general direction shown by the arrow x, following
thus the course a to e. The heat is supposed to be advancing from the direction
opposite the arrow x. When the rotifer reaches the point e the heat becomes
effective as a stimulus. The animal reacts by turning toward the dorsal side,
and continues this so as to describe a complete circle, £, g, 4. 7, /, etc.; often it
describes such a circle several times. Finally, at some point in the circular
course, as g, it resumes the usual spiral course, following thus the path g, j, Z
Its original course, shown by the arrow x, has thus been exchanged for a course
having the general direction shown by the arrow v.
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continue this till death intervenes. In many cases they repeat the dart
forward and some escape in this way, while others do not.

The reaction of Anurza to heat is, therefore, not very precise, and
many individuals swim into the heated region and are killed. Those
which escape do so through a reaction which is similar to that of
those which do not; in the one case the forward movement carries the
animal out of the heated region ; in the other it does not. The essential
point to the reaction is that the animals when stimulated by heat ckange
their course (through a ¢ motor reflex”). This changed course nat-
urally is an advantage, and in accordance with the laws of probability
carries some of the organisms away from the source of danger. Others,
likewise in accordance with the laws of probability, are carried even
by the changed course toward the heated region, where they may be
killed unless a repetition of the ** motor reflex” with its change of
course carries them finally away. The reaction is by the method
of ¢ trial and error,” and is not always successful.

Altogether, the reaction of the rotifer Anurza to heat is of a charac-
ter similar in principle to that of Oxytricha (Fig. %, p. 16). The
direction of turning depends on an internal factor; the reaction takes
the form of ¢¢ a motor reflex,” and is by no means compatible with the
typical tropism schema.

REACTION TO LIGHT.

In light, as I have already set forth in the account of the reactions of
Stentor, we have a stimulating agent of a different character from that
found in chemicals or in heat, since the distribution of the stimulating
agent is not affected by the currents of water produced by the motor
organs of the animal. There is thus no reason in the distribution of
the stimulating agent to favor a turning toward one side rather than the
other.

I have been able to study accurately the light reaction in but one
rotifer, Anur@a cocklearis Gosse. The conditions necessary for
precise observation of the nature of the reaction are very difficult to
fulfill, and the usual movements of the animals are such that the nature
of the reaction is obscured. As will be recalled, the organism is
normally swimming rapidly in a spiral, continually swerving toward
its dorsal side. This in itself is very confusing when one attempts to
observe just how the organism turns when stimulated. When light is
thrown upon it, or when the direction of light falling on it is changed,
the response is usually not given at once, and when it does occur, as
we shall see, it may be in the form of an accentuation of certain features
of the normal movement. From these conditions it results that it is
exceedingly difficult to tell, after a reaction to light has clearly occurred,
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just how the reaction took place. Of course, only sharply defined posi-
tive observations are of value in deciding between two opposing possi-
bilities ; hence, although I have studied a number of other rotifers in
this connection, I give the results only where absolutely sure of them.
But in the two or three other rotifers I have examined in this connection
the reaction is apparently the same as that in Anurea cocklearis, to
be described at once.

The specimens of Anurea cocklearis studied had been in a small
aquarium in the laboratory some months, and were distinctly negative
to light, gathering at the side of vessel farthest from the window. The
freshly collected animals are, I believe, usually positive to light.

These negative individuals were placed in a small flat-bottomed
rectangular glass vessel, on a dark background, in a dark room. At
opposite sides of the vessel and somewhat above were clamped two
incandescent electric lights, 4 and B, at a distance of about 10 inchess
in the manner described for Stentor (p. 41 and Fig. 15). One of
these lights could be extinguished while the other was simultaneously
turned on. In this way the direction of the light falling on the rotifers
could be reversed.

When only one of the lights, as 4, was turned on, the Anureas all
collected at the opposite side of the vessel, next to Z. When 4 was
extinguished and B turned on, they turned and swam in the opposite
direction, toward 4. By reversing the direction of the light while the
animals were crossing the vessel their course could be reversed while
in full career.

Focusing the Braus-Driiner on the vessel, and reversing the lights
when the animals were well in the field of observation, the following
could be observed: Some turned at once, with some sharpness,
toward the dorsal side, the turning continuing until the direction of
swimming was reversed and the animals were again swimming away
from the light (Fig. 29). In these cases the direction of turning was
clear and could be observed without great difficulty.

Other individuals continued for a short time to swim in the same
direction as before, then turned, either sharply, as just described, or
more slowly, in the manner to be described.

Where the turning was sharp, as described above, there was no
great difficulty in determining with certainty the nature of the reaction.
But in many cases the turning took place more slowly, in the following
manner : Either as soon as the light was reversed, or very soon after,
the width of the spiral in which the animal was swimming became
much greater. In other words, the animal swerved more toward the
dorsal side and progressed less rapidly than usual. Thus it described
rather wide circles, and the swerving toward the dorsal side increased,
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while progression .and revolution on the long axis had largely ceased.
After this circling had continued for some time, the swerving toward
the dorsal side apparently continually increasing, it was found that the
anterior end was directed away from the source of light; 7. e., the
direction of swimming had been reversed, and the animal was moving
away from the light.

It is obviously very difficult to be entirely certain of all that has hap-
pened during this period of extensive circling, as a matter of direct
observation. But the evidence seems to show clearly that the essential
point in changing the course is the swerving toward the dorsal side.
The following facts all point to this conclusion: (1) In the individuals
which turn at once it is possible to be entirely certain that the turning
is toward the dorsal side. (2) In the individuals which are circling it
is entirely clear that the swerving toward the dorsal side is greatly in-
creased, and there is no evidence of turning in other directions. The
only difficulty is that one cannot follow every evolution and be certain
that nothing else has occurred. (3) Analysis of this same reaction
when given in response to other stimuli, where the conditions are
more favorable for observation, shows that it does consist of an in-
creased swerving toward the dorsal side, with a decrease, or an entire
stoppage for a time, of the forward motion. There is, then, no reason
to think that the reaction contains other factors when performed under
the influence of light. The reaction is indeed clearly the same as that
described for Euglena on p. 53, and illustrated in Fig. 21; a similar
analysis could be given for the reaction of Anurza.

It may be considered certain, therefore, that in Anurea cochlearis
the reaction to light is similar to the reaction to other stimuli, and that
the orientation is brought about by a turning toward the dorsal side.
The reaction is, therefore, not due to the direct effect of the light on the
motor organs; the direction of turning is determined not by external
factors, but by internal factors. The reaction to light in the rotifer,
like that in the infusorian, takes place by the method of ¢ trial and

error.”
REACTION TO THE ELECTRIC CURRENT.

A considerable number of different species of the rotifera were sub-
jected to the continuous electric current without the production of any
characteristic reaction. A current was used which could be graded in
strength from practically zero to one that was destructive, but no reac-
tion comparable to that found in the ciliate infusoria was produced.
On making or breaking the current the animals frequently contracted
quickly, and if the current was very strong, the head was completely
retracted and the animal sank to the bottom. But there was no orien-
tation and the animals did not swim toward either electrode. These
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negative results were obtained with several of the Philodinade (Rotifer,
Philodina), some species of Euchlanis and Salpina, Noteus guadri-
cornis, and a number of the Rattulidee.

In Hydatina senta there is a reaction of a peculiar character which
perhaps furnishes a clue to the cause of the more pronounced reaction
to be described for Anurza. With a current of moderate strength,
such as that to which Paramecia react most markedly, Hydatina shows
no reaction except when the head is directed toward the anode. But
in this position the animal at once retracts its cilia and sinks to the
bottom. Thus a Hydatina may swim freely about in water through
which the current is passing, provided it swims toward the cathode, or
transversely, or obliquely ; as soon, however, as it turns its head toward
the anode it stops swimming and sinks to the bottom. Thus if an
electric current is passed through a preparation containing a large
number of specimens of Hydatina, many will be seen swimming
toward the cathode and others at all sorts of angles with the current, but
none toward the anode. This is a phenomenon akin to what I have
elsewhere called the production of orientation by exclusion. If organ-
isms are prevented from swimming in any direction but one, after a
time, provided the course is frequently changed, all that are swim-
ming will be found moving in that one direction. This condition is
realized, as I have shown in the first of these contributions, in the
reactions of infusoria to heat and cold. Butin the reactions of Hydatina
to the electric current the ¢ exclusion” is less complete than in the
cases just mentioned ; the animal may swim in any direction excep?
one.

The fact that the head is retracted when directed toward the anode
and not in other positions indicates that there is a greater stimulation
at the anode than elsewhere. This agrees with much that is seen in
the reactions of infusoria to the current. After Hydatina has sunk to
the bottom with anterior end to the anode, it repeatedly makes attempts
to unfold its cilia. But scarcely have they begun to operate when
they are withdrawn again. Each time that they are uncovered for an
instant, however, they turn the animal a little toward its dorsal side.
Thus, after a considerable number of attempts to unfold the cilia, the
head has become turned away from the anode ; then the cilia are spread
out and the animal goes on its way until it is so incautious as to turn
its head again toward the anode.

Anurea cocklearis shows marked electrotaxis similar to that found
in the infusoria. When the continuous current is passed through a
Preparation containing large numbers of this species, all orient quickly
and gwim toward the cathode. They thus agree, so far, in their
reaction to the electric current, with the ciliate infusoria.
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The question as to the mechanism of the electrotactic reaction in the
rotifer is of interest when one compares the structure of these animals
with that of the ciliate infusoria. The Rotifera, in place of having cilia
scattered over the entire body, are furnished only with a group of
cilia at the anterior end. In the Ciliata it is usually possible to distin-
guish functionally two groups of cilia (1) the adora/ cilia, about the
mouth and oral groove, or at the anterior end; (2) the body cilia,
scattered over the body. The cilia of the rotifers correspond function-
ally with the adoral cilia of the Ciliata.

Pearl (1900), Wallengren (1902-1903), and others have shown that
in the electrotactic reaction of the ciliates the two sets of cilia are in
many cases from a functional standpoint differently affected. The
adoral cilia react under the influence of the electric current in such a
way as to tend to turn the organism toward the aboral side; that is,
they tend to produce the same reaction which the organism gives in
response to most other stimuli, a reaction not in harmony with the
tropism schema. The body cilia, on the other hand, are differently
affected on the different sides or ends of the organism; those on the
part of the body directed toward the cathode striking in one direction ;
those on the part directed toward the anode striking in a different
direction. The result is that the organism, through the action of the
body cilia, tends to become directly oriented in a way that is in harmony
with the tropism schema. (For details, see the papers cited.) In those
ciliates in which the body cilia are much reduced, as in the Hypotricha,
the turning is determined throughout by the adoral cilia, so that the
orientation does not take place in accordance with the tropism schema,
while in some others, such as in Paramecium, the influence of the body
cilia is predominant, and the turning is in accord with the theory of
tropisms.

What conditions shall we find in the Rotifera, where the only exist-
ing cilia seem to agree functionally with the adoral cilia of the Ciliata?

As we have seen, Anurea swims as a rule in rather wide spirals,
swerving strongly toward the dorsal side and revolving on its long axis
(Fig.25). When the electric current suddenly acts upon it the organism
at once turns strongly toward the dorsal side, continuing the turn until
its head is brought toward the cathode, toward which it swims (Fig.
29). In some cases, as we shall see later, several reactions are neces-
sary for bringing the body in line with the current, but these are as a
rule very quickly accomplished.

If, while the animals are swimming toward the cathode, the current
is suddenly reversed, the animals again turn strongly toward the dorsal
side, continuing the turning until their position is reversed and the
heads point toward the new cathode (Fig. 29). In many cases the
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turning is continued still farther, so that the head of the animal de-
scribes a complete circle ; indeed, this may continue so that the animal
whirls around several times, always towards the dorsal side. The
reaction thus far is the same as that produced by heat (Fig. 28). In
reacting to the electric current the whirling finally ceases with ante-

Fi1G. 29.*

rior end directed toward the new cathode. The animal then swims
forward in the direction so indicated. These turnings, even when
several times repeated, require but a moment, so that very soon prac-
tically all the specimens are swimming toward the new cathode. The

* F16. 29.—Diagram of method by which Anurza becomes oriented to rays of
light, or to the electric current. Taking the latter for example, the animal is at
first swimming toward the cathode, in direction indicated by arrow «; it thus
follows a spiral path from a to 4. At 3 the electric current is reversed. The
animal thereupon swerves strongly toward its dorsal side, describing a semicircle,
b, ¢, d, until its anterior end is directed toward the new cathode, in the opposite
direction from before. It now follows the spiral path d to ¢, in the general direc-
tion indicated by the arrow y. The facts are similar for the reversal of light, or
for the reaction when the current or the light is first set in operation,
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reaction in Anurza is in a general view as striking and clear-cut as
that of Paramecium.

Thus in the rotifer Anurea the orientation to the continuous elec-
tric current is produced through a motor reaction, the essential features
of which are determined by the structure of the organism. The organ-
ism turns always toward the dorsal side, continuing or repeating the
turning until the anterior end is directed toward the cathode. In these
respects it agrees with hypotrichous Ciliata, where the direction of
turning is determined by the action of the adoral cilia. The method
of reaction is quite incompatible with the tropism schema.

SUMMARY.

The reactions of those Rotifera of which an account is given in this
paper take place in a manner essentially similar to the reactions of the
ciliate infusoria.

In the reactions to mechanical stimuli, to chemicals, and to heat,
orientation is not a striking feature. The organism turns when stimu-
lated toward a structurally defined side—as a rule toward the dorsal
side; in this way it avoids the source of stimulus.

In the negative reaction to light the organism becomes oriented with
anterior end directed away from the source of strongest light, but this
orientation is brought about in the same manner as in Stentor; the
animal turns toward the dorsal side without relation to the side on
which the light strikes it, and continues the turning or repeats it until
the anterior end is directed away from the source of light.

To the continuous electric current the rotifer Anurza orients and
swims directly toward the cathode. The reaction is brought about in
the same manner as the orientation to light. When the current is
made or reversed the animal turns toward the dorsal side and continues
the turning until the anterior end is directed toward the cathode.

Thus the direction of turning is throughout dependent on an internal
factor, not primarily on the way in which the stimulus impinges on
the organism. These reactions of the Rotifera are thus inconsistent
with a theory of tropisms which regards orientation as a primary
feature of the reactions, and which holds that the action of the stimu-
lating agent is a direct one on the motor organs of that part of the
body on which it impinges. The reactions of the Rotifera, so far as
described in the preceding pages, are brought about, like those of the
infusoria, by what may be called the method of ¢ trial and error.”
The reaction to any stimulus is of such a nature as to head the organism
successively in many different directions. That direction is followed in
which there is no stimulus to induce further turning.
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THE THEORY OF TROPISMS.

TO WHAT EXTENT DOES THE THEORY OF TROPISMS THROW
LIGHT ON THE BEHAVIOR OF LOWER ORGANISMS?

The writer has been engaged for a number of years in a study, as
exact and detailed as possible, of the behavior and reactions of a num-
ber of lower organisms. While the results obtained have not, as a
rule, agreed with the view that the behavior of these organisms is
determined largely in accordance with the prevailing theory of tropisms
or taxis, he has not discussed their relation to this theory in detail.
This was because of the possibility that the reactions which he had
studied were exceptional, and that further investigation might show
after all that the behavior of the lower organisms is largely in accord-
ance with the tropism schema.

At the present time the writer feels that the work which he has
done, or which has been done by those associated with him, is of suffi-
cient extent to justify the pointing out of certain general relations.
The reactions of ciliate infusoria, which have long been used as the
types of illustration for the tropisms, have been examined in much
detail, and less extensive studies have been made on the Bacteria
(Jennings & Crosby, 1gor), the Flagellata, and the Rotifera. The
reactions of a flatworm have been studied in much detail (Pearl,
1903), and researches are nearly ready for publication, by investigators
associated with the author, on the behavior of Hydra and of the leech,
and still other studies are under way. Thorough studies, directed to
the observation of the exact movements of organisms under stimuli,
have recently been given us by other observers also. It seems, there-
fore, worth while to bring out, in a preliminary way at least, the
relation of the observations made to the prevailing theories of animal
behavior. In the present paper this will be limited to a consideration
of the theory of tropisms, since this is the theory most widely held.

The great apparent value of the theory of tropisms or taxis lies in
the fact that it seems to reduce to very simple factors a large number
of the most striking activities of organisms, namely, those involved in
going toward or away from sources of stimuli of almost any character.
It is a schema, in accordance with which almost any movements of the
organism (not purely random) might be supposed to take place.
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ESSENTIAL POINTS IN THE THEORY OF TROPISMS.

The two essential features of the theory of tropisms are apparently
the following: (1) The movements of organisms toward certain
regions and their avoidance of others are due to orientation; i.c.,to
a certain position which the organism is forced by the external stimulus
to take, and which leads the organism toward (or away from) the
source of stimulus, without any will or desire of the organism, if we
may so express it, to approach or avoid this region. (2) The external
agent by which the movement is controlled produces its characteristic
effect directly on that part of the body upon which it impinges. It
thus brings about direct changes in the state of contraction of the
motor organs of that part of the body affected as compared with the
remainder of the body, and to these direct changes are due the changes
shown in the movements of the organism. This is brought out clearly
in the quotation from Verworn given on page 8. Loeb (1900, p. 7)
sums up the theory of tropisms as follows:

The explanation of them [the tropisms] depends first upon the specific irrita-
bility of certain elements of the body surface, and, second, upon the relations
of symmetry of the body. Symmetrical elements at the surface of the body
have the same irritability; unsymmetrical elements have a different irritability.
Those nearer the oral pole possess an irritability greater than that of those
near the aboral pole. These circumstances force an animal toorient itself toward
a source of stimulus in such a way that symmetrical points on the surface of the

body are stimulated equally. In this way the animals are led without will of
their own either toward the source of stimulus or away from it.

Holt & Lee (1go1) again bring out our second point, as applied
to reactions to light, with especial clearness:

The phenomena that have led to such an assumption can be satisfactorily
explained on the simpler theory that every ray of light impinging on an organism
stimulates at the point om whick it falls,* and in proportion to its intensity. ***
The light operates, naturally. on the part of the animal which it reaches. The
intensity of the light determines the sense of the response, whether contractile
or expansive, and the place of the response, the part of the body stimulated,
determines the ultimate orientation of the animal.” {(Holt & Lee, 1901, pp.
479-480.)

The theory of tropisms as above set forth depends upon the reflex
contractility of the motor organs when affected by certain stimuli. An
attempt has been made to give it a still simpler form in a recent paper
by Ostwald (1go3). Ostwald would omit even the factor of reflex
irritability, holding that the turning which brings about orientation is
a mechanical result of differences in the internal friction of the water or

* Original not italicized.
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similar physical differences. The organism is considered to continue
to move its motor organs in exactly the same way after the external
change (usually called a stimulus) has taken place ; the reason for turn-
ing lies only in the different mechanical effect produced when the motor
organs act on a medium of greater or less internal friction than before.

It is difficult to conceive how anyone having any acquaintance with
the movements of organisms could propose such a theory as that of
Ostwald, and indeed this author states (p. 24) that his account is purely
theoretical, and that he has not attempted to test his theory by experi-
ment. We need not, therefore, dwell upon the theory, further than to
point out the fact that the reactions of many of these lower organisms
have been studied thoroughly, and the reflex movements which they
perform when subjected to directive stimuli have been fully described,
and that these movements are entirely incompatible with such a theory
as that which Ostwald sets forth.®* If details are desired, it may be
pointed out that all the observations brought in the following that are
inconsistent with the theory of tropisms as dependent upon direct
stimulation of the motor organs are @ forfiors inconsistent with such
a theory as that of Ostwald.

We may, then, turn to the theory of tropisms as set forth in the above
quotations from Verworn, Loeb, and Holt & Lee. Diagrams illus-
trating the method of action of a stimulus, on this theory, are given in
the first of these contributions (Figs. 1 and 2). '

How far does this theory go in explaining the behavior of the lower
organisms? ‘¢ Tropisms” has become the keyword everywhere in
animal behavior ; it is supposed to furnish a ready explanation of most
of the puzzles which we here encounter. How far is this justified?

This question can be answered only by accurate observation of just
what organisms do under the influence of stimuli. The theory of

*Some of the assumptions which Ostwald makes as a basis for his physical
analysis of the swimming of the lower organisms are so extraordinary as to
deserve mention as curiosities. e states, for example, that as a rule the lower
swimming organisms which exhibit the tropisms show active movement vertically
only upward; he thinks it probable that cases where they have been described
as swimming actively downward are errors; that such downward movement is
really only passive falling. Yet everyone who has worked with Paramecium or
other Ciliata must know how far from the facts is this idea. In a vertical tube
Paramecia hasten as freely., and almost as frequently, downward as upward.
These infusoria by no means collect at the top in a vertical tube so regularly as
the literature on geotropism might lead one to suppose; Paramecia of this region
at least are almost as likely to collect at the bottom as at the top. And there is
little more difficulty in Paramecium in distinguishing an active movement down-
ward from a passive one than there is in man. From my own observations 1
know that parallel statements could be made for many other free-swimming
organisms, including Metazoa (Rotifera and Crustacea), as well as Protozoa.
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tropisms says that certain definite things happen in the change of
position undergone by organisms under the influence of stimuli; that
the organisms perform certain acts in certain ways. The problem for
the investigator is, then, Do these things happen? Does the organism
perform these acts, in these particular ways? These questions are not
metaphysical ; they can be answered by observation.

We have now before us a considerable body of exact observations
which permit us to answer these questions for a certain number of
organisms. We will here attempt to summarize these observations so
far as they bear upon the essential points in the theory of tropisms. In
particular, we will ask, (1) Is the observed behavior brought about
through orientation, in the way the theory of tropisms demands? (2)
Does the evidence show that the action of a stimulus is directly upon the
motor organs of that part of the body on which the stimulus impinges?

REACTIONS TO MECHANICAL STIMULI.

The reactions to simple mechanical stimuli, as when the organism
is touched or struck by a hard object over a certain definite area of the
body, of course do not as a rule present the conditions required for
the production of a tropism, including a definite orientation. Yet it is
important to bring out certain general relations shown in these reactions,
as they throw light on the reactions to stimuli of a different character.

Most animals show in one way or another a tendency to avoid sources
of mechanical shock. In the higher organisms the reaction usually
takes the form of a turning away from the side stimulated. The point
which needs to be brought out here is that in ciliate infusoria the direc-
tion of turning depends, not upon the part of the body stimulated, but
upon an internal factor. Stylonychia turns to the right, whether stimu-
lated on the right side, on the left side, on the dorsal surface, on the
anterior end, or by a general unlocalized mechanical shock ; and parallel
statements can be made for other infusoria. (For details see Jennings,
1900.) We have proof, therefore, that the action of the stimulus s
on the organism as a whole, not merely upon the motor organs of
that region of the body stimulated. Further, it is clear that the
response is a reaction of the organism as a whole, not one brought
about as an indirect result of the fact that certain motor organs have
received a stimulus to contraction.®* In these respects, therefore, the
reactions to mechanical stimuli are different in character from those
assumed to take place in the tropisms, and even in these unicellular
organisms the processes taking place must be more complex than the

* This fact becomes still more striking when we recall that the reaction takes
place in the same way in pieces from any part of the body, from which any given
motor organs may have been removed. (Details in Jennings & Jamieson, 1902.)
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theory of tropisms assumes. Certainly a reaction of the organism as a
unit, in response to a localized stimulus, is a phenomenon of a higher
and more complex order than would be a simple contraction or other
direct change in the motor organs at the point stimulated.

In the higher Metazoa the reaction to a slight mechanical stimulus
at one side is usually a turning either toward or away from the source
of stimulus. So long as we do not analyze the process further, this
result might be interpreted either as due to the direct response, by con-
traction, of the muscles primarily affected (thus in accordance with the
tropism theory), or as a response of the organism as a whole, depend-
ent, perhaps, on an alteration in its physiological condition brought
about by the stimulus. The former interpretation is doubtless much
the simpler. But we find in the unicellular organisms that this first
interpretation is impossible, and that we are forced to the less simple
and definite conclusion that the organism reacts as a whole. Does it
not then become probable that in the higher animals the very simple,
almost mechanical, explanation is likewise incorrect; that we have in
them a phenomenon at least as complex as that found in the unicellular
animals? In other words, should we conclude that the reactions in
the higher Metazoa are simpler and less unified than in the Protozoa?

Fortunately, however, we are not forced to base our conclusions on
general considerations. These reactions have been minutely studied in
very few of the bilateral Metazoa, but Pearl (1903) has given us a
thorough analysis of the reactions of a flatworm (Planaria). This
cannot be taken up in detail here, but we may quote Pearl’s con-
clusion in regard to the positive reaction. This consists in a turning
toward the point stimulated, on a superficial view a very simple reac-
tion, one especially well fitted for explanation on the theory of direct
action of the agent on the motor organs of the region stimulated. Pearl
concludes, after exhaustive study, that the processes in the reaction are
as follows :

A light stimulus, when the organism is in a certain definite tonic condition,
sets off a reaction involving (1) an equal bilateral contraction of the circular
musculature, producing the extension of the body; (2) a contraction of the
longitudinal musculature of the side stimulated, producing the turning toward
the stimulus (this is the definitive part of the reaction); and (3) contraction of
the dorsal longitudinal musculature, producing the raising of the anterior end.
In this reaction the sides do not act independently, but there is a delicately
balanced and finely coordinated reaction of the organism as a whole, depending
for its existence on an entirely normal physiological condition. (Z e., p. 619.)

Further studies carried on under the direction of the writer, and
soon to be published, will show that in certain other bilateral Metazoa
it is equally impossible to explain the simple turning toward a stimulus
as a direct reaction of the motor organs of the part stimulated.

Google



96 THE BEHAVIOR OF LOWER ORGANISMS.

It will be important to keep in mind the nature of the reactions to
mechanical stimuli, especially in the infusoria, in considering the
reactions which are more usually classed among the tropisms.

REACTIONS TO CHEMICALS.*

The reactions to chemicals have been studied by the present author
and those associated with him in many Ciliata, in certain Flagellata,
in the Bacteria, the Rotifera, and the flatworm; further studies, not
yet published, have been made on other organisms. Now, in regard
to our first question, as to orientation, the following must be said:
In no case has the typical reaction been found to take the form of an
orientation, such as is demanded by the theory of tropisms. In the
ciliates, flagellates, and rotifers the reaction has been found to take the
form of a ‘‘ motor reflex,” a backing followed by a turning toward a
certain structurally defined side, without regard to the direction from
which the chemical is diffusing. It is this motor reflex that causes the
organisms to collect in the region of certain chemicals, and to avoid
others. (Details in Jennings, ¢ Studies,” Nos. I-X.)

In the Bacteria the results of our work (Jennings & Crosby, rgor)
are in agreement with those of Rothert (1gor). Here, again, in the
gatherings in certain chemical solutions, or in the avoidance of others,
there is nothing resembling an orientation in the lines of diffusion.
The phenomena are brought about through a reaction of the same
essential character as the motor reflex of the infusoria, but still simpler.
The essential point is that the Bacteria, when stimulated chemically,
reverse the direction of movement. (Details in the papers just cited.)

In the flatworm the results of the thorough study of the chemical
reaction by Pearl (1903) may be given in that author’s own words:

Planaria does not orient itself to a diffusing chemical in such a way that the
longitudinal axis of the body is parallel to the lines of diffusing ions. Its reac-
tions to chemicals are motor reflexes identical with those to mechanical stimuli.
The positive reaction is an orienting reaction in the sense that it directs the
anterior end of the body toward the source of stimulus with considerable pre-
cision, but it does not bring about an orientation of the sort defined above. (Pearl
loc. cit., p. 701.)

For details, the original paper of the author quoted must be consulted.
It may be added that this positive reaction, by which the anterior end
is directed toward the source of stimulus, is identical with that which
takes place in response to a single mechanical stimulus. Thisis analyzed
above (p. 95).

Are there any precise and detailed observations which support the
idea that the reaction to chemicals is ever a typical tropism? Before

*For a statement of the theory of tropisms as applied to chemicals, see Loeb
(1897, p. 442) and Garrey (1900, pp. 293, 293).
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the method of reaction by a ¢¢ motor reflex ” had been described the
reactions to chemicals had been referred in a general way to the tropism
schema, but critical observations, which would differentiate between
the possibilities, have been lacking. It is necessary to use the greatest
caution in this matter, as is shown by the case of Chilomonas. Garrey
(1900), although he stated that ¢‘ a study of the mechanics by which
the organism is oriented or by which it is prevented from moving
from the ring into the stronger acid of the clear area, or the weaker
acid surrounding the ring, proved fruitless,” nevertheless concluded
that the reaction in this animal was a case of typical tropism. Ina
paper published in the same number of the same journal (Jennings,
1900, a), I showed that when the mechanism of the reaction /s worked
out, this conclusion does not hold, but that the reaction takes place
through a motor reflex, similar to that in the Ciliata. In cases, there-
fore, where the mechanism of the reaction (that is, the exact movements
which the organism performs) has not been worked out, conclusions as
to the nature of the reaction are of little value. The only case of which
I know in which an author acquainted with the method of response by
a ‘“ motor reflex ” maintains, on the basis of observation, a reaction of
unicellular organisms to chemicals in accordance with the theory
of chemotropism, is the case of Saprolegnia swarm-spores, as described
by Rothert (1gor). In this case we are dealing with very minute
organisms, and Rothert has made no attempt to give an analysis of the
relation of the direction of turning to the differentiations in the body
of the organism, such as we found to be necessary above for Chilomonas
before the real nature of the reaction could be determined.

Thus it is clear that cases of true chemotropism, in accordance with
the general tropism schema, are exceedingly rare, if they exist at all.
In almost all the lower organisms in which this matter has been care-
fully studied it has been demonstrated that the reaction to chemicals is
of a different type from that demanded by the tropism theory.

In the discussion so far we have devoted attention particularly to the
question of orientation. When we examine the second question pro-
posed, as to whether the stimulus acts directly upon the motor organs
of that part of the body on which it impinges, we find the answer
somewhat less clear than it was in the case of mechanical stimuli. It
is true that in the Infusoria and Rotifera the direction of turning is, as
in the case of mechanical stimuli, always toward a structurally defined
side, without regard to the direction from which the chemical is diffus-
ing, so that at first view it seems beyond question that the reaction is
not due to the direct action of the stimulus on the motor organs of the
region on which it impinges. While this conclusion is highly probable,
the observed facts do not demonstrate it for chemical stimuli as they
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do for mechanical stimuli. This is owing to the fact that the organism
determines for itself the region in which it shall be stimulated by a
chemical in solution, as well as the side toward which it shall turn.
Now, it appears that the side on which, by its own activities, it is, as a
rule, first stimulated by a chemical, is (usually, at least) opposite that
toward which itturns. (For details, see Jennings, 1902,4.) Itcouldbe
contended, therefore, that the direction of turning, in the case of chemi-
cal stimuli, i8 a result of the direct action of the stimulating agent on
the side stimulated. Such a contention would have little general
significance, however, in view of the fact that the same reaction occurs
as a response to various other stimuli, where this explanation is quite
impossible.

In certain higher organisms, researches which were made under the
direction of the writer and are soon to appear will show (1) that chemi-
cal stimuli may produce local contractions in the part of the body with
which the chemical comes in contact; (2) that these local contractions
have little to do with the characteristic behavior of the animals when
subjected to chemicals.

REACTIONS TO HEAT AND COLD.

Reactions to heat and cold have been fully discussed in the first of
these contributions. It is only necessary, therefore, to point out that
the results are in almost every detail parallel with those for reactions
to chemicals, and in the same way and to the same degree inconsistent
with the theory of tropisms. In organisms higher than the Infusoria
and Rotifera, the reactions to heat and cold have been very little studied
from the present point of view.

REACTIONS TO CHANGES IN OSMOTIC PRESSURE.‘*

In theciliate infusoria the reactions to differences in osmotic pressure
are identical with those to chemicals, save that the organisms are much
less sensitive to osmotic changes. (Details in Jennings, 1897 and 1899.)
The bearing of these reactions on the theory of tropisms is, therefore,
the same as was brought out above in the discussion of the reactions to
chemicals.

’ REACTIONS TO LIGHT,

The phenomena shown in the reactions of organisms to light have per-
haps formed the chief basis for the theory of tropisms. There is usually
a definite orientation shown by the organisms ; they move with the axis
of the body parallel with the light rays either to or from the source of
light. The existence of such orientation forms the basis of the theory
of tropisms, and has been considered sufficient in itself as a proof of the

* ¢ Tonotaxis,” Massart; ‘ Osmotaxis,” Rothert.
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theory. Yet the theory makes certain definite statements as to the cause
of the orientation and the way in which it is brought about. These
statements are open to observation and experiment. In most bilateral
animals it is indeed difficult to really test the theory. This is because
these animals may turn directly toward either side under the influence
of light, and it is difficult to tell whether this turning is due to the direct
action of the light on the motor organs or to a reaction of the organisms
as a whole induced by some change in physiological condition brought
about by the light. But in the ciliate infusoria we find a set of organisms
so constituted as to permit us to bring the theory to a direct test. These
organisms are unsymmetrical, and, as we have seen, the usual reaction
is by a motor reflex involving a turning toward a structurally defined
side. We can, therefore, arrange our experiments in such a way that
the turning demanded by the theory of tropisms shall be the opposite
of that usually produced in the reaction of the organism as a whole, and
observe the results.

This is what was done with Stentor ceruleus, as described in the
second of these contributions. The result, as we have seen, is that the
organism turns toward a structurally defined side, without regard to
what is demanded by the theory of tropisms. The same result was
obtained with a number of flagellates and with a bilateral Metazoan—
the rotifer Anurea cochlearis.

Thus, in these cases, it is impossible to interpret the reactions as due
to the direct action of the light on the motor organs of the side on
which the light impinges. The response is as clearly a reaction of the
organism as a whole as is the reaction to mechanical stimuli.

Now that it has been shown that orientation to light does occur in
some cases in a manner quite at variance with the postulates of the
theory of tropisms, and this in organisms widely separated in structure
and classification, it can no longer be held that orientation is, per se,
a proof of the tropism theory. In other words, cases in which orien-
tation takes place, but in which the manner in which it is brought
about has not been observed, can not be assumed as cases of typical
tropism, due to the direct action of the light on the motor organs
of the side affected. The reactions of flagellates and swarm-spores
to light, as described by Strasburger (1878), have long been con-
sidered types for the tropisms. In the second of these contributions
I have shown that in Euglena and Cryptomonas (the latter being one
of the organisms studied by Strasburger) the reactions do not take
place in accordance with the tropism schema. So far as can be judged
from Strasburger’s account the reactions of the swarm-spores take place
in essentially the same manner as in the flagellates. As Rothert (1901)
has pointed out, there are many details in Strasburger’s account which
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suggest that the explanation on the tropism schema is incorrect. These
details become intelligible as soon as we understand the real method
of reaction as set forth in the second of these contributions. The
assumption that the reaction is a typical tropism, when only the fact of
orientation is known, is as likely to fall to the ground in other cases
as in those just mentioned.

The reaction of bacteria to light, as shown by Bacterium photo-
melricum, described by Engelmann (1882), is a typical example of a
reaction through a motor reflex not fitting the tropism schema at all.

To sum up, it is clearly shown in certain cases that the reaction to
light takes place in a way that is not consistent with the theory of
tropisms, and this is true in some cases where a pronounced orienta-
tion exists. In many cases of orientation, where it is supposed that
the theory of tropisms holds, this is an assumption, for the observations
which would decide the matter are lacking.

REACTIONS TO GRAVITY.

In no case have the exact movements of unicellular organisms in
response to gravity been worked out in the manner in which this has been
done for the reactions to mechanical stimuli, chemicals, heat, light, and
electricity. We are, therefore, without the requisite data for deciding
whether these reactions agree with the theory of tropisms or do not.®

In the higher organisms in which the positive and negative reactions
to gravity have been observed (starfish, holothurians, flies, insect larve,
etc.), the conditions are so complex that, so far as I am able to see,
observations which are crucial for deciding as to the mechanism of the
reactions have not been made and perhaps can not be made.

REACTIONS TO ELECTRICITY.

As we have seen in the third section of this paper, the reactions of
the rotifer to the continuous electric current do not take place in
accordance with the theory of tropisms. Anursza shows a striking
orientation to the electric current, swimming directly to the cathode.
Yet this orientation is brought about in a way that is quite inconsistent
with the tropism schema. The reaction takes place through a “ motor
reflex,” the direction of turning is determined by an internal factor,
and not by the way in which the current strikes the organism. The
reaction can only be interpreted, therefore, as a reaction of the organism
as a whole.

*In a forthcoming paper by the author, based on work done since the above
was written, it will be shown that the reactions of Paramecium to gravity take
place in the same way as the reactions to most other stimuli, so that they do not
agree with the theory of tropisms.
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In the reactions of the ciliate infusoria to the constant electric current,
however, we have, if nowhere else, phenomena which show to a
certain extent clear-cut and undoubted agreement with the theory of
tropisms. To this agreement with the theory of tropisms much of the
widespread adherence to the tropism theory for reactions in general is
doubtless due. The reaction of infusoria to the electric current is con-
sidered a type for the other reactions of organisms.

Yet, in deciding to what extent the theory of tropisms helps us to
understand the behavior of organisms, certain striking facts in regard
to the reaction to the electric current need to be taken into considera-
tion. These are the following :

(1) The reaction to the electric current never takes place in nature.
As has been repeatedly pointed out, the electric reaction is a product
of the laboratory; it is a reaction which the organism never gives
under normal conditions. This being true, it should not be made the
type for reactions in general unless it can be shown clearly that the
characteristic features in the effects of electricity on organisms are
present also in the effects of other agents. Otherwise we may fall into
the same error that would exist if we considered the contortions of a
person who had grasped the electrodes of a powerful battery as a type
of human behavior in general.

(2) But examination shows that the characteristic features of the
effect of electricity on organisms are not present in the case of other
stimuli. The electric current, as the experiments of Kiihne (1864)
and Roux (1891) have shown, polarizes the cell. That is, it divides
it into halves, differing in chemical reaction. One half, in the case
described by Kiihne, had apparently an acid reaction, the other
half an alkaline reaction. In its effects on free-swimming organisms
a similar polarity is shown. In Paramecium, for example, the cilia
on one half of the body (where the current is entering) are caused to
take a certain position, while those on the other half (where the cur-
rent is leaving) take the opposite position. No other agent known
produces these polar effects, either chemically or in the effect on the
motor organs. Yet it is to exactly these effects that the orientation
which makes this reaction the type for the tropism theory is due.

If other agents produce these effects why are they not known and
described? There is no great difficulty in observing these effects with
the use of the electric current. Just as exact studies have been made
of the reactions to other stimuli; yet, so far as I am aware, no one
has ever described any other stimulus as giving these characteristic
polar effects. On the contrary, the reactions to other stimuli are well
known 70¢ to show these characteristic phenomena.

Since, therefore, the characteristic phenomena of the reaction to the

Google



102 THE BEHAVIOR OF LOWER ORGANISMS.

electric current are not found in the reactions to other stimuli, it seems
a perversion to make the electric reaction a type for all others. The
reaction of the infusoria to the electric current takes in its characteristic
features a unique position among the reactions of the organism, requiring
special explanation.

(3) In the response of the infusoria to the electric current there
appears also the same type of reaction that occurs as a response to other
stimuli, but obscured by the phenomena peculiar to the effects of the
current.

This fact, that the reaction to the electric current is of a dual char-
acter, that the peculiar effects of the current are, as it were, superposed
upon the usual method of reaction, is not usually so clearly recognized
as it deserves to be.

If the constant current is passed through a preparation containing
large numbers of some species of the Hypotricha, as Stylonychia or
Oxytricha, it will be found that the animals, practically without excep-
tion, attain their orientation by turning toward the right side, thus
reacting as they would to any other stimulus. Further, if after they
are oriented the direction of the current is reversed, the animals all,
without exception, attain their new orientation (with anterior ends in
the opposite direction) by whirling toward their right sides. Thus, so
far, the reaction to the electric current is identical with that to other
stimuli, and the direction of turning is determined by an internal factor,
not by the way in which the current strikes the organism. In these
respects the Hypotricha agree with the Rotifera.

But exact observation shows that in the Hypotricha there is another
factor involved in the reaction. The characteristic polarizing effect of
the current appears in its action on the motor organs that are distributed
over the body surface; those on one half of the body strike in one
direction, those on the other half in the opposite direction. Part of
these motor organs, therefore, assist in turning the organism in its usual
way (to the right) ; part oppose this turning. The result is that in
certain positions the turning to the right is opposed by the stroke of a
large number of cilia, so that the turning takes place more slowly than
usual. Nevertheless, in the Hypotricha, the determining factor in the
reaction to the electric current is almost throughout the same as in
the reaction to other stimuli ; the direction of turning is determined by
internal factors, as a reaction of the whole organism, not by the direction
in which the current strikes or passes through the organism. (Details
in the work of Pearl, 1900.)

If in place of one of the Hypotricha we experiment with an infusorian
in which the cilia cover closely the whole surface of the body, as Para-
mecium, the peculiar polarizing effect of the current on the cilia of the
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two halves of the body becomes much more powerful, because the
number of cilia affected in this way is much greater. The result is that
it almost alone determines the nature of the reaction. The direction of
turning is, therefore, determined by the way in which the current strikes
the body, as required by the theory of tropisms. But it should be
recognized that this is by no means universal among the infusoria; in
doubtless fully as many cases the direction of turning is determined,
even under the electric stimulus, by an internal factor.

This peculiar dual character of the reaction to the electric current—
one strong factor being due to the inherent tendency of the organism
to turn in a certain definite way, without regard to the way in which
the stimulating agent impinges upon it—has been studied in detail in
recent contributious by Pearl (1900), Piitter (1900), and Wallengren
(1902 and 1903). We may perhaps compare it, without indicating any
similarity in details, to the behavior of a person who has taken hold of
the electrodes from a powerful induction coil. He attempts in various
ways to free himself from the electrodes. This may be compared with
the attempt of the infusorian to perform its usual reaction to strong
stimuli. He also undergoes involuntary contortions, due to the action
of the electricity on his muscles ; these may be compared with the pecu-
liar effect of the electric current on the cilia of the infusoria, causing
them to strike in opposite directions on the two halves of the body.

Putting all together, we are not justified in taking the reaction of the
infusoria to the electric current as a general type for the reactions of
the lower organisms, because in its characteristic features it differs
from all the other known reactions. Yet it is exactly these unique
features that bring it into (partial) agreement with the tropism schema.

RESUME AND DISCUSSION.

We have thus passed in review the reactions of a large number of
lower organisms to the commoner stimuli, so far as they are known
from exact observations. We have found that as a rule they do not fit
into the tropism schema. In the reactions to mechanical stimuli, to
heat and cold, to chemicals, to changes in osmotic pressure, orientation
is not a primary or striking factor of the reaction; when a common
orientation of a large number of organisms occurs, it is a secondary
result, due to the fact that the organisms are prevented from swimming
in any other direction. In the reaction to light orientation is a strik-
ing feature ; but the orientation, in certain precisely investigated cases
at least, is brought about in a manner which is inconsistent with the
tropism schema. In the reaction to gravity the precise reaction method
has not been worked out. Only in the reaction to the constant electric
current do we have in some organisms a partial agreement in principle
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with the requirements of the tropism theory, and this agreement is due
to an effect on the organism in the production of which the electric
stimulus is unique, so far as known. In none of the reactions which
have been thoroughly worked out, except partially in the reaction to
the electric current, are the phenomena to be explained on the view
that the result is due to the direct action of the stimulating agent on the
motor organs of the part of the body on which it impinges. In the
reactions to mechanical stimuli and to light, and in the reactions to
the electric current in some animals, this view is absolutely disproved.
The direction in which the organism turns is, in all the well known
reactions of unicellular organisms and rotifers (except in a portion of
the reactions to the electric current), determined by an internal factor,
and predictable from the structure of the organism without any know-
ledge of the direction from which the stimulating agent is to come.

We should perhaps consider here a modification of the original form
of the tropism theory that has been proposed by some authors. This
is in regard to the assumption that the stimulating agent acts directly
on the motor organs upon which it impinges. For this it is sometimes
proposed to substitute the view that the action of the stimulating agent
is directly on the sense organs of the side on which the stimulus im-
pinges, and only indirectly on the motor organs through their nervous
connection with the sense organs. When thus modified the theory, of
course, loses its simplicity and its direct explaining power, which made
it so attractive. In order to retain any of its value for explaining the
movements of organisms, it would have to hold at least that the connec-
tions between the sense organs and motor organs are of a perfectly
definite character, so that when a certain sense organ is stimulated a
certain motor organ moves in a certain way. When we find, as we
do in the flatworm (see the following paper), that to the same stimulus
on the same part of the body, under the same external conditions, the
animal sometimes reacts in one way, sometimes in another, the tropism
theory, of course, fails to supply a determining factor for the behavior.

But can we explain the reaction methods of the infusoria and other
animals which, as set forth above, are inconsistent with the tropism
theory in its original form, on the basis of the modification of this
theory, set forth in the last paragraph? While in the infusoria the
assumption of nervous connections, etc., is inadmissible, we may
waive that objection and answer the question proposed from an analysis
of the observed phenomena. In Stentor or in Stylonychia, for example,
we find that the usual reaction to all classes of stimuli is by backing,
then turning toward the aboral side ; in some of the rotifers by turning
toward the aboral (dorsal) side. To simplify matters, we may take
into consideration only the turning toward the aboral side. This turn-
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ing is due to a certain method of movement of certain motor organs.
In the rotifers it is the coronal cilia which accomplish the turning,
while in the infusoria we know that the adoral cilia are concerned in
the movement. We may take the coronal or adoral cilia, then, as rep-
resentative of the organs active in the turning. For convenience we
may designate these active organs simply as x.

Now, when the animal is stimulated on the right side, we find that
the motor organs x move in a definite way. On the tropism theory we
would conclude, therefore, that the portion of the right side stimulated
has nervous connection with the organs x. But we find also that when
stimulated on the left side, the oral side, or the aboral side, the organs
x move in exactly the same manner. In other words, we find that it
does not depend on the side stimulated what organs respond, as re-
quired by the tropism theory. This theory, then, in its modified form,
is of no more service for these cases than in its original form. The
responses in the animals which we have considered must, therefore,
be conceived as reactions of the organism as a whole, and due to some
physiological change produced by the stimulus, not as the result of
direct changes in certain motor organs when they or the parts with
which they are most closely connected are locally affected by a stimu-
lating agent. The facts show that the parts act in the service of the
whole, not that the action of the whole is due to the more or less inde-
pendent irritability and activity of the parts.

Thus the facts brought out show that the theory of tropisms is not
of great service in helping us to understand the behavior of these lower
organisms. On the contrary, the reactions of these organisms seem
as a rule thoroughly inconsistent in principle with the fundamental
assumptions of the theory.

The facts brought out above are based on a study of what is, of course,
a comparatively small number of organisms. They rest chiefly on an
extensive study of the ciliate infusoria, with less thorough examination
of bacteria, flagellata, rotifers, and a few higher organisms. Doubtless
in organisms which are made up of many parts which are less firmly
bound together into a unified body than in those considered, we may
find greater independence of action in the parts. This seems to be the
case, for example, in the sea urchin, with its numerous independently
acting spines, pedicellarie, tube feet, etc. Inthis animal Von Uexkiill
(1900, 1900, a) concludes from his extensive study of the reactions that
many features in the behavior which seem at first view to be activities
of the animal as an individual are really due to the independent reac-
tions of the parts, so that he can say that while in walking, in the case
of the dog, ¢ the animal moves its legs ; in the sea urchin the legs move
the animal.” This method of behavior has a general agreement with
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what is demanded by the tropism schema, though when we come to
details of the behavior of the organs themselves, this theory seems
unsatisfactory, even in the sea urchin.

Such organisms as the sea urchin, composed anatomically and physio-
logically of many parts, each acting almost as an independent animal,
are certainly less common than more unified animals, such as we find
in the Infusoria, the Rotifera, the flatworms, etc. For this reason,
therefore, it has seemed worth while to sum up the real relations of the
behavior of these organisms to the tropism theory. The unicellular
animals are precisely those on which the prevailing theories of tropisms
or taxis have by many writers * been chiefly based. With the demon-
stration that the behavior of these organisms (as well as of many higher
ones), is for the greater part inconsistent with the tropism theory, per-
haps a large portion of the foundation for its acceptance as a general
formula for the chief features in the behavior of lower animals is cut
from beneath it.

In the following paper, on the part played in behavior by physio-
logical condijtions of the organism, we shall find other, and, as it seems
to me, still more cogent, reasons for holding the tropism theory inade-
quate to account for the determining factors in the behavior of most

lower organisms.
SUMMARY.

The foregoing paper consists of a review of the behavior of Ciliata,
Flagellata, Bacteria ; of Rotatoria and certain other Metazoa, so far
as known from exact observation of their actions when stimulated,
with a view to determining how far the prevailing theory of tropisms
aids us in understanding the behavior of lower organisms.

The following are considered the essential points in the prevailing
theory of tropisms: (1) That orientation is the primary factor in deter-
mining the movements of organisms into or out of certain regions, or
their collection in or avoidance of certain regions; (2) that the action
of the stimulus is directly upon the motor organs of that part of the
organism upon which the stimulus impinges, thus giving rise to changes
in the state of contraction, which produce orientation.

The reactions of the organisms above named are then reviewed to
determine in how far there is agreement with these essential points in
the theory of tropisms. The following are pointed out:

The reactions to mechanical stimuli, to chemicals, to heat and cold,
and to variations in osmotic pressure have been described in detail, and
it is found that orientation is not a primary nor a striking factor in
them. The response in all these cases is produced through a ‘¢ motor

*This, however, is not true of Loeb.
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reaction” consisting usually of a movement backward, followed by a
turning toward a structurally defined side. The direction of turning is
thus determined by internal factors.

In the reaction to light orientation is a striking factor, but the orienta-
tion is not primary, being due to the production of the same ‘¢ motor
reaction” described in the last paragraph. The method of orientation
is incompatible with the idea that orientation is due to the direct action
of the stimulus upon the motor organs of the part of the body on which
the light impinges, for orientation occurs by turning always toward a
certain structurally defined side, without regard to the part of the body
struck by the light. The turning may, therefore, be toward or away
from the source of light, or in any intermediate direction. In any case
it is continued or repeated until the anterior end is directed away from
the source of light, when it ceases.

The exact method of reaction to gravity has not been worked out by
direct observation.

In the reaction to the electric current the reaction method of the
rotifer is by a ‘¢ motor reflex,” and is hence inconsistent with the tro-
pism schema. In the Infusoria there is a partial (but only partial)
agreement with the requirements of the tropism theory. But this
partial agreement with the theory is due to certain peculiar effects of
the electric current which are not known to be produced by any other
stimulus. Hence the reaction to the electric current, far from being a
type for reactions in general, is a unique phenomenon, demanding
special explanation.

The general conclusion is drawn that the theory of tropisms does
not go far in helping us to understand the behavior 4f the lower organ-
isms; on the contrary their reactions, when accurately studied, are, as
a rule, inconsistent with its fundamental assumptions. The responses
to stimuli are usually reactions of the organisms as wholes, brought
about by some physiological change produced by the stimulus; they
can not, on account of the way in which they take place, be interpreted
as due to the direct effect of stimuli on the motor organs acting more
or less independently. The organism reacts as a unit, not as the sum
of a number of independently reacting organs.

Google



Original from
HARVARD UNIVERSITY

Digitized by Google

216006-pdgasn ssaode/Biaor1snaiTylrey -mmm//:di1y /7 pozritbip-216009g ‘utewoq dT1gnd
€Z1S0Z90TYFOZE " PAY/LZOT/18Ud1puey 1py//:sdiay / 1W9 ZT:80 TT-¥0-0ZOZ UO paledausn



FIFTH PAPER.

PHYSIOLOGICAL STATES AS DETERMINING
FACTORS IN THE BEHAVIOR OF
LOWER ORGANISMS.

109

Google



CONTENTS.

PAGE,
Nature and Evidences of Physiological States, . . . . . . 111
Physiological States in the Protozoa (Stentor as a Type), . . 112
Physiological States in the Lower Metazoa (the Flatworm as a Type). . 11§
Changes in the Sense of * Tropisms’’ and other Reactions, . 117
Changes in the Sense of Reactions with Changes in the Intensity ot' the
Stimulus, . . . . . . . . . . . . 118
Interference of Stimuli, . . . . . . . . . . 119
Spontaneous Movements, . . . . . 120
Methods of Causing Changes in Phynologtcal States, . . . . I20
Nature of Reactions to Stimuli, . . . . . . . 121
Physiological States in the Behavior of Higher Animals as compamd with
those in Lower Organisms, . . . . . . . . 134
Summary, . . . . . . . . . . . . 126
110

Google



PHYSIOLOGICAL STATES AS DETERMINING
FACTORS IN THE BEHAVIOR OF LOWER
ORGANISMS.

NATURE AND EVIDENCES OF PHYSIOLOGICAL STATES.

In studying the behavior of the lower organisms the units of obser-
vation, the factors to which especial attention has been paid have been
usually the ?ropisms and reflexes. These factors may be considered
as determined mainly (1) by the action of external agents on the
organism; (2) by the structure of the organism.

An examination of the results of the study of reactions in the lower
animals up to the present time shows, I believe, that we must recog-
nize another set of factors in their behavior, of equal importance with
either of those already named. This set of factors may be characterized
by the general term pAysiological states.

By physiological states we mean the varying internal physiological
conditions of the organism, as distinguished from permanent anatomical
conditions. Such different internal physiological conditions are not
directly perceptible to the observer, but can be inferred from their
results in the behavior of the animal. These results are of so marked
a character that the inference to different physiological conditions is
beyond question.

In the study of tropisms and reflexes a considerable number of
instances have been brought to light of changes in the reaction methods,
such as can be attributed only to changed physiological conditions.
Some of these cases will later be considered in detail in this paper.
Comparatively few investigations on the behavior of lower organisms
have been published in which attention has been consciously directed
to these physiological states, and in most of these the matter has been
taken up rather incidentally. We may mention as instances of papers
dealing more or less with this aspect of the matter that of Hodge and
Aikins (1895) on Vorticella, those of Von Uexkiill (1899, 1900, 1900, a,
1903) on the sea urchin and on Sipunculus, my own on the behavior
of fixed Infusoria (Jennings, 1902), and that of Pearl (1903) on the
flatworm. In the study of higher organisms attention has of necessity
been largely directed to the phenomena determined by varying physio-
logical states, as these play a striking part in the behavior.

In the present paper an attempt will be made to collect and analyze
a number of the known cases showing the influence of physiological
states on the behavior of the lower animals, pointing out some of their
bearings on the theories of behavior.

11X
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112 THE BEHAVIOR OF LOWER ORGANISMS.

PHYSIOLOGICAL STATES IN THE PROTOZOA (STENTOR
AS A TYPE).

We will take up first the lowest organisms in which the matter has
been studied in detail, that is, the unicellular animals. These are of
special interest in view of their entire lack of a nervous system. As
the best-known case we may take the behavior of Stentor. This has
been described in full in a former paper by the present author (Jennings,
1902, @) ; for details this paper may be consulted.

When a quiet, extended Stentor is stimulated by lightly touching it
or the support to which it is attached with a rod, it reacts by giving a
definite reflex, that is, by contracting into its tube.

After this has taken place once or twice we find that the Stentor no
longer reacts as before. All the external conditions remain the same;
the stimulus applied is the same. Nevertheless, the Stentor does not
react. Therefore, we must conclude that the Stentor itself has changed.
Its physiological condition is now different from what it was originally.
What the nature of the change in its condition is we do not know, save
in the fact that the Stentor in this second condition does not react as
does the Stentor in the first condition. For the sake of convenience
we may number the different physiological conditions, in order that we
may determine, if possible, how varied these conditions are. We will
call the physiological condition of the undisturbed extended Stentor,
before the stimulation, No. 1, or the first condition. The condition
in which the Stentor no longer responds to the slight stimulus we will
call No. 2.

We may frequently distinguish still a third condition in the behavior
under this simple stimulus. At first the Stentor reacts by contraction
(condition 1). Then it no longer reacts (condition 2). Later, or in
other cases, it may react to the stimulus, but by a different method
from the first reaction. It now bends over to one side when touched
with the rod. As set forth in my previous paper, ‘¢ The impression
made on the observer is very much as if the organism were at first
trying to escape a danger, and later merely trying to avoid an annoy-
ance.” As conditioning this third method of behavior, when all out-
ward conditions are the same, we must postulate a third physiological
state differing from the other two ; this we may call condition No. 3.

We may thus distinguish at least three different physiological states in
the reactions to very weak stimuli, where the initial marked response
becomes a weak one or disappears. We may now analyze in the same
way the behavior under stimuli of a different character, when there is
a series of reactions which may be considered of increasing rather than
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of decreasing intensity. Such a case is that described in my previous
paper, when water mixed with carmine particles is allowed to reach
the disk of Stentor.

The first physiological condition is again No. 1 —that of the undis-
turbed extended Stentor. In this condition the organism does not
respond to the stimulus at all. After the stimulus has continued
for some time, the organism does respond by turning into a new
position. We have, therefore, a new physiological condition. The
reaction in this case is the same as that given in condition No. 3,
described above. Whether the condition now existing is the same as
in the former case we do not know ; as we have no positive evidence
to the contrary, we will number it 3 also.

Next, after several repetitions of this reaction, the organism responds
in a still different manner, by momentarily reversing the ciliary current.
Since the stimulus and other external conditions remain the same, the
organism itself must have changed. We may call its physiological
condition at the present time No. 4.

Next, the animal contracts strongly and repeatedly. This is clearly
the result of a still different physiological condition which we may call
No. 5.

After thus contracting repeatedly we find that the organism remains
contracted much longer than it did at first. It is thus now in a new
physiological condition, which we may designate as No. 6.

Finally, it breaks its attachment to the bottom of the tube and swims
away through the water. Probably, therefore, we should distinguish
a seventh physiological state, corresponding to this reaction. It is
possible, however, that the breaking of the attachment is due to the
strong contractions which characterize condition No. 6, so that the
evidence for a seventh physiological condition is not unmistakable, and
it may be omitted from consideration.

We are able to distinguish clearly, therefore, in the study of these
two sets of reactions, at least six different physiological states. In each
of these states Stentor is a different organism, so far as its reactions to
stimuli are concerned. Clearly, then, the external stimuli and the
permanent anatomical configuration of the body are by no means the
deciding factors in the behavior. These factors, in the reaction series
last described, permit at least five different methods of behavior.
Which of these methods is actually realized depends not on the quality
or intensity of the stimulu