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1. INTRODUCTION.
Since the discovery of Volvox by LEEUWENHOEK, over two

hundred years ago, it has been studied in detail by many investi-
gators. Nearly all noted the effect of light on the direction of
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motion, but only. two of them, OLTMANNS and HoLMES, mzade a
special study of the reactions of the organism.

OvrTtMANNS (’92, p. 195) concluded that the difference in light
1nten31ty was the chlef factor in determmlng the direction of
motxon, thus opposing the “ray-direction” theory of Sachs, and
originating the contention concernmg the efficacy of ray-direction
and that of difference in light intensity in producing orientation.
HoLmEs ('03, p. 324) after a detailed discussion leaves the ques-
tion in a very unsettled condition, as 1s indicated by the following
statement: “The direction of the rays may be the important
factor in orientation irrespective of difference in intensity of light
upon different parts of the organism as has been maintained by
SacHs for the phototropic movements of plants.”

The ray-direction theory of SacHs is still supported by Loes
and the majority of botanists, but 1s opposed, on the one hand by
HoLt and LEE and others who support the views of OLTMANNS,
and on the other hand by the “motor reaction” theory of JENNINGS
and his followers, who agree with OLTMANNS in holding that dif-
ference 1n light intensity 1s the cause of the reaction, but give a dif-
ferent account of how the reaction occurs. They hold, however,
that difference in light intensity is functional in causing reaction
only in so far as such difference makes changes in intensity on the
organisms possible. These theories are so well known that it
will be sufficient to merely mention them here.

It has been proved by Miss TowWLE, STRASBURGER, and others
that the apparatus used by OLTMANNS in studying the light reac-
tion of Volvox was defective, and therefore the accuracy of his
results and conclusions has been justly questioned. Moreover,
the motor reaction theory was formulated to explain the behavior
of unicellular infusorians, and it has not been applied to colonial
forms. It therefore seemed desirable to take up the study of the
light reactions of Volvox again, first with the view of throwing
more light on the natural history of this extremely interesting
organism, and secondly with the view of obtaining experimental
results which mlght p0351bly glve a clearer insight into the secrets
of light reactions of organisms in general, and colonial forms in
particular.

The experiments discussed in the following pages were carried
on in the Zodlogical Laboratory of Harvard University during the
summer of 1904, and in the Biological Laboratory of Hope College
during the summer of 1905.
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It gives me pleasure to express my appreciation to Professor
E. L. Mark for encouragement in the work, both in the way of
personal interest, and in very generously granting me the privi-
leges of his laboratory and equipment during the summer vaca-
tion. I wish also to heartily thank Professor G. H. ParRkER for
helpful suggestions, and Professor H. S. JENNINGs for critically
reading this article in manuscript.

2. NATURAL HISTORY.

Volvox is widely distributed in temperate climates. It is usually
found from early May till late in November in quiet pools or lakes,
containing aquatic plants, such as Elodea, Myriophyllum, Cerato-
phyllum, Cladophora, and the like. On cloudy days, and during
the night, it collects near the surface in small open spaces between
the aquatic plants where it frequently occurs 1n such abundance
that the water appears distinctly green. But when the sun comes
out it migrates from the surface and takes shelter in the shade,
where it clings to small leaves and stems. It is, however, rarely
found deeper than 25 to 30 cm. Volvox is not found in places
which are densely shaded during the greater part of the day, nor
1s it found where it cannot get out of direct sunlight. As a matter
of fact, a few hours’ exposure to direct sunlight proves fatal to it.
This is shown by the following experiments:

Some Volvox colonies were exposed to strong, direct sunlight
for an hour, on July 28, 19o4; at the end of this time practically
all of the colonies were dead The temperature of the water was
31° C. at the close of the experiment. It was found later that a
temperature of 45° C. does not kill all colonies, so it could not have
been the temperature which caused death in this experiment.
Moreover, the experiment was repeated several times with a layer
of water 7 cm. deep between the sun and the jar containing the
‘colonies. The heat rays were thus largely absorbed; but the col-
onies were nevertheless killed. It may be of interest to cite one of
these experiments in detail.

On August 18, 1904, a number of colonies were exposed to
strong direct sunlight, under the conditions mentioned, from 11
a. m. until 3 p. m., when it was found that nearly all were dead.
The temperature of the water containing the Volvox colonies was
but a little higher at the close of the experiment than at the begin-
ning. The large colonies were almost perfectly bleached, but the
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smaller ones, especially such as were still within the mother colo-
nies, appeared quite normal in color. Intense light evidently
causes some change in the chlorophyl.

The specimens used in the experiments performed at Harvard
University were collected in various small ponds located some
little distance west of Cambridge. Some of these ponds are arti-
ficial, having formed in clay pits; others are apparently natural,
being located in low, swampy land. All of the ponds contained
numerous aquatic plants, and the water in them was stagnant
but clear and not foul. The material used in the work done at
Hope College was collected in ponds connected with a very slug-
gish river which runs through a marsh directly north of the city
of Holland. Colonies of Volvox were found sparsely scattered
here and there along almost the entire shore line of nearly all the
ponds. In a few spots, however, they were so numerous that the
water appeared green, and in these places they could readily be
collected in great numbers.

There are two well defined species of Volvox, globator and
aureus (EHRENBERG = minor STEIN). In the ponds near Cam-
bridge practically all the colonies belonged to the species globator;
but in the ponds north of Holland the two species were found about
equal in number. They were usually found intermingled, but in
a few places I found only globator and in one place nothing but
minor.

After colonies of Volvox have been in the laboratory from 12 to
24 hours they become inactive, and no longer respond readily to
stimuli, and are therefore not satisfactory for experimental work.
This makes it necessary to collect frequently. An abundance
of material close at hand is consequently almost a requisite for
experimental work on this form. In the following experiments,
the specimens usually were collected early in the morning and
used the same day.

3. STRUCTURE.

Since the discovery of Volvox by LEEUWENHOEK nearly every
naturalist has had something to do with the study of this exceed-
ingly interesting organism. Most of these investigators laid great-
est stress on the structure, but in spite of all this work there aTe still
two questions with regard to structure, concerning which there
is some doubt. One is the location of the eye-spot with reference
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to the colony as a whole, the other, the variation in form of the
vital portion of the individuals composing the colony. Since these
structures are of considerable importance in the study of light
reactions, I shall take up the structure of Volvox rather more in
detail than otherwise would be necessary. The following descrip-
tion is the result of a review of the literature on this subject, sup-
plemented by my own observations.

Volvox varies in form from approximately spherical to ovoid.
The smallest free swimming colonies can scarcely be seen with the
naked eye, while the largest are nearly, if not quite, one millimeter
in diameter; KLEIN (89, p. 143) gives 850x, HanscIrRG (’88, p.
101) 800y, KirRscHNER (*79) 7004, and FockE ("47) 11004,  Some
of the nvestigators found Volvox globator to be larger than
Volvox minor, while others found the opposite to be true.
KLEIN gives 8oop as the diameter of the largest colonies of V.
globator and 8s0u as that of the largest V. minor. Hanscire
gives 8oou as the diameter of the former and 460y as that of
the latter. In my own collections I found V. globator in general
much larger than V. minor. I did not, hOWever, make any
accurate measurements with reference to this point.

The colonies of both spec1es are composed of numerous individ-
uals, each of which consists of one cell. ~ KLEIN ('88, p. 140) found
from 200 to 4400 individuals in various colonies of V. minor and
from 1500 to 22,000 in V. globator. The individuals consist of a
central portion, composed largely of protoplasm, and a thick hya-
line layer which surrounds the central portion. The central por-
tion will be referred to as the zooid in the future description. The
hyaline layers of contiguous cells usually appear continuous, one
with the other, but WiLLiams (’53) demonstrated that they are
limited by cell walls. Iwasnot able to see these in living colonies of
V. minor, but could see them very distinctly in a few spore-bearing
colonies of V. globztor, especially at theanteriorend. The hyaline
layer is much thicker in V. minor than in V. globator and the zooids
are much more nearly spherical in the former than in the latter,
in which they are in general quite angular. The difference in the
shape of the zooids forms the chief distinguishing characteristic
of the two species. The cells in the colonies are arranged side
by side so as to form a wall enclosing a cavity. In V. minor the
hyaline layer is figured by MEYER ('95, p. 227) as extending nearly
to the middle of the colony, thus leaving only a very small central
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cavity, but in V. globator it is represented as being only about
twice the thickness of the zooids, thus forming a comparatively
large central cavity. The hyaline layer is much thinner on the
outer surface of the zooids than on the inner, in both species. The
cavity is said to be filled with a slimy fluid.

Each zooid contains, among other structures, an eye-spot, two

Fi16. 1. Zooids as they appear in Volvox minor, 4, Side view of a zooid situated in the middle of
the anterior end of a colony; B, side view of a zooid halfway between the anterior end and the equator;
C, surface view of the same; D, side view of a zooid located in the middle of the posterior end; a, surface
of zooid facing the anterior end of the colony; p, surface facing the posterior end; e, eye-spot; s, surface
of the colony; f, flagella.

flagella,a nucleus, a chloroplast and several vacuoles. InV.minor
the zooids vary but little in form in different parts of the colony.
At the posterior end they are nearly spherical, but as one proceeds
toward the anterior end they become more and more flattened.
At the anterior end the maximum diameter is about twice as great
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as the minimum (see Fig. 1). As seen from the surface they are
all nearly circular in outline.

The zooids of V. globator vary much more in form in different
parts of the colony than do those of V. minor. At the anterior
end they are nearly spherical, but at a short distance from this
end they begin to become somewhat angular and from this point

D
= o\
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F16.2. Zooids as seen in a colony of Volvox globator. 4, Side view of a zooid located in the middle
of the anterior end of the colony; B, side view of a zooid situated halfway between the anterior end and
the equator; C, surface view of same zooid; D, same zooid as it appeared when viewed from the posterior
end of the colony; 4, surface of zooid facing the anterior end of the colony; p, surface facing the pos-
terior end; e, eye-spot; s—s’, exterior and interior surface of colony, showing thickness of hyaline layer; f,
flagella. The projection extending toward the surface of the colony is longer and thinner, and the eye-
spot is much smaller in the zooids at the posterior end of the colony than elsewhere.

toward the posterior end they become gradually more irregular in
form. One of the angular zooids may be described as consisting
of two portions: a flattened portion which is nearly parallel with
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the surface, and a conical portion which projects from near the
middle of the flattened portion into the hyaline layer almost to the
surface of the colony. At a point about halfway between the
anterior pole and the equator of the colony, the altitude of the
projection is about twice as great as the diameter of its base. The
ratio between these dimensions becomes gradually greater as one
proceeds farther from the anterior end, until at the posterior end
the altitude is four to five times as great as the diameter. It will
thus be seen that the distal end of the conical projections gradually
extends farther out as one proceeds from the anterior end to the
posterior (see Fig. 2). The only reference to the variation in

Fic.3. View of the anterior end of a colony of Volvox minor, showing the location of the eye-spots.
Z, z00ids; e, eye-spots; p, protoplasmic fibers connecting the zooids.
form of zooids in the same colony is found in OVERTON’s article
('89, p- 70), and he states only that the projection (Schnabel)
is longer in the neighborhood of injured places (“In der Nihe
von verletzten Stellen verlanget sich der Schnabel”).

The projection is nearly circular in outline at the base, but it
becomes considerably flattened toward the distal end, so that a
cross section near this end is elliptical in outline. The zooids
are so arranged in the colony that one of the flattened surfaceg of
the projections faces the anterior end and the other the posterior.
Viewed from either of the flattened surfaces, the outline of the
distal end forms nearly a straight line, at either end of which is
found the attachment of a flagellum. The flagella are five or six
times as long as the diameter of the zooids. OvErTON ('8, p. 72)
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says they are about 4p apart and 25x long. The eye-spot is situ-
ated on the surface of the projection which faces the posterior end
of the colony. It is found but a short distance from the free end,
between the points of attachment of the flagella.

If the projections are short or absent and the zooids nearly
spherical the eye-spots are still located in the same relative position
as they are in zooids containing long projections, 1. e., they face
the posterior end of the colony. This becomes very evident in
viewing a colony from the anterior end. Under such conditions
it is clearly seen that the eye-spots are situated on the surface of
the zooids farthest from the middle of the anterior end, as repre-
sented in Fig. 3.

Nearly all the investigators, who have worked on the structure
of Volvox, figure the eye-spot as situated on one side of the zooids
near the outer surface, but only one, OVERTON, describes and
figures it in such a way that its position with reference to the colony
as a whole is made clear. OvVERTON (*89) in Taf. 4, Fig. 26, and
Taf. 1, Fig. 3, clearly representsthe eyc-spot as beinglocated near
the outer anterior surface of the zooids andsays,p.114: “Sehr
bemerkenswerth erscheint, dass, wie bei einstellung auf einen
Meridiankreis des Volvox Stockes sich ergibt, die Augen flecke
(wenigstens bei V. minor) bei allen Zellen derjenigen Seite anlie-
gen, die dem vorderen Pole am nihsten liegt.”

During the first few days in August, 1905, I examined 30 speci-
mens of V. globator and 50 of V. minor, with special reference to
the location of the eye-spots and found that in all but one of these,
they were unquestionably located on the outer posterior surface
of the zooids. Furthermore, I gave the problem of locating this
structure to three of my students in October, 1905. These stu-
dents had never seen Volvox before and knew nothing about any
work done on it. All of them concluded that the eye-spots face
the posterior end of the colony. When they took up the problem
they knew that these organisms are usually positive in their light
reactions. I had given them the term, eye-spot, and it was clearly
evident that they assumed that this structure functioned in direct-
ing the organisms toward the light, and consequently expected to
find it on the anterior surface of the zooids, for they were all much
surprised to find it on the opposxte surface. It is, therefore, safe
to conclude that OVERTON’s observation was wrong.

The eye-spots in Volvox are brownish in color and lenticular in
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form, but the outer surface is much less curved than the inner.
They are much more distinctly seen in large than in small colonies,
for the latter contain more coloring matter. In V. minor they
appear relatively much larger and more definite than in V. globa-
tor. 'They are more nearlyopaque than the rest of the zooid, and
when strongly illuminated by light passing through the colony they
stand out clearly and can be distinctly seen under a magnification
of 65 diameters. RyDER (’89, p. 219) maintains that the eye-
spots at the anterior end of the colony are eight or ten times as large
as those at the posterior end. I also found this to be true. They
are so small and so nearly colorless at the posterior end that they
can be seen only under the most favorable conditions. This dif-
ference in size and color seems to be due to difference in illumi-
nation at the two ends, for if the colonies are kept in low hght
intensity for some time all the eye-spots become much lighter in
color and appear to become smaller.

The zooids of contiguous cells are interconnected by fine pro-
toplasmic strands, each cell being connected to every adjoining
cell by a single strand, with an occasional exception in the pos-
terior end where the strands are sometimes double. The earlier
investigators considered these strands to be structures through
which substance 1s transmitted from cell to cell, while later investi-
gators claim that they function only in the transmission of impulses.
It is altogether likely that they function in both ways. Impulses
are unquestionably transmitted from cell to cell, otherwise the
individuals composing a colony could not perform codrdinated
acts. It 1s almost certain that such impulses pass through the
strands rather than through the hyaline layers separatlng the
zooids. On the other hand it is evident that the transmission of
impulses is not the only function of these strands, since there 1s
never more than one found connecting adjacent individuals in the
anterior end of the colony, while those in the posterior end are
sometimes connected by double strands. The colonies, however,
are stimulated at the anterior end much more frequently than at
the posterior, so that if the strands function merely as structures
for the transmission of impulses, we should expect to find them
double at the anterior end rather than at the posterior.

4. FUNCTIONS OF EYE-SPOT.

EBRENBERG ('38, p. 70) discovered the eye-spots in Volvox and
considered them to be light recipient organs, as is clearly shown
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by the following interesting quotation: ‘“Nie darf man auch
vergessen, dasse alle Einzelthierchen Empfindungsorgane besitzen,
die den Augen vergleichbar sind und dass sie mithin nicht blind
sich im Wasser drehen, sondern als Biirger einer unserm Urtheile
fern liegenden grossen Welt den Genuss einer empfindungsreichen,
so stolz wir uns auch geberden mégen, mit uns selber theilen.”

The only experimental evidence we have in reference to the
function of the eye-spot is pre sented by ENGELMANN (*82, p. 390).
He says, in substance, referring to this structure in Euglena viridis:

‘If a sharp shadow is gradually brought from the posterior end
of a swimming Euglena toward the anterior, there is no reaction
until the shadow reaches the colorless anterior portion of the organ-
ism which contains the eye-spot. In the case of large individuals
moving into a shadow, the reaction could be seen to be given before
the eye-spot was in darkness. The colorless anterior end is,
therefore, the primary light recipient region, but the eye-spot may
still function secondarlly as do the pigment cells in the retina of
higher animals.” It is thus clear that the idea of EHRENBERG
has no experimental support. There are, however, the following
reasons for believing it to be correct.

EureNBERG based his conclusion, with reference to the
function of the eye-spots upon their structural similarity to the
eyes of rotifers and Cyclops. This is shown not only by external
appearance but also by the fact that both are affected alike by
certain chemical reagents.

2. WAaGER (‘00) maintains that the color of the eye-spot indi-
catesthatit absorbs blue. ENGLEMANNdemonstrated that Euglena
viridis is more sensitive to light composed of short waves (the
light absorbed by these structures) than to that composed of long
waves, and STRASBURGER ('78) demonstrated the same for swarm
spores.

3. STRASBURGER (78, p. 18) states that the eye-spots are
found only in swarm spores which are colored, and that light
reactions are strong only in such as contain these structures. Two
colorless Chytridium swarm spores which are phototactic were,
however, known to STRASBURGER (*78, p. 568). RoTHERT (or)
also claims to have found a colorless phototactic flagellate among
Chlamydomonas multifilis. I found the small, colorless flagel-
late Chilomonas paramecium, in which no eye-spot has been
found, strongly negative to light under some conditions but not at
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all phototactic under others. Davexreorr (97, p. 188) proved
certain species of Amceba to be negative to light, and 1t is well
known that Stentor cceruleus responds very definitely to stimula-
tion by light. It is said that the Chytridium swarm spores have
an orange colored oil globule at the base of the ﬂagellum which
may function as an eye-spot, but in the four organisms mentioned
last there are no structures which appear as though they could
take the place of these organs. It 1s, therefore, evident that we
have organisms without eye-spots which are sensitive to light but
as far as I know there are none with these structures that are not
sensitive.

4. Wacer (oo, PL 32, Fig. 2) represents the flagellum in
Euglena viridis as mdlrectly connected with
the eye-spot, in that it has an enlargement
which lies immediately over the concave
surface of this structure as represented in
Fig. 4. The eye-spot is supposed to absorb
the blue of the spectrum and in some way
to stimulate the enlargement on the fla-
gellum.

5. The fact that the eye-spots are larger
and more highly colored at the anterior
end of Volvox than at the posterior, that

_Fic. 4. Side view of ante-  they Jose their color and become smaller
rior end of Euglena viridis, after . .
Wacee; ¢, eye-spot; f, flagel- 10 the absence of light, and that they are
}“mf e fs enlargementin flagel-  gjtuated near the distal end of projections
um; c.v., contractile vacuole. .

which become longer as one proceeds from
the anterior end toward the posterior, and thus expose the eye-
spots to more light, indicates that these structures function in
light reactions.

In view of the evidences presented above in favor of considering
the eye-spot as a light recipient organ, and in view of the fact that
there is nothing in the structure or location which indicates that
it could not function in light reactions or that it has any other
function, it appears safe to conclude that EHRENBERG’s idea with
reference to the function of the eye-spot is correct.

WaGER (‘00) suggests three ways in which the eye-spot in
Euglena viridis may function in hght reactions: (1) It mayabsorb
light and thus produce a change in the movement of the flagellum;
(2) it may merely prevent the light rays from reaching one side of
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the enlargement in the ﬂagellum, while the other side is exposed
and thus produce a difference in light intensity on opposite sides
of the enlargement; or (3) it may cut off the light from one side of
the sensitive portion of the anterior end of the organism when it is
not oriented, and thus produce unequal illumination >n opposite
sides of this end.

It seems 1mpos51ble to test the suggestlons of WAGER experi-
mentally, but 1t may be possible to arrive at a tentative conclusion
concerning the matter, from what we know about the structures
and reactions of these organisms. JENNINGS (‘04, p. 54) shows
that Euglena swims in a spiral course with the larger lip constantly
farthest from the center of the spiral. In thus swimming the
longitudinal axis never points toward the source of greatest illumi-
nation, so that when the organism is oriented the side of the ante-
rior end containing the larger lip 1s always more shaded by the
eye-spot than that containing the smaller lip (see Fig. 4). From
this it seems evident that the eye-spot in Euglena does not func-
tion in accordance with WAGER’s third suggestion. = That it does
not function in accordance with this suggestion in Volvox is still
more clearly evident, for here the eye-spots are located near the
posterlor surface in the projection of the zooid, so that if this pro-
Jection is sensitive to light there certainly is no possibility of oppo-
site sides being equally stimulated when the organism 1s oriented,
for under such conditions the shadow of the plgment granule falls
on the posterior surfaces while the anterior surface 1s fully exposed
to the light. With reference to the second suggestion, 1t is prob-
ably true thzat the eye-spot does prevent the light from reaching
one side of the enlargement in the flagellum in Euglena, but by
referring to Fig. 4 it will be seen that the difference in light inten-
sity thus produced on opposite sides of the enlargement must be
practically the same when the hght strikes the organism nearly
parallel with the longitudinal axis, as it is when 1t strikes it an at
angle from the side containing the smaller lip. If this be true,
there is no change in stimulation when the organism is slightly
thrown out of orientation. It therefore does not seem probable
that the eye-spot in Euglena functions in accordance with the
second suggestion.of WAGER. In Volvox we know of no enlarge-
ment in the flagellum such as that found in Euglena and if there
were one, or some other similar structure, the criticism offered
above with reference to Euglena would hold here also.
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The first suggestion of WAGER, namely, thatitis transformation
of energy in the absorption of light by the pigment in the eye-
spot which produces the stimulus, either directly in the eye-spot
or indirectly by transferring the transformed energy to sensitive
structures in the immediate neighborhood (e. g., the enlargement
in the flagellum of Euglena) seems to me to fit the structure and
reactions of both Euglena and Volvox. The eye-spot in Euglena
and in Volvox, especially in the zooids some distance from the
anterior end 1s a flat structure. It is so located that when these
organisms are oriented, one of its flat surfaces is fully exposed to
the light and is directed toward the source of strongest illumina-
tion. In this position it absorbs a given amount of light, perhaps
a maximum amount. If now the organism changes its direction
of motion, the flat surface of the eye-spot is no longer directed
toward the source of strongest illumination and consequently
there is a reduction in the amount of light absorbed and this forms
the basis for a stimulation which may result in reactions that will
orient the organism again. In general, then, it may be said that
any change in the relation between the source of strongest illumi-
nation and the direction of motion will, if the eye-spot functions
as described above, produce a change in the amount of light
absorbed, and every such change produces a stimulation.

It is quite possible, since the surfaces of all these structures are
curved, that the protoplasm in the distal end of the projection of
the zooids in Volvox and that which forms the smaller lip in Eu-
glena, and even that in the enlargement of the flagellum, may act
as a condensing lens, and thus increase the amount of light which
reaches the eye-spot. If this be true, we can at once see some
significance in the location of this structure on the posterior sur-
face of the projection in Volvox, instead of on the anterior, for if
the distal end of the projection acts as a lens the light on the sur-
face directed from the source of illumination would probably be
more intense than that on the surface directed toward it, and if
the light comes to a focus on the pigment granule, the direction
of reaction might even be regulated by the localization of difference
in light intensity thus produced on the surface of this granule.

§. LOCOMOTION.

Volvox, a]though ovoid to spherical in form, always moves with
a given fixed portion of the body ahead, that 1s, it has definite
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anterior and posterior ends, and in locomotion it rotates on an
axis passing through these ends. The direction of rotation is in
general counter-clockwise as seen from the posterior end, but, as
KLEIN (’89, p. 168) pointed out, it is under ordinary conditions
frequently reversed. As the colonies swim through the water
they may be seen to make several counter-clockwise rotatlons,
then suddenly reverse and rotate clockwise for a time, then again
reverse, and so on. The number of rotations between reversals
varies greatly. This fact led me to believe that the reversal
is largely due to external stimuli, and I soon noticed that it depends
somewhat, at least, upon the condition of the water.

On August 29, 1904, I put a number of Volvox globator colo-
nies into some thoroughly filtered water and found that they
moved toward the source of light, rotating counter-clockwise
almost continuously. Several were carefully watched under a
hand lens and it was found that they moved from § to 6 cm. with-
out changmg the direction of rotation. Colonies taken from the
same jar were then put into water which had not been filtered and
therefore contained small particles of substance, mostly in sus-
pension. In these colonies, reversal in the direction of rotation
was frequent. This seemed to indicate that the contact stimulus
produced by the small particles in the water caused the reversal.
To test this matter further, clean sand was scattered on the bot-
tom of the aquarium containing filtered water. As the colonies
moved toward the source of light along the bottom of the aqua-
rium, frequently coming in contact with grains of sand, they were
seen to reverse the direction of rotation at short intervals. They
appeared to rotate in one direction about as much as in the other.
In thus traveling among the sand grains a colony occasionally
comes squarely up against the flat surface of a grain and remains
with the anterior end in contact with the surface, sometimes
as long as fifteen seconds. While thus in contact with the surface
its forward progress is of course stopped but it continues to rotate
on its axis, and while in this position it almost always rotates coun-
ter-clockwise without reversal. Sooner or later, apparently acci-
dentally, it turns slightly and then it takes a course parallel with
the surface of the sand gram and thus gets by the obstruction.

From these observations it is clear that contact stinrulation of
the anterior end, even to such a degree that progress is prevented,
does not cause reversal in the direction of rotation If a change
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in the direction of rotation is caused by contact stimuli at all 1t
must be by contact stimuli along the sides of the colonies.

Volvox colonies were subjected to such stimuli by laying a glass
slide into an aquarium containing filtered water about 3 mm. deep,
so that the edge of the slide made an angle of about 45 degrees
with the rays of light. When the colonies moved toward the
source of light and came in contact with the slide, the point of
contact was not at the anterior end but some little distance from
it. After being thus stimulated they immediately turned from the
slide making an angle of about 95 degrees with their previous
course. Then they gradually turned toward the source of hight
again and thus continued along the edge of the slide making a zig-
zag path. In following along the edge in this way they frequently
came in contact with the slide before they were perfectly oriented
and were consequently stimulated at a point further from the
anterior end than usual, sometimes about midway between the two
ends. In all these reactions the direction of rotation was seldom
changed. It is therefore clear that a single contact stimulus on
the side of a colony, which does not obstruct forward progress,
does not cause reversal in the direction of rotation. In the experi-
ment just referred to a small portion of one of the upper corners
of the slide was slivered off, making an incline on which the water
became gradually more shallow until, at the upper end, it was not
deep enough for the larger colonies to swim without difficulty.
As the colonies worked up this incline, they came in close contact
with the glass and the direction of rotation was frequently changed.

It may then be concluded that continuous contact stimulation
on the sides causes reversal in the direction of rotation, providing
the contact 1s such that considerable resistance is offered to for-
ward motion.

But why should contact stimuli on the anterior end, which pre-
vents forward motion, not cause reversal as well as similar stimuli
along the sides? Considering the structure of the organism in
question, it seems probable that rotation is brought about largely
by an oblique stroke of the cilia along the side and that those at
the ends have little if anything to do with it. Now it seems reason-
able to assume that when a certain proportion of these cilia on the
sides meet considerable resistance they all strike in the opposite
direction and thus produce reversal of rotation. When the ante-
rior end is in contact with an object the cilia along the sides are of
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course free, and if it is the action of these cilia which causes rota-
tion we should not expect a change in the direction of rotation
when the anterior end 1s stimulated.

As stated above, we find reversal in the direction of rotation
frequent in water containing numerous small particles. What 1s
the cause of this? This is probably due to particles becoming
entangled in the cilia and obstructing their free movement, thus
causing a change in the direction of rotation.

While we have thus found that reversal of rotation is largely
caused by external agents, it is unquestionably true that it depends
to some extent upon the condition of the organism itself, for under
similar external conditions difference in the frequency of reversal
was repeatedly noted.

6. ORIENTATION—GENERAL DISCUSSION.

It is well known that if Volvox is subjected to light of moderate
intensity, it swims toward the source of light; but if the light inten-
sity is high, as e. g., direct sunlight, it travels in the opposite direc-
tion. In casually studying such movements it appears as if the
course of the colonies 1n either direction were nearly parallel with
the light rays, and investigators have, in general, assumed this
to be true. HorLMEs (03, p. 320), writes: “It is easy to deter-
mine that Volvox orients 1tself and that very accurately, to the
direction of the rays of light. If specimens of Volvox are taken
into a dark room and exposed to the light from an arc lamp they
travel towards the light in almost a straight course, swerving
remarkably little to the one side or the other. They will often
travel a foot without deviating as much as a quarter of an inch
from a perfectly straight course.”

In studying the effect on the direction of movement, of difference
in light intensity on opposite sides of a Volvox colony, I accident-
ally discovered that, contrary to HorLmes’ conclus1on, Volvox
very seldom orients “accurately to the direction of the rays.” The
colonies do, of course, swim toward or from the source of light
in a general way; but movement parallel with the rays is quite the
exception. In swimming toward a source of light the colonies
may deflect not only to the right or left but also up or down. De-
flection up or down will be discussed under the effect of gravi-
tation on orientation (p. 122); deflection to either side will be taken
up in connection with the description of the following experiments.
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Most of these experiments were performed in an apparatus which
I have called a “light grader.” I have given a detailed descrip-
tion of this apparatus in another paper (Mast ’06, p. 364). The

FiG. 6.

Fic. 5.

FiG. 5. A vertical section of the light grader. The lens (a) which is a segment of a cylinder has
its longitudinal axis lying in the plane of the section; b, stage; ¢, Nernst glower; 4, non-reflecting back-
ground; e, mirror; £, light rays; g, opaque screens. Distance from glower of lamp to stage, one meter.

Fic. 6. Stereographic view of light, lens, and image; a, lens; b, field of light produced by the image
of the glower (¢); d, opaque screen which lies flat on lens and contains a triangular opening which
causes a gradation in the light intensity of the field (b).

important features of the apparatus will be readily understood,
however, by referring to the accompanying figure.
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An aquarium® 15 cm. long, 8 cm. wide and 8 cm. deep inside
was placed at one of the principal foci in the light grader, which
was in a horizontal position and so arranged that the Nernst
glower at the other principal focal point was vertical. The light
rays passed through the aquarium practically parallel with each
other and the bottom of the aquarium and perpendicular to the
sides. An opaque light screen, containing a rectangular slit 10
mm. wide and 13 cm.long, wasfastened to the side of the aquarium
nearest the light, so that the lower edge of the slit was on a level
with the bottom and the ends of the slit were 1 cm. from either
end of the aquarium. Filtered water was poured into the aqua-
rium to such a depth that its surface was above the upper edge
of the slit and was consequently in darkness. Since the rays
were practically parallel with the bottom and perpendicular to
the sides of the aquarium, it is evident that reflection from the
water surfaces was practically elimmated. The light which passed
through the aquarium was largely absorbed by the wall of the
dark room which was over seven meters from the light grader,
and since this was the only light which entered the room it is safe
to conclude that the direction of movement of Volvox in the aqua-
rium was influenced only by rays direct from the Nernst glower.

By placing an opaque screen containing a triangular opening
over the cylindrical lens in the light grader, a field of hght is
produced which becomes gradually less intense from one end to
the other (Mast 06, p. 364). If Volvox is allowed to swim
toward the source of light in such a field it is evident that one side
of the colonies will be more strongly illuminated than the opposite,
and if difference in light intensity on the two sides, regardless of
ray-direction, determines the direction of movement we should
expect the organisms to move at an angle with the direction of the
rays of light. This was found to be true, as will be shown later
(pp- 136-141).

he first series of experiments made to ascertain the effect of
difference in intensity on orientation was performed in the light
grader, arranged as described above, by carefully introducing
about one hundred colonies into the aquarium at a fixed point

! The aquarium was made of the best plate glass obtainable, accurately cut and ground, and cemented
with Canada balsam boiled in sufficient linseed oil to give it the desired consistency. This cement
proved very satisfactory, much more so than any other of several tried. Balsam in xylol is good but
it becomes so brittle on drying that it breaks readily. Linseed oil prevents this.
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near the side farthest from the light. In some conditions, the
colonies thus introduced, proceed across the aquarium nearly
parallel with each other, spreading but little, frequently not more
than five or six millimeters. In other conditions, however, they
spread out as much as three or four centimeters. By laying a
straight wire on the aquarium and constantly keeping it over the
middle of the group of colonies as they proceeded on their way,
the average course was quite accurately ascertained. The course
under most conditions, although at a decided angle with the rays,
was remarkably straight; but under some conditions it curved con-
siderably as the organisms approached the side of the aquarium
nearest the light. The paths produced and the direction of the
rays were transferred to paper by means of a miter square; and
thus the angle of deflection was recorded for future reference.

Between August 20 and 30, 1904, seventy-three paths observed
under the conditions described above were recorded, and many
more were observed. In nearly all of these cases the colonies
deflected strongly to the left, frequently making an angle of 45
degrees with the light rays, and rarely less than 5 degrees. This
deflection to the left was brought out in a striking way, by putting
the Volvox colonies into the aquarium a few centimeters to the
right of the left edge of the light area. When introduced at this
point, they soon reached the plane between light and shadow and
passed into the dark area without any apparent change in their
course. After they had traveled in the dark region some little dis-
tance they rose, deflected more sharply to the left, and frequently
made a small circle or spiral and entered the light region again.

This deflection to the left in the light area was, of course, thought
to be due to the fact that the light was graded in intensity, the
more intense end of the field being to the right. It was accident-
ally discovered, however, that similar deflections were produced
when no lens was used, and later it was found that when the screen
over the lens was inverted so as to make the left end of the field
the more intense instead of the right as in the previous experiment,
the Volvox colonies still deflected to the left. It was therefore
clear that this deflection was not due to difference in light intensity
on opposite sides of the organisms.

One hundred and one additional paths were observed and
recorded between July 18 and August 3, 19o5. Some of these
observations were made in the light grader; others outside. In
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many cases a single colony was selected and its course studied, in
place of that of a number of colonies in a group. To my surprise,
I found that whereas during the preceding season, 19o4, Volvox
colonies deflected, with scarcely an exception, to the left, they
now deflected to the right more often than to the left. We shall
consider the cause of this somewhat in detail later. In all I have
records of 174 paths, only a few of which were observed in light
of uniform intensity. Seventy-eight of them deflect to the left
from 2 to 45 degrees; seventy-five deflect to the right from 2 to
45 degrees; and only twenty-one are found in the area between
2 degrees to the right and 2 degrees to the left, and very few of these
are parallel with the rays.

In these experiments, however, only deflections to the sides
were recorded; it is important to note that marked deflection up or
down was also to be observed. It becomes clear then, that the
colonies which appeared to be moving nearly parallel with the
rays when seen from above, were in all probability slowly ascend-
ing or descending as they proceeded toward the source of light.

The cause of deflection—the inability to orient accurately—is
complicated. The direction of movement in Volvox is affected
by internal as well as by external factors. The effect of some of
these factors on orientation or deflection will be discussed under
the following headings: (a) Effect of internal factors on orienta-
thI‘l, (b) Effect of hght intensity on orientation; (¢) Effect of
grav1tat10n on orientation; (4) Effect of contact stlmulatlon and
rotation on orientation.

a. Effect of Internal Factors on Orientation.

If a number of Volvox colonies, varying in size, are put into the
aquarium at the same time and allowed to swim horizontally
toward any concentrated source of light, it will be seen that the
larger colonies, especially such as contain numerous daughter-
colonies, .soon collect along the right side of the group, and the
smaller ones, and such as contain only very small daughter-colonies
along the left side. In some experiments there was such striking
difference between the deflection of different colonies in a group
that two distinct columns were formed, which moved across the
aquarium at quite a definite angle with each other. The right
column in such cases invariably contained most of the larger
colonies, and the left most of the smaller ones.
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On July 26, 1905, the paths of two such diverging columns,
observed in light of uniform intensity, were recorded. The one
contalnmg the larger colonies deflected to the right, maklng an
angle of nine degrees with the light rays, while the one containing
the smaller colonies deflected to the left, making an angle of fifteen
degrees. Both columns, however, sometimes deflect to the right
or to the left of the light rays.

Deflection then varies with different periods in the life of the
colonies; but it also depends upon the physiological state of the
organisms, as is shown by the following observations.

In the morning, after being in the aquarium all night, Volvox
colonies were repeatedly found lying on the bottom, apparently
perfectly quiet. "They were in a state which may be termed dark
rigor. When light is thrown on them while they are in this condi-
tion, they do not respond at once. After a time, however, they
begin to swim about, slowly at first, without orienting; but soon,
more rapidly, until they become normally active, and move toward
the light. Apparently there is a certain chemical change neces-
sary to bring the organisms out of the state of dark rigor into such
a condition that they can respond readily to light; and this change
appears to be induced by light. 'The production of carbon dioxid
in darkness suggests itself as the probable cause of dark rigor.

When a colony, after having been in darkness all night, first
begins to respond to light, it moves toward the surface of the water
and deflects strongly either to the right or left as it proceeds toward
the source of light. But if it be made to cross the aquarium several
times in succession, it is found that the deflection gradually decreases
until it has traveled 25 to 30 cm. Then it reaches an apparently
stable condition; and on the following trips it takes a fixed course
which may be at almost any angle with the light rays, but is usually
at an angle of from 5 to 10 degrees. Such reactions were ob-
served many times, mostly in experiments performed for other
purposes. The following detailed experiment is typical.

On August 7, 1905, Volvox was collected at 6.15 a. m. and left
in total darkness until 8.30 a. m., at which time the colonies were
still moving about, but very slowly. One of them was put into
the aquarium in the light grader in a light intensity of nearly
400 candle meters. This colony moved about irregularly at first
and deflected strongly to the right, but it soon became more active
and moved quite rapidly toward the light. On its first trip across
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the aquarium it deflected to the right 17 degrees, on its second
trip 15 degrees, and on its third trip 11.5 degrees. The following
thirty trips were made with so little deviation from 11 degrees
that it could not be measured. The experiment was closed at
10.45 a. m., two hours and fifteen minutes after it was begun.

It appears, then, that when the internal factors have become
stable, and the external factors are not changed, the angle of deflec-
tion remains constant.

b. Effect of Change in Light Intensity on Orientation.

In general a decided increase or decrease in light intensity
causes an Increase in deflection. This seems to be connected
with the fact, pomted out by HoLmEs (’03, p. 321), that in low
or high light intensity the colonies are not strongly positive.

On August 3, 1905, the relation between the course of a given
colony and the ray direction was obtained in a light intensity of
400 candle meters and also in an intensity of 20 candle meters.
In the higher intensity, the deflection to the left was found to
be 1 degree; in the lower intensity 11 degrees. The course was
ascertained by letting the colony across the aquarium three
times in succession in the lower intensity, then three times in the
higher, then twice in the lower, and finally twice in the higher.
The light intensity was reduced by cutting off part of the light
with a screen, which contained a narrow slit, placed close to the
Nernst glower, and so arranged that the slit was perpendicular
to the glower. Neither the light nor the aquarium had to be
touched in decreasing or increasing the light intensity, so the ray
direction was unquestionably the same under both conditions.
There was remarkably little variation in the angle of deflection in
all the trips made across the aquarium in either light intensity.
There can thus be no question about the accuracy of these observ-
ations. This experiment was repeated a few days later with
similar results. The colony selected, however, deflected to the
right instead of to the left, as the one in the first experiment had
done. The deflection in the second experiment was studied in
three different light intensities: 20 candle meters, 400 candle
meters and nearly 2000 candle meters. The highest intensity was
produced by a carbon arc. The angle between the light rays and
the course taken by the colony was found to be 12 degrees in 20
candle meters intensity; 2 degrees in 400, and 40 degrees in 2000.
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Moderate increase or decrease in light intensity does not appear
to affect the degree of deflection, ¢. g., the path of a given colony
in a light intensity of 400 candle meters was found to be so nearly
the same as that of the same colony in an intensity of 100 candle
meters that the difference could not be measured. From numer-
ous experiments, it appears that in order to influence deflection,
the increase or decrease in intensity must be great enough to affect
the positiveness of the organism; that is, the intensity must be
decreased to somewhere near the threshold or increased to nearthe
optimum Now the threshold and optimum in different colonies,
and in the same colony under different condltlons, vary extremely
It is therefore to be expected that the effect of variation in intensity
on deflection varies much. This was found to be true experi-
mentally.

The above discussion on the effect of change in light intensity
on deflection might lead one to assume that all Volvox colonies
could be made to move parallel with the rays, if the proper light
intensity were used. This, however, was not found to be true.
To bring about such a reactlon, not only the proper llght intensity
is necessary, but the organisms must also te in a certain physio-
logical state. Immedlately after taking colonies from darkness
or very intense light in which they have been for some time, they
are in such a condition that no light intensity was found in which
they travel parallel with the rays. And many colonies under
various other conditions could not be made to swim parallel with
the rays. In the above discussion deflection up or down is not
considered; by parallel we mean merely without lateral deflection.

c. Effect of Gravitation on Orientation.

If Volvox i1s killed in formol and then transferred to water, it
gradually sinks to the bottom, showing that its specific graVIty 1S
greater han one. When first dropped into the water there is, of
course, no indication of orientation; the longitudinal axis of the
different colonies point in all dlrectlons, but as they sink, it is soon
found that their axis becomes approximately perpendicular, . e.,
the colonies become oriented with the anterior end up. Such
orientation is especially marked in organisms which contain num-
erous daughter-colonies, but it i1s apparently accidental or absent
in those without. Since the colonies are dead this orientation can
be brought about only by a difference i the specific gravity of the



Mast, Light Reactions in Lower Organisms. 123

anterior and the posterior half of the body, and since this orienta-
tion to grav1ty is definite only in specimens containing daughter-
colonies 1t 1s evident that the daughter-colonies, located as they
are mostly in the posterior half of the body, render it heavier than
the anterior half.

‘The specific gravity of living Volvox is also greater than one.  If
the colonies become inactive they sink to the bottom, and it is
undoubtedly due to this that they are frequently found lying
quietly on the bottom of the aquarium after being 1n darkness all
night. The fact that the specific gravity of living colonies is
greater than one and that the posterior end of those which contain
daughter-colonies or spores is heavier than the anterior end, has
an important bearing on orientation to light and the direction of
motion.

It 1s owing to the difference in weight of the two ends, that the
anterior end turns up, if for any reason the forward motion of a
colony ceases. In this position the colonies are frequently found
in very dim light, apparently hanging in the water motionless. If
they become active while in this position, they swim upward.
Such activity may be induced by light so dim that the organisms
do not orient. The degree of activity in light of low intensity,
without doubt, depends upon the physiological state of the organ-
ism, for it was frequently noticed that many colonies did not become
quiet in darkness, and several times after exposure to darkness
for as long as four or five hours, a large majority was found at the
surface of the water, apparently clinging to the surface film.

If horizontal movement of Volvox colonies toward a given source
of light is observed from the side instead of from above, as was
customary in the expeiiments described in the preceding pages,
it can be clearly seen that the longitudinal axis of most of the speci-
mens forms a decided angle with the bottom of the aquarium, that
is, the posterior end is lower than the anterior. This angle varies
from zero to go degrees. Contrary to the observations of KLEIN
(89, p. 169), it was found to be larger in organisms which contain
numerous daughter-colonies and spores than in those which do
not contain these structures. It is therefore in all probability
caused by the difference in weight of the two ends.

The angle which the axis makes with the bottom of the aquarium
varies also with the light intensity. The more strongly positive
a given colony 1is, the smaller the angle; but the positiveness of
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Volvox depends upon the light intensity, as was shown above
(p. 121). Light, therefore, under the seconditions, tends to keep
the axis horizontal, while gravitation tends to keep it vertical.

In traveling horizontally toward a source of light, then, the
axis of Volvox is not parallel with its course, but if the light is
suddenly decreased in intensity, as was repeatedly done, the colo-
nies change their course and start in the direction in which the
axis points. This seems to indicate clearly that they tend to travel
in a direction parallel with the longitudinal axis. Now when they
are strongly positive the axis becomes nearly horizontal and they
consequently tend to move horizontally toward the source of light,
but the force of gravity keeps pulling them down so that when the
colonies are strongly posmve they move toward the light very

near the bottom of the aquarium. This was observed many times.
If they are oriented in a beam of light thrown through the aqua-
rium at some distancefrom the bottom, they soon sink out of the
region of light into the darkness, but as soon as they get into the
dark region gravity causes their longitudinal axis to take a vertical
position and they swim upward again, unless darkness produces
inactivity and thus causes them to sink slowly to the bottom.
Thus they were frequently seen, while swimming across the aqua-
r1um, to pass from light down into darkness and back into the light
again severaltimes. If the specimens are not strongly positivethe
inclination of the axis toward the horizontal is not great, and they
therefore tend to swim toward the surface. This upward ten-
dency may be just sufficient to compensate the effectof gravity, and
if so, the colonies appear to be moving parallel with the rays when
viewed from the side. Under these conditions specimens were
frequently seen to swim across the aquarium with very little deflec-
tion upward or downward.

In summing up, we find that when the colonies are strongly posi-
tive to hght, the deflection to the side is reduced to a m1n1mum,
but owing to the effect of gravitation the downward deflection 1s
marked; and when they are not strongly positive the deflection to
the side i1s marked, while the vertical deflection may be practlcally
zero. Thus it becomes evident that accurate orientation in hor-
zontal movement is indeed exceptional.

If gravitation tends to keep the longitudinal axis of Volvox verti-
cal with the anterior end directed upward, and light tends to keep
it parallel with the rays with the anterior end directed toward
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the source of light, and if the colonies tend to travel parallel with
the axis, we should expect them to move parallel with the rays,
when the rays are vertical and the source of light is above. This
was found to be approximately true, as is shown by the following
experiment.

On August 8, 1905, the plate glass aquarium was nearly filled
with filtered water and put upon the stage of the light grader which
was so arranged that the rays were vertical (see Fig. 5). A number
of colonies were then put into the aquarium with a pipette and
set free near the bottom in a beam of light, which was uniform in
intensity and two and one-half centimeters square in cross section.
After swimming upward to the surface of the water, some of the
colonies wandered out into the shaded region. These could
readily be forced to swim down again by reflecting the beam of
light upward through the aquarium slightly to one side of the
illuminated area produced by the light direct from the glower.
The reflected beam could be made vertical by tipping the light
grader so that the direct beam of the light made an angle of about
10 degrees with the vertical. In this way movements both upward
and downward were studied.

In swimming up Volvox was found to travel very nearly parallel
with the light rays, taking a spiral course, which was in some
instances at least 2 mm. wide. In thus traveling upward, 1t could
be clearly seen that the anterior end described a larger circle
than the posterior, which in many colonies appeared to go almost
in a straight line. The anterior end appeared to swing about the
posterior as a pivot. While a large majority of the colonies trav-
eled nearly parallel with the rays, there were a few which deflected
considerably, some to such an extent that they passed out of the
beam of light before reaching the surface of the water. That the
movement parallel with tke rays was due to the harmonious inter-
action of gravitation and light, and not to especially favorable
conditions of light intensity, was demonstrated by the course of
a certain colony in traveling upward toward the source of light
parallel with the direction of the force of gravity, and then again
in movement perpendicular to this force. When moving parallel
with the direction of the force of gravity, the colony observed did
not deflect more than one degree in making several trips up through
the water in the aquarium, but in moving perpendicular to this
force in the same aquarium and in the same light intensity, this
same colony deflected 30 degrees to the right.
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In swimming downward there is no evidence of a spiral course,
the path, however, is much more irregular than in swimming up-
ward; colonies on their way down were frequently seen to swerve
to one side as if about to turn and go in the opposite direction.
Gravitation, as has been stated, tends to keep the longitudinal axis
vertical with the anterior end up, but the light from below, under
the conditions of the experlment, tends to orient the organisms with
the anterior end down. It is the interaction of these two opposing
directive forces which brings about the swerving reaction and the
1rregular1ty in the downward course. If the light 1s weak its direc-
tive influence 1s not as strong as that of grav1tatlon and many colo-
nies may be seen oriented with the anteriorend up. - The downward
movement of specimens in this position is very slow compared with
that of those with the anterior end directed down. Thisis evidently
the result of the effect of gravity and a tendency to swim upward,
1. ¢., in the direction which the anterior end faces.

The rate of movement varies greatly in different colonies under
the same external conditions. It 1s, however, in general, much
faster toward a source of light with the force of gravitation than
against it. This 1s shown by the followmg results. The time
required for each of three specimens to swim downward 8 cm.
toward a source of light, in a given intensity, was found to be
40 seconds for one, 32 seconds for another, and 30 seconds for
the third. That required to swim up toward the light in the same
intensity, was 100 seconds, 80 seconds, and 66 seconds, respectively,
an average of 48 seconds longer to swim upward 8 cm. than to
swim the same distance downward. It is _very probable that the
actlvxty of Volvox in swimming upward is Just as great as it 1s
In sw1mm1ng downward and that the difference in rate is entirely
due to its specihc gravity.

In summing up this whole matter we find: (1) That Volvox tends
to move in a direction parallel with its longitudinal axis; (2) that
gravity tends to keep this axis vertical, with the anterior end up,
but owmg to stimulation by light the organisms tend to orient with
the anterior end facing in the direction of strongest illumination;
(3) that Volvox travels very nearly parallel with the rays in moving
up toward a compact source of light, but that it very rarely moves
parallel with the rays in swimming downward or horizontally
toward a source of light; (4) that in reacting to light it almost
always deflects upward or downward, or to the right or left, and
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that these deflections depend upon the light intensity and the
physiological conditions of the organisms; (J) that it deflects most
in moving horizontally when its axis is most nearly vertical and
that the axis becomes most nearly vertical when the organism is
not strongly positive.

In swimming downward toward a source of light, the deflections
are clearly due to a tendency of the organism to orient in the direc-
tion of the force of gravity with the anterior end directed upward.
In swimming horizontally it is clear that the downward deflection
is due to the specific gravity of theorganism, and the upward deflec-
tion to the tendency to swim parallel with the axis. The cause of
lateral deflection in such movement is, however, not so evident.

Colonies swimming horizontally toward a single source of light,
tend, as stated, to take a position such that the axis is parallel with
the rays and the zooids on all sides are equally illuminated. Ifthe
organisms are strongly positive, the axis is nearly horizontal, so
that if they turn to the right or left, one side immediately becomes
shaded and thus causes a reaction which tends to keep the direc-
tion of movement parallel with the rays. But if the colonies are
not strongly positive, the axis is more nearly vertical, and while they
are in this position there isalre: dy a difference in light intensity on
opposite sides, so tn: t if the organism now turns to tte right or to
the left, this intensity difference is only slightly changed. There
is consequently but little cause for reaction and therefore nothing
to prevent movement at an angle with the rays. Since lateral
deflection has been observed to be greater the more nearly vertical
the axis, it seems probable that this is a valid explanation of the
cause of such deflection. But how is it that a colony can repeat-
edly travel across an aquarium, making the same angle with the
light rays each time; or that when the position of the source of
light is changed, after it has started on a course at a given angle
with the rays, it changes its course until the new one has the same
angle? The only explanation [ have to offer is the following: If
colonies in water only a few millimeters deep, are simultaneously
and equally illuminated from above and from below, they do rot
move in straight lines but in curves, frequently making continuous
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the directive force of the light and the tendency to swim in curves.
This would necessarily result in movement at an angle with the
light rays. The size of this angle would depend upon the relative
efficiency of the directive force of the light and the tendency to
swim in circles. If the organisms are strongly positive, the direc-
tive force of the light is strong compared with the tendency to move
in curves and the angle becomes small. But if they are not
strongly positive, the directive force of the light is relatively weak
and the angle becomes large. The theoretic results thus formu-
lated are in accord with the experimental results described in the
preceding pages.

d. Effect of Contact Stimulation and Rctation on Orientation.

When colonies of Volvox come in contact with the side of the
aquarium nearest the light and the rays are perpendicular to this
side, many of them soon begin to drift to the right along the glass
wall, and in a short time a large majority are found in the right
hand corner of the aquarium nearest the source of light. This
movement to the right takes place in a field of graded light as well
as in light of uniform intensity, and it is apparently as marked
if the intense end of the field is to the left as it 1s if this end is to the
right. Thus the organisms were frequently seen to move along
the wall toward the right, on the one hand, into regions gradually
decreasing in intensity until they passed into darkness and, on the
other, into regions gradually increasing in intensity until they
became negative. The movement to the right along the wall
takes place, with much greater regularity, however, in specimens
containing large daughter-colonies or spores than in young colo-
nies. Indeed it is doubtful whether more of the young colonies
turn to the right than to the left after they reach the wall of the
aquarium. At any rate shortly after the introduction of a group
containing both large and small colonies, practically all the large
colonies, together with some small ones, have gathered in the right
hand corner, some small ones have collected in the left hand corner,
and a few of both kinds usually remain scattered along the entire
side. What is the cause of this movement to the right along the
wall ?

After reaching the wall the colonies ordinarily remain with the
anterior end in contact with it for some little time, but sooner or
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later the posterior end beginsto settle, the longitudinal axis becomes
nearly vertical, and the organism begins to- swim upward along the
wall, deflecting to the right. The angle of deflection varies greatly.
Some colonies travel nearly parallel with the bottom at once;
others swim nearly straight upward. During the time that the
anterior end is in contact with the wall, the colonies usually rotate
counter-clockwise without reversal, and rotation in this direction
frequently continues during the whole process of turning and
moving to the right. It is, therefore, clear that the drifting to the
right along the wall is not due to change in the direction of rotation.

After the axis becomes nearly" vertical the colonies sometimes
remain in close contact with the wall but continue to rotate counter-
clockwise without moving forward, and thus roll along the wall to
the left. Frequently after thus moving along the wall a short dis-
tance, the anterior end turns to the left and the organism begins
to swim forward, but still continues to roll on the wall. This
rolling along the wall, together with the effect of gravity, soon
carries it to the bottom of the aquarium, where it apparently be-
comeslodged in the angle between the bottom and theside. Here
it remains for a time, but sooner or later works its way out, usually
by swimming back from the wall a short distance, after which it
turns and soon comes in contact with the wall again. A colony
may, as Is clear from what has just been said, turn either to the
left or to the right after reaching the wall, but many of those which
turn to the left are prevented from continuing on their course by
the effects of rotation and gravitation, as explained above; and
since those which turn toward the right are not thus prevented
from continuing, the result is, of course, a general driftingof the
colonies in this direction. But as a matter of observation a much
larger proportion of colonies turn to the right than to the left
shortly after they reach the wall, so that general movement to the
right cannot be primarily brought about by the prevention of con-
tinuous movement to the left. Neither can it be due primarily to
the direction of rotation, for many colonies were repeatedly seen
to deflect to the left in swimming across the aquarium toward the
source of light, and then to the right, after coming in contact with
the wall, without changing the direction of rotation. It seems then
that the tendency to turn to the right after reaching the wall must
be due primarily to contact stimuli. ~ As evidence in support of this
view I present the following experiments:
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On August 10, 1905, between 20 and 30 colonies were put into
the aquarium into an intensity of 21 candle meters. When the
rays were parallel with the bottom the group spread very little
and swam across the aquarium nearly parallel with the rays. But
when the glower was lowered so that the rays passed up through
the glass bottom of the aquarium, making an angle of 25 degrees
with it, the group spread out considerably and the majority deflec-
ted quite sharply to the right. The largest colonies were found
along the right side of the column and the smallest along the left,
under both conditions. It is doubtful whether the smaller colo-
nies changed their course after the position of the glower was
changed, but the larger ones certainly did. Later more definite
results were obtained by experimenting with a single colony. The
specimen selected was of medium size and contained quite a num-
ber of rather small daughter-colonies. When the rays were par-
allel with the bottom this colony deflected three degrees to the
right, but when the light was below the level of the bottom and
came up through it so that the rays made an angle of 25 degrees
with it, the organism deflected 19 degrees in the same direction.

In ascertaining these deflections the colony was allowed to cross
the aquarium a few times first with the rays parallel with the
bottom, then with the rays at an angle of 25 degrees with it, then
again with the rays parallel with it, and finally, with the rays at an
angle of 25 degrées. The deflection during the various trips under
each condition, was nearly constant. It 1s therefore certain that
the increase in deflection was not due to a possible change in the
physiological condition of the organism. Neither was it due to
difference in light intensity, for the strength of illumination was
nearly the same under the two conditions of the experiment, and
deflection is not much affected unless there is very marked change
in the intensity of the light (see p. 122).

In moving toward the light in rays parallel with the bottom, the
axis of this colony was at an angle of about 12 degrees with the
bottom. The organism moved near the bottom of the aquarium
so that the posterior end appeared to be slightly in contact with it.
Butwhen the light came from beneath at anangle of 25 degrees the
axis of the colony was nearly horizontal and the organism moved
so near the bottom that the cilia must have come in close con-
tact with it.  As the specimen thus swam across the aquarium the
axis could be clearly seen to swing at short intervals, from a posi-
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tion nearly parallel with the general direction of motion to a posi-
tion nearly perpendicular to it. This swinging of the axis, it is
thought, was due to contact with the bottom and counter-clock-
wise rotation, owing to which the posterior end seemed to roll to
the left more rapidly than the anterior. This appeared to turn
the anterior end of the axis sharply to the right, and since the colo-
nies tend to move parallel with their axis, it would cause deflection
to the right.  Some such reaction must be at the basis of the deflec-
tion to the right when the organism is in contact with the vertical
wall nearest the light. It may also explain why the larger colonies
are found to deflect more to the right than the smaller, since the
specific gravity of the two is different.

I have discussed the cause of the movement of Volvox to the
right along a vertical wall at some length because of its importance
in thestudy of the reactions of the colonies in aggregating in regions
of optimum intensity in graded light, which will be taken up later.

7. ORIENTATION TO LIGHT FROM TWO SOURCES.

In the preceding pages we have conclusively demonstrated that
while Volvox moves in general toward a given source of light, it
seldom travels parallel with the rays, excepting when they are ver-
tical, and it swims upward. But while the colonies do not usually
swim parallel with the rays they still orient in a definite way. That
s, if a colony 1s sw1mm1ng at a given angle with the rays and the
source of light is moved, it so changes the direction of motion that
its course again makes the same angle with the rays that it did
before the position of the source of light was changed. What 1s
the cause of orientation ?

OLTMANNS, as has been stated (p. 100), came to the conclusion
that difference in light intensity is the principal cause of orientation
of Volvox, but he presented no direct evidence in favor of this
view, and his indirect evidence is based upon experiments which
have since been proved to be defective. HoLMEs was not able
to explain orientation by assuming difference in light intensity on
opposite sides of the organism to be the cause, and he is inclined
to believe that 1t is due to the direction of the rays. He writes
(03, p- 324): “It seems not altogether improbable that light
in passing through a nearly transparent organism like Folvox
exercises a directive effect upon its movements, in a similar way,
whatever it may be, to that produced by the current of electricity.
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The direction of the ray may be the important factor in orientation
irrespective of difference of intensity of light upon different parts
of the organism, as has been maintained by SacHs for the photo-
tropic movements of plants. I am not ready to adopt the theory
of SacHs, but I feel that it is a view that is not entirely out of court.”

The following experiments on the movement of Volvox when
exposed to light from two different sources, and on the orientation
of Volvox in light graded in intensity seem to me to settle this ques-
tion conclusively.

On August 18, 1904, a single 222 volt Nernst glower was fixed
in a vertical position 70 cm. from the middle of the plate glass’
aquarium, so that the lower end of the glower was level with the
bottom of the aquarium and the rays perpendicular to the side at
a point 4 cm. fromone end. A single 110 volt glower was arranged
like the 222 volt glower, but in such a position that the light rays
were perpendicular to the end of the aquarium at the middle and,
therefore, perpendicular to the rays from the 222 volt glower at a
point 4 cm. from the end, and half way between the two sides, as
represented in Fig. 7. The 222 volt glower was stationary, but
the 110 volt glower could be moved to any desired distance from
the aquarium. These glowers were both carefully screened so
that the only light which escaped passed through a rectangular
slit a trifle larger than the glower. 'The side and end of the aqua-
rium facing the glowers was also screened, with the exception of
an opening one centimeter wide and six centimeters long, at the
bottom of the aquarium, as indicated in Fig. 7. The aquarium
contained thoroughly filtered water 1.5cm. deep.  Thus, practically
all reflection from the sides of the aquarium and the surface of the
water was eliminated.

The direction of movement of Volvox was ascertained, first with
the 222 volt glower exposed alone, then with both glowers exposed,
the 222 volt glower 66 cm. from the side, and the 110 volt
glower 24, 49, 99, and 199 cm. from the end of the aquarium.
In order to ascertain the direction of motion under the various
light conditions, a considerable number of colonies were carefully
dropped into the corner of the light area farthest from the glowers.
Among the specimens used in this experiment there were about
as many that deflected to the right as to the left, so that when one
glower only was exposed the center of the group of colonies moved
across the aquarium practically parallel with the light rays. Sev-
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eral trials were made under each light condition and each path,
as recorded in the table below and in Fig. 7, is the average of sev-
eral such trials. There was, however, surprisingly little variation
in the direction of motion of different groups when subjected to the
same light condition. The light intensity was measured with care.
Both glowers were on the same circuit so that variation in voltage
could not have affected markedly the relative intensity of the light
from the two sources. There can thus be no question about the
approximate accuracy of the experiments, the results of which will
be readily understood by referring to Table I, in connection with

Fig. 7.

TABLE I.
L II. IIL.
82.4 candle meters. .o candle meters. o degrees.
82.4 candle meters. 6.0 candle meters. g degrees.
82.4 candle meters. 23.5 candle meters. 25 degrees.
82.4 candle meters. 89.0 candle meters. 47 degrees.
82.4 candle meters. 318.8 candle meters. 59 degrees.

Table I represents the effect of light from two sources on the
direction of movement of Volvox. Column 1 gives the light inten-
sities at the middle of the light area in the aquarium, which were
produced by the 222 volt glower under the five different condi-
tions. Column 11 gives light intensities produced by the 110
volt glower, and column 111 the angles between the rays produced
by the 222 volt glower and the course taken by the organisms under
the different light conditions.

In these five experiments the direction of the rays from the two
sources of light was practically constant, but the direction of
movement of the Volvox colonies varied 50 degrees. This varia-
tion was certainly not primarily due to any influence of the ray
direction; for when the relative intensity of light affecting different
sides of the organism was changed the orientation changed, though
the direction of the rays remained the same. It can, therefore,
be considered fully demonstrated that difference in light intensity
on different sides of the colonies may determine orientation inde-
pendently of the direction of the rays. Additional proof of this con-
clusion will be glven later, in experiments of a different character.

This conclusion is not in harmony with the dictum of LOEB,
repeatedly expressed in a recent work (1905), in which he writes,
“It is explicitly stated in this and the following papers that if there
are several sources of light of unequal i 1nten51ty, the light with the
strongest intensity determines the orientation and direction of
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motion of the animal. Other possible complications are covered
by the unequivocal statement, made and emphasized in this
and the following papers on the same subject, that the main
feature in all phenomena of heliotropism is the fact that symmetri-
cal points of the photosensitive surface of the animal must be
struck by the rays of light at the same angle. It is in full harmony
with this fact that if two sources of light of equal intensity and
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Fic. 7. Representation of the direction of movement of Volvox when subjected to light from two
sources. 4, plate glass aquarium 8 cm. long and 8 cm. wide; b, 222 volt Nernst glower, 66 c¢m. from
aquarium (distance from aquarium constant); ¢, 110 volt glower, (distance from aquarium variable);
d, screen; e, point of introduction of Volvox; f, direction of light rays; 1, 2, 3, and 4, courses of Volvox
exposed to light from both glowers: 1, with 110 volt glower 199 cm. from aquarium; 2, with 11o volt
glower 99 cm. from aquarium; 3, with 110 volt glower 49 cm. from aquarium; 4, with 110 volt glower
24 cm. from aquarium; xy, course of Volvox when exposed to light from glower b only; y—z, course
when exposed to light from glower ¢ only.

distance act simultaneously upon a heliotropic animal, the animal
puts its median plane at right angles to the line connecting the
two sources of light. This fact was not only known to me but
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had been demonstrated by me on the larva of flies as early as
1887, in Wiirzburg, and often enough since. These facts seem
to have escaped several of my critics” [p. 2]. “When the diffuse
daylight which struck the larvae [Musca larve] came from two
windows, the planes of which were at an angle of go° with each
other, the paths taken by the larva lay diagonally between the
two planes. This experiment was recently published by an
American physiologist as a new discovery to prove that I had
overlooked the importance of tne intensity of light!” (p. 61-62).
“The direction of the median plane or the direction of the pro-
gressive movements of an animal coincides with the direction of
the rays of light, if there is only a single source of light. If
there are two sources of light of different intensities, the animal is
oriented by the stronger of the two lights. If their intensities be
equal, the animal is oriented in such a way as to have symmetrical
points of its body struck by the rays at the same angle” (p. 82).
“Attention need scarcely be called to the fact that if rays of light
strike the animal [larvae of Limulus polyphemus] simultaneously
from various directions, and the animal is able to move freely in all
directions, the more intense rays will determine the direction of
the progressive movements’ (p. 268).

It is evident without further discussion that the reactions of
Volvox do not fit the statements by LoEB, given in the above quo-
tations. Upon what experimental evidence does he base these
statements ? Those with reference to orientation when the ani-
mals are subjected to light from two or more sources are based
largely, if not entirely, upon the following observations: (I)
“When the diffuse daylight which struck the larve (Musca larvae)
came from two windows, the planes of which were at an angle of
9o® with each other, the path taken by the larvae lay diagonally
between the two planes.” (2) “Hawk moths were brought into
a room with the single window at one end, and a petroleum lamp
at the opposite end. It was found that, as twilight came on, the
moth flew to the window, or to the light, according to the relative
intensity of the one or the other at the point where the moth was
liberated.”

In the first place I am unable to understand how the direction
of rays can be ascertained in diffuse daylight coming through a
window; and in the second place, it is certainly not difhicult to
see that an object placed between two windows, or between a
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window and a petroleum lamp, in an ordinary room, is illuminated
by light rays striking it from every conceivable direction, for llght
under such conditions is reflected from practically all surfaces in
the room as well as from those outside. Under the conditions of
the experiments cited above, then, the larve and moths were not
exposed to light from two sources but to light from an infinite
number of sources, and the direction of the rays was not known.
How then, can it be concluded from the results of these and simi-
lar experlments (1) “That if there are several sources of lLight
of unequal intensity, the light with the strongest intensity deter-
mines the orientation and direction of movement of the animals;”
(2) “that symmetrical points of the photosensitive surface of the
animal must be struck by the rays of light at the same angle,
and (3) “that if two sources of light at the same intensity and
distance act simultaneously upon a heliotropic animal, the animal
puts its median plane at right angles to the line connecting the
two sources of light ?”’

Let it be clearly understood that in the criticism of LoEB’s con-
clustons, I do not wish to intimate, that because the reactions of
Volvox or any other organism do not take place in accord with
those conclusions, they necessarily cannot hold for the organisms
Loes worked with. I do, however, wish to state and emphasize
that in my opinion his experimental results as quoted above, do
not warrant his conclusions, even for the animals worked on, much
less for all organisms which orient in light.

The experiments upon which Loes bases his theory of orienta-
tion to a single source of light will be discused later (see p. 142).

8. ORIENTATION IN LIGHT GRADED IN INTENSITY.

The reaction of Volvox to light from two sources varying in
relative intensity seems to me to prove conclusively that orienta-
tion is determined by the relative intensity of the light on opposite
sides of the organism, while there is no evidence that the direction
of the rays has anything to do with orientation in this organism
except in so far as it may affect the relative light intensity on
opposite sides. If, however, difference in light intensity on oppo-
site sides of a colony can be produced with the rays of light approx-
imately parallel, and such intensity difference affects the direc-
tion of motion, the verdict must be considered final.
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By means of the light grader referred to several times in the
preceding pages, I was able to subject colonies to rays which were
nearly parallel but decreased in intensity from one end of the field
to the other, so that when the longitudinal axes of the colonies
were parallel with the rays, one side was more strongly illuminated
than the other; and I found that this intensity difference did affect
the direction of motion, as will be shown in the following detailed
account of the experiment.

The light grader was so arranged that the Nernst glower was
vertical and the rays and the long axis of the lens horizontal. The
plate glass aquarium was so placed that the rays were parallel
with the bottom. Now by fastening over the lens a screen, which
contained an opening in the form of two truncated triangles with
their apices in contact, a field of light was produced which was of
high intensity at either end and gradually became lower toward
the middle. Two methods were used in ascertaining the direction
of movement in such a field of light.

In the first method a large number of colonies were taken up in
a pipette and half of them introduced into the aquarium near the
side farthest from the glower at a fixed point some distance from
one end of the field, and the other half 1n a similar place near the
opposite end. Thus the organisms in one group as they swam
across the field were more intensely illuminated on the right side,
while those in the other group were more intensely illuminated
on the left side.

In the second method a single colony was selected and allowed
to cross the aquarium toward the source of light several times,
first near the right end of the field so that the lower light intensity
was to the left and then near the left end of the field so that the
lower light intensity was to the right. This alternating process
was continued until the path in the two different positions was
definitely established. The angles of deflection were read and
recorded as described on p, 117. Those obtained by the first
method may be found in Table II and those by the second method
in Table III. The negative numbers indicate deflection to the
left of the ray direction and the positive to the right.

Table IV represents the effect of difference in light intensity
on deflection in graded light. The course taken by the colonies
was obtained by studying the reactions of single colonies, just as
in the experiments of Table III. This table shows that an increase
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TABLE II:
Light Intensity 333% candle meters.

Angle of deflection with strongest Angle of deflection with Difference in angle of

illumination to the left. strongest illumination to deflection
the right.
6° 11° 5°
7 11 4
8 13 5
8.5 15 6.5
I 13 2
14 16.5 2.5
15 15 o
19 25 6
19 23 4
21 27 6
7.5 10 2.5
7.5 10 2.5
9 9 o
9 10 1
—17.5 —15 2.5
—13 —12 1
10 12 2
10 15.§ 5.5
11 15.5 45
13.5 13.5 5
13.5 20 6.5
16.5 20 3.5
Average difference 3.6 degrees.
TABLE III.
Light Intensity 333z candle meters.
Angle of deflection with strongest ~ Angle of deflection with Difference in angle of
illumination to the left. strongest illumination to deflection
the right.
7° 5° 20
7 9-5 2.5
o 2 2
—1 4 5
- 55 — 1.5 4
3 6.5 35
13.5 16.5 3
Average difference 3.1 degrees.
TABLE 1V.

Angle of deflection in 142 candle  Angle of deflection in 380 Difference in angle of
meters of light. Strongest illu- candle meters of light. deflection
mination to the left. Strongest illumination to

the left.
6.5° 4° 2.5°
8 9 —1
10 10 o
10 6 4
14.5 1.5 3
—20.5 —18 2.5

Average difference 13 degrees.



Mast, Light Reactions in Lower Organisms. 139

in light intensity from 142 candle meters to 380 candle meters
causes an average decrease in deflection of 1§ degrees.

By referring to the above tables and text iigures 1t will be noted:
(1) that Volvox, in swimming horizontally toward a source of
light, seldom moves parallel with the rays. There is striking
individual variation in the angle of deflection, the variation in
these experiments being from 16 degrees to the left to 24 degrees
to the right; (2) that in a field of light graded in intensity there is
a tendency to deflect toward the brighter end of the field, an

13.79

F1c. 8. Graphic representation of the total average difference in deflection due to difference in light
intensity on opposite sides of the colonies, as indicated in ‘Tables II and III. 4, plate glass aquarium
8 cm. wide and 15 cm. long; b, light rays; ¢, ¢’ points where the colonies were introduced; d, average
course with the region of highest light intensity to left; ¢, average course with strongest illumination
to the right. Light intensity at (f) the middle of field §7.12 candle meters. From the middle the
intensity gradually increased toward either end where it was 442.68 candle meters. Intensity atc, 327
candle meters, at ¢/, 263 candle meters.

average of over 1} degrees under the conditions of these experi-
ments; (3) that the degree of deflection in a field of light graded in
intensity depends upon the strength of illumination, it being
greater in a low light intensity than in a high one. A decrease in
intensity from 380 candle meters to 142 candle meters without
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change in the grade of intensity caused an average increase in
deflection of 1 degrees.

Cause of Deflection Toward the More Strongly Illuminated Side
tn Graded Light.—If a colony of Volvox deflects to the right in
light of uniform intensity it will deflect more in a field of light
graded in intensity, provided the more highly illuminated end
of the field 1s to the right, but not as much if this end is to the
left. This fact is clearly expressed in Fig. 8. Under the condi-
tions of the experiments described above, this difference in deflec-
tion must have been primarily due to one of three factors: (1)
difference in total light intensity under the two conditions;
namely, with the more highly illuminated end of the field to the
right and with this end to the left; (2) refraction or reflection as
the light passes through the aquarium; (3) difference in light
intensity on opposite sides of the colony. A discussion of these
three factors follows.

1. We have demonstrated (see Table IV) that an increase in
light intensity, without change of grade, causes a decrease in
deflection. Now, as represented in Fig. 8, the colonies, as they
deflect in crossing the aquarium with the brighter end of the field
to the right, gradually pass into regions of higher light intensity,
but when the brighter end of the field is to the left, they gradually
pass into regions of lower intensity. This consequently tends to
cause a decrease in deflection under the former conditions and an
increase under the latter, but the angle of deflection is greater
under the former condition than under the latter. The difference
in deflection under the two conditions, therefore, cannot be due to
the higher light intensity to which the organisms are exposed when
the more strongly illuminated end of the field is to the right than
when it 1s to the left.

2. As the light passes through the glass wall of the aquarium
and the water 1n it, some is reflected and some refracted thus
producing lateral rays. This reflection and refraction cannot be
entirely eliminated even with the utmost precaution. May not
these lateral rays have been of sufficient intensity to cause deflec-
tion toward the brighter end of the field as was found to be true
in case of OLTMANNS’ apparatus

2 Ort™manns (*92) produced a field of light graded in intensity by placing a hollow prism filled with
a mixture of gelatine and India ink between the source of light and the aquarium. He assumed that
the rays in the aquarium were all perpendicular to the wall facing the source of illumination. This,
however, is not true, for the particles of ink in the prism disperse the light before it gets into the aquarium.
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The field of light in which the colonies were exposed in the above
experiments was high in intensity at either end and low in the
middle. In such a field of light it is clear that an organism
swimming toward the light in the middle is stimulated alike on
both sides, since the lateral rays necessarily come in equal numbers
from both ends of the field. Consequently the direction of motion
cannot be influenced by these rays. But if the organism in travel-
ing toward the light swims nearer one end of the field than the
others, the lateral rays might influence the direction of motion.
If, however, the lateral rays do affect the direction of motion under
such conditions, we should certainly expect to be able to detect it
when all lateral rays on one side of a colony swimming toward
the source of light are eliminated by shading the entire portion of
the field either to the right or to the left of the colony. I repeated
the above experiments many times with a portion of the field thus
shaded, but was unable to detect any effect on the angle of deflec-
tion. It must therefore be concluded that the difference in deflec-
tion, represented in columns 1 and 110f Tables I and I1I, was not
caused by lateral rays.

THE DIRECTION OF MOTION IN VOLVOX EXPOSED TO LIGHT IS
CONSEQUENTLY REGULATED BY THE RELATIVE INTENSITY OF THE
LIGHT ON OPPOSITE SIDES OF THE COLONIES REGARDLESS OF THE
DIRECTION OF THE RAYS.

Cause of the Effect of Change in Intensity Upon'the Degree of
Deﬂectton n Graa’eszght —The difference in 1nten51ty of illumina-
tion on opposite sides of the colonies exposed in the light grader
under the conditions of the experiments just discussed, can readily
be calculated. The light intensity was 442.6 candle meters at
either end of the field, from which it gradually decreased toward
the middle, where it was 57 candle meters. The distance from
the middle to either end was 60 millimeters. Wehavetherefore a
change of 385+ candle meters in 60 millimeters or 6.4 candle
meters per millimeter. The largest colonies are nearly a milli-
meter in diameter and the average light intensity to which they
were exposed was about 333 candle meters. In the largest speci-
mens, then, one side was exposed to an intensity of about 330 and
the other to an intensity of about 336 candle meters.

If WEBER’s law holds true, as we have good reason to believe,
(see p. 171), we should expect this difference in intensity on oppo-
site sides to be more effective in weak light than in strong and we
should consequently expect a greater deflection in regions in the
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field where the light intensity is low than in those where it is high.
As is clear from Table IV this was found to be true. But since we
have demonstrated (p. 121) that deflection in hght of uniform
mten51ty can be increased either by decreasing or 1ncreasmg the
intensity, it may be maintained that the difference in deflection
recorded in Table IV is due to the difference in light intensity in
the field regardless of difference in intensity on opposite sides of
the organisms. It must be remembered, however, that deflection
in a field uniformly 1llum1nated, is increased only if the 1ntens1ty
is decreased to a point near the threshold or increased to a pomt
near the optimum. In the experiments just referred to, the mnten-

sity, in all probability, was far
F: T below the optimum and above

the threshold, so that it is not

likely that mere reduction in

—|i ! K illumination affected the deflec-

K == | tion to any considerable extent.
= || The difference between the de-
== gree of deflection in 142 candle
A meters and 380 candle meters

of light, graded in ntensity,
must, therefore, have been due
to the greater effect of the differ-
ences in light 1 1nten51ty on oppo-
site sides of the organism when
exposed to weak light than
when exposed to strong. The
experlmental results recorded in Table IV therefore support our
previous conclusion, that the direction of motion in Volvox is
regulated by the relative intensity of light on opposite sides of the
colonies.

Loes, however, as 1s well known, asserts that orientation Is
caused by the direction of the rays regardless of the difference in
light intensity. He bases his assertion largely on the results in the
three following experiments on Porthesialarvae (LoeB 05, p. 25-28).

“Experiment 3.—The test tube is placed perpendicular to the
plane F of the window, and at the beginningof the experiment the
animals are collected at the window side Bof the test tube.” Now
if the half near the window is covered, the animals soon collect at
A. “Assoon asthey emerge from the box K into A they turn about,

o

Fic. 9. After Loes, 1405, p. 25, Fig. 1.
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direct their heads toward the window, move to the edge of the
pasteboard and remain at the boundary between the covered and
uncovered portions of the tube at 4, and especially at the top of

Fic. 10. After Loke, 1905, p. 27, Fig. 2.

the test tube. The remarkable thing
1s that they are not distributed evenly
over the whole brightly illuminated
part of the test tube. The explana-
tion is as follows: As soon as the
animals near the window at B are
covered by the pasteboard, the weak
rays of light reflected from the walls
of the room fall upon them. The
animals follow the paths of these rays
and arrive at the uncovered portion of
the tube” [Italics ours].

Experiment 4.—The larvae were
found to move to C, toward the win-
dow F—F. In the test tube B,

shaded as represented in the figure, the light intensity is lower

than in the test tube 4, not

Experiment 5.—The anim
to B into the diffuse day-
light. They pass from the
direct sunlight into diffuse
daylight without even attemp-
ting to return into the sun-
light.

In these, as mother experi-
ments of LoEB referred to
on p. 135, the animals were
exposed to light, the ray direc-
tion of which must have been
exceedingly complicated;
since the light was diffused
before it reached the tube
in which the animals were.

shaded, but the larvae go to C.
als move from direct sunlight at 4

S

AN/

B

F

After Loes, 1603, p. 28, Fig. 3.

S

Fic. 11,

Moreover, the walls of the tube caused still further diffusion by

refraction and reflection.

How, then, could it be ascertained in

any of these experiments whether the animals moved mn the
direction of the rays or not?
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In Experiments 4 and 35, the animals moved from a region of
higher light intensity to one of lower. Now from this the author
concluded that difference in intensity does not cause orientation,
for if 1t did, the animals, being positive, would remain in the region
most highly illuminated.

In discussing the effect of difference in light intensity it is
necessary to define the sense in which this is meant. There is a
vast difference between the difference in light intensity in a
given field and the difference in intensity on different areas of
the surface of a particle in the field. For example, hold an
opaque piece of paper in direct sunlight so that the rays strike
it at right angles and you will find almost an infinite difference in
the light intensity on the two sides, but remove the paper and you
will ind that the intensity difference in the field is actually infini-
tesimal. It is evident then that an organism can move from
regions of higher to regions of lower light intensity in a field pro-
duced by apparatus arranged as represented in Figs. 10 and 11, and
still have the anterior end constantly more highly illuminated than
the posterior. Lok evidently did not recognize this inthe experi-
ments cited above, for he accepts the theory of Sachs, who
(87, p- 695) defines his position very clearly, as follows: “I
came to the conclusion that in heliotropic curvatures, the i impor-
tant point isnot at all that the one side of the part of the plant is
illuminated more strongly than the other, but that it is rather the
direction in which the rays pass through the substance of the plant.”

In movihg toward the window in the test tubes arranged as
represented in Figs. 10 and 11, the anterior end of the animal
was very likely more highly illuminated than the posterior. On
the assumption that difference in intensity on the surface of the
organism causes orientation, the larve would consequently be
expected to move toward the window. I can, therefore, see
nothing in these experiments which in any way indicates that
difference in light intensity on the surface of the body, regardless
of the direction of the light rays, is not the cause of orientation.

Q. ORIENTATION OF SEGMENTS.

In working on Volvox it was noticed that colonies with various
portions missing still appeared to respond to stimulation by light.
Such colonies were most frequently found after heavy rain storms
or other rather violent disturbances. On July 28, 1905, a colony
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was found, in which the anterior end and a narrow portion of the
side extending nearly to the posterior end, were missing. This
segment oriented quite definitely. In swimming horizontally
toward a source of light it moved approximately parallel with the
rays, deflecting but little. 'When exposed to light from two sources
of equal intensity, it took a course about midway between them.
If the light from one of the sources was cut off after the segment
had thus oriented, it continued on its original course for a few
millimeters, then changed the direction of motion until it was
orientedonce more. Its light reactions in general were like those of
intact colonies, but the path of this segment instead of being
straight as is true in case of entire colonies, was in the form of
a spiral. This was evidently the result of the mechanical effect
of the gap in the side 2nd rotation on the longitudinal axis.

The reactions of many other segments of colonies were studied
later. Most of these segments were made by cutting the colonies in
pieces. In performing these operations a considerable number
were put under a cover glass which was then carefully pressed
down until the colonies split open. Under these conditions they
usually split at the posterior end, but sometimes at the side. By
inserting a needle ground to a knife-edge, the wall could be cut in
any direction desired without much difhiculty.

It was found that segments of practlcally all forms and sizes
responded to stimulation by light, but owing to their form and the
effect of grav1tat10n, many could move only in small circles, and
were unable to orient.

It can be stated deﬁnitely, however, that among segments of
various forms and sizes, such as are produced by cutting the colo-
nies in half, either parallel or perpendicular to the longltudmal
axis, respond in general like whole colonies, with the exception that
most of the segments take a spiral course, the width of which
depends upon the form of the segment. It is thus clear that a
colony of Volvox can orient when the anterior or the posterior end
or one side is missing. A theory of orientation must be broad
enough to explain not only the reactions of entire colonies but also
those of any segments.

I0. MECHANICS OF ORIENTATION.

JEnNINGS ('o4, p. 32-62) found that Stentor cceruleus and
Euglena viridis orient by means of motor reactions when exposed
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to light. If stimulated they turn toward a structurally defined
side regardless of the direction of the rays or difference in light
intensity on opposite sides of the organisms. If they fail to
become oriented by asingle motor reaction they repeat the reaction,
turning successively in different directions, until they turn in the
right direction; this direction they hold, and thus become oriented.
The process of orienting in these organisms is, therefore, strictly
on the trial and error basis.

In Volvox, taking a colony as a whole, there is no evidence of
motor reactions, nor is there any hit or miss method about its
orientation. It makes no mistakes in the process. If exposed to
light it turns toward the source of light without error. What
sort of mechanism has this organism, by means of which it can
thus regulate the direction of its motion ?

Fic. 12, After HoLmEs, 1903, p, 325.

A colony of Volvox may be conceived to turn in its course by
decreasing or increasing the backward stroke of the flagella on one
side or the other, or by using the flagella on either or both ends as
rudders, or even by dlrectmg the stroke of these ﬂagella in such a
way as to turn the organism. But since the organisms orient
when either the posterior or the anterior end is missing, and prob-
ably also when both ends are missing, it is clear that the flagella
on the ends do not function primarily in changing the direction of
motion. Such changes must, therefore, bethe results of inequality
of the strokes of the flagella on opposite sides. What then is it
that causes the strokes on opposite sides to become unequal ?

HoLmes (03, p. 325) after concluding that it cannot be caused
by difference in light intensity on opposite sides, suggests the
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following explanation. “The orientation of the colony may be
accounted for, if we suppose that the eye-spots are most sensitive
to light striking them at a certain angle such as is indicated in the
diagram by the lines a—b and e—j7. If rays of light enter the
colony in the direction of the lines a—b and ¢—d somewhat
obliquely to the long axis, 4—P, the flagella of the cells repre-
sented on the upper side of the diagramwould beat more vigorously
and accelerate the motion of that side of the organism. The
opposite cell being struck by rays in the direction ¢—d would be
less stimulated, and, as the flagella would beat less strongly than
those on the other side of the colony, the organism would swing
about until its long axis is brought parallel with therayswhen, being
equally stimulated on both sides, it would move in a straight
course towards the light. We do not have to suppose that each
cell makes a special effort to orient itself at a particular angle to
the rays, but that it is so organized that the effective beat of the
flagella 1s most accelerated by light striking the cell at a certain
angle. If the cells were most stimulated by light falling upon
them at such an angle as would result if the rays diverged from a
spot in front of the colony and in line with its long axis the con-
ditions for orientation would be fulfilled. Since the eye-spots in
all the cells face the anterior end of the colony this supposition
appears very probable. The foregoing explanation of the orienta-
tion of Volvox may or may not be the true one, but it enables us to
see a significance In the peculiar arrangement of the eye-spots in
this form and is consistent with the results of the experiments we
have described.” Is it also consistent with the results of the
experiments described in the preceding pages !

In the first place the eye-spots, upon the arrangement of which
HowiMmEs places considerable importance in his theory, are not so
situated that they all face the anterior end; quite the contrary,
they face the posterior end of the colony, as pointed out on p. 107;
and in the accompanying diagram by HoLMESs they should be on the
side of the zooids nearest the end P, instead of on that nearest the
end 4. They do, however, probably function as light recipient
organs, as already stated (p. 108). Let us then assume that the
zooids are influenced by the direction of the rays as HoLMESs sug-
gests, even if the eye-spots do face the posterior end of the colony,
and see if the theory fits our experimental results.

1. It was clearly demonstrated (p. 139) that if specimens of
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Volvox be exposed to parallel rays of light so that there is a differ-
ence in intensity on opposite sides of the organisms when the
longitudinal axis is parallel with the rays, they do not move
directly toward the source of light but deflect toward the side
most highly illuminated. In accordance with HoLMES’ theory we
should expect them to move parallel with the rays under these
conditions.

2. HowLMEs states that the condition for orientation, according
to his theory, would be fulfilled ““if the rays diverge from a spot in
front of the colony in line with its long axis.” If this be true, we
should certainly expect the conditions for orientation also to be
fulfilled, 1if the rays converge from two luminous points in front of
the organism and if “the eye-spots are most sensitive to light
striking them at a certain angle” we should expect the organisms
to move toward a point nearly, if not exactly, midway between
the two sources of light regardless of their relative intensity. But
it has been demonstrated (p.133)thatif Volvox colonies be exposed
to light from two sources of unequal intensity, they orient and
swim toward a point nearer the more intense source. It 1s, there-
fore, evident that the explanation of orientation in Volvox, sug-
gested by HoLMEs, is not consistent with the experimental results
which I have presented.

I have demonstrated beyond a reasonable doubt that the dif-
ference in intensity on opposite sides of Volvox modifies its direc-
tion of motion regardless of the direction of the light rays, and
since the direction of motion is changed by difference in the
effective stroke of the flagella on opposite sides, it must be differ-
ence in intensity which influences the stroke of the flagella. But
HoimMEs, as stated above, concluded that the reaction of Volvox
cannot be explained upon the assumption that difference in inten-
sity on opposite sides of the body causes the flagella to beat with
unequal vigor. Upon what does he base this conclusion and
wherein lies the fallacy of his argument ?

I can present hlS line of thought best by quoting verbatim
(03, p. 321—322): “Let us consider a Polvox in a region of sub-
optimal stimulation and lying obliquely to the rays of light. If it
orients itself to the light the backward stroke of the flagella, 1. e.
the stroke that is effective in propelling the body forward must be
more effective on the shaded side than on the brighter side. This
may conceivably occur in the following ways, which, however,
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amount practically to the same thing: the diminished intensity
of light on the shaded side of the body may act as a stimulus to
the backward phase of the stroke, or decrease the efficiency of the
forward phase of the stroke of the flagella; or the light on the
brighter side of the body may inhibit the backward phase or
increase the forward phase of the stroke of the flagella; In any
case, if the organism is passing into regions of ever-increasing
intensity of light, we should expect its rate of speed would be
lowered. If theorientation is affected by a shading of the side away
from the light it would follow that in a region in which the shading
were less the speed of the travelling body would be diminished.
If the parts of the body which are most shaded are the parts where
the effective beat of the flagella is the strongest, then, as the organ-
ism passes to a point where the illumination on both sides of its
body is increased, its rate of transit would be diminished. If we
suppose that the forward stroke is most stimulated, or the back-
ward stroke most inhibited on the brightest side of the body we
should expect that with more illumination the more inhibition
there would be, or the more the backward phase of the stroke
would be increased, and the rate of locomotion would likewise be
reduced. If we imagine a machine in the form of a Volvox colony
and provided on all sides with small movable paddles so adjusted
that when they come into regions of diminished light as the
machine rolled through the water their effective beat would be
increased, it is clear that such a machine might orient itself to the
direction of the rays and travel towards the source of illumination,
but its rate of locomotion would be diminished the brighter the
light into which it passed. We may conceive the light to increase
or decrease the backward or forward stroke of the paddles in any
way we please and we cannot explain how such a machine can
orient itself and go towards the light and at the same time move
through the water more rapidly as it comes into regions of greater
illumination.”

It is evident that the crux of this whole argument is the relation
between rate of movement and llght intensity. This relation was
worked out in detail by HoLMEs ("03, p. 323) with the following
results: “It was found that, as the Polvox travelled towards
the llght, their movement was at first slow, their orientation not
precise, and their course crooked. Gradually their path became
straighter, the orientation to the light rays more exact and their



150  fournal of Comparative Neurology and Psychology.

speed more rapid. After travelling over a few spaces (centi-
meters), however, their speed became remarkably uniform until
the end of the trough was reached.” Unfortunately, HoLMESs does
not give the length of the trough, but he says the distance over
which there is a marked increase of speed 1s considerably less than
the space over which the speed is nearly uniform.

HorMes concludes from these results that the increase in rate of
speed is due to increase in light intensity and consequently that
orientation cannot be due to difference in intensity on opposite
sides of the organism, because if it were, the backward stroke of
the flagella would have to be more effective on the side in the
higher light intensity than on the side in the lower, and this would
cause the organism to turn from the source of light instead of
toward it. Are these conclusions correct !

If the increase in rate of speed is due primarily to increase in
light intensity, one would certainly not expect the rate to become
untform after the colonies have traveled a few centimeters in the
trough, nor would one expect it to increase if the colonies are
exposed to light of a given intensity for some time. But HoLmEs
states that the rate does become uniform, and I frequently observed
that 1f relatively quiet colonies in an aquarium containing water
a few millimeters deep, are illuminated from above, they gradually
become more active. Since, under these conditions, they cannot
move toward the source of light, it is evident that this increase in
activity 1s not due to increase in light intensity. It is very probable
then, that the increase in rate of movement is more dependent
upon the time of exposure to light than upon the increase in inten-
sity. Moreover, HoLMES states that orientation is more exact
after the colonies have traveled some little distance, 7. ., after the
rate has become nearly uniform. It must, therefore, be least
exact when the increase in rate of speed is greatest. If this be
true, it follows that the factors which regulate rate of speed are
quite different from those which regulate orientation. We have
demonstrated that difference in light intensity on opposite sides
of the colonies modifies the direction of movement. And since
the factors which regulate the direction of motion and those which
regulate the activity of the colonies are different, we may conclude,
from this point of view, as well as from whdt has gone before, that
the increase in the rate of speed is not primarily due to increase
in light intensity. Such being the case, the argument of HoLMEs
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cited above cannot be valid, for it is based upon the supposition
that increase in speed in Volvox is due to increase in light intensity.
We shall refer to this question again (p. 153).

If a colony which is not oriented turns toward the source of
light, it is clear that the stroke of the flagella on the shaded side
must be more effective in driving the organism forward than that
on the illuminated side. This may be conceived to be caused
directly by the difference in light intensity on opposite sides, or
indirectly in that a Volvox colony may possibly act as a lens and
thus cause the light on the side opposite that most highly illumi-
nated to become most intense; or, since the zooids are intimately
connected by protoplasmic stlands, it is not impossible that
impulses produced by excessive photic stimulation may be trans-
mitted to the opposite side and result in action there. At any
rate, it is undoubtedly true that these strands serve to transmit
impulses from zooid to zooid, and thus bring about codrdinate
action.

It was found, as previously stated, that segments, ¢. g., halves
produced by cutting specimens parallel to the longitudinal axis,
orient essentially like normal colonies. Such segments, however,
cannot act as lenses, nor can impulses originating on one side be
transmitted to the opposite side. The last two of the possible
explanations suggested, therefore, must be abandoned, and it must
be concluded that the unequal effect of the stroke of the flagella
is due directly to difference in light intensity on opposite sides of
the organism. But this unequal effect of the stroke on opposite
sides may be caused, as HoLMES pointed out, by an increase in
the backward phase of the stroke on the shaded side, or a decrease
in the same phase on the illuminated side or a decrease in the
forward phase on the shaded side, or an increase in this phase on
the illuminated side. Can it be ascertained which of these is the
cause of the difference between the effect of the stroke of the fla-
gella on the shaded sides and that of those on the illuminated side
of the colonies ?

If the light intensity of the field is suddenly decreased while
colonies of Volvox are swimming horizontally toward it, they stop
forward motion, the longitudinal axis takes a vertical position due
to the effect of gravity, and then the colonies swim slowly upward.
It is not at all difficult to find specimens in which this upward
swimming is just sufficient to overcome the effect of gravity, and
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under such conditions they appear to be hanging in the water
motionless. They are, hOWever, rotating on their longltudmal
axis. If now the light 1 1ntens1ty, to which these apparently motion-
less organisms are exposed, is increased they soon begin to turn
toward its source; but in so doing they swim upward, as repre-
sented in the accompanymg diagram.

In thus swimming upward and horizontally toward the source
of light, it is clear that the effect of the backward stroke of the
flagella increases both on the shaded side and on the illuminated
side, for both sides move forward. But the shaded side moves
farther than the illuminated side, consequently the increase in the
effect of the backward stroke must be greater on the former than
on the latter. The difference in the effect of the stroke of the

f O e«

Fi1c. 13. Diagram representing the reaction of a Volvox colony when the light intensity is suddenly
changed. g, outline of colony; b, longitudinal axis; ¢, light rays; , point in the course where the light
is suddenly decreased; ¢, point where it is suddenly increased; f, course taken by colony. In continuing
from e, the side of the colony facing the source of light travels over a shorter distance than the shaded
side. Consequently the backward stroke of the flagella on the latter side must be more effective than
that of those on the former.

flagella on opp051te sides which results in orientation of positive
‘Volvox colonies is, therefore, due to a greater increase in the back-
ward stroke of the flagella on the shaded side than of those on the
illuminated side.

If the light thrown upon apparently motionless colonies is quite
intense, they frequently may be seen to sink 4 or § mm. immedi-
ately after the light is turned on, but while they are sinking this
short distance, they apparently become acclimated and soon turn
toward the light, and at the same time swim upward, just as
described above. During the time in which these colonies sink
they continue to rotate m the same direction as before. The
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sinking must then be due to a decrease in the effect of the backward
stroke of the ﬂagella on all sides, and this decrease is due to an
increase in light intensity. But when the colonies turn toward the
source of light, and at the same time swim upward, it is evident
that the increase in light intensity must cause an increase in the
backward phase of the stroke of the flagella on all sides, for if this
were not true there could be no upward motion. The side nearest
the source of light, however, passes over a shorter distance than
the opposite side, as will readily be seen by referring to the dia-
gram, and therefore the increase in the effect of the backward
phase must be greater on the latter than on the former. But the
light intensity is greater on the former than on the latter (a
paradox). When the light intensity in the field is increased the
effect of the backward phase of the stroke of the flagella may be
increased or decreased on all sides. If itis increased the effect is
most marked on the side in lowest light intensity. Furthermore,
if the light is strong the colonies turn toward its source more
rapidly and do not swim upward so far and thus make a sharper
curve than when it is weak; but the stronger the light the greater
the difference between the intensity on the shaded and that on the
illuminated side. It, therefore, follows that the greater the differ-
ence in intensity on these sides, the greater the difference in effect
of the backward phase of the stroke of the flagella, the effect being-
greatest on theside least illuminated. These considerations sup-
port the conclusion arrived at above, 1. e., that the factors which
regulate the activity of the colonies, as a Whole, are different from
those which regulate the direction of motion.

We have thus demonstrated that while orientation is due to
difference in light intensity on opposite sides of the colonies, it
is brought about in positive specimens by the flagella striking
backward with greater effect on the side in lowest light intensity
than elsewhere. I suggest the following explanation of this:

First, it must be remembered that the organism constantly
rotates on its longitudinal axis. If then a colony is so situated
that one side is more highly illuminated than the opposite, it is
clear that the zooids will constantly be carried from a region of
higher to a region of lower light intensity, and vice versa. They
are thus subjected to constant changes in strength of illumination.
As stated above, the flagella strike backward with greater Vlgor
on the shaded side than on the opposite one and, therefore, it is
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evident that as the zooids reach the region of lower light intensity,
in other words when the light intensity to which they are subjected
decreases, they increase the effect of the backward stroke of the
flagella, 1. ., they attempt to turn toward a structurally defined
side (the side facing the anterior end of the colony). This is pre-
cisely what Euglena does when it passes from a region of higher
to one of lower light intensity, 1. e., it turns toward a structurally
defined side, the larger lip. The individuals in a colony then
respond with a motor reaction induced by change in light intensity;
they react on the same basis as do Euglena, Paramecmm, Stentor
and other unicellular forms, in their trial and error reactions, but
owing to the way in which they are inter-related, and to the rota-
tion of the colony on the longitudinal axis, this reaction of the
zooids causes orientation in the colony as a whole, without error.

This explanation of orientation in entire colonies holds also for
orientation in segments. As previously stated, only those seg-
ments orient which have such a form that they can rotate.  As they
rotate the cut surface constantly faces the center of the spiral, so
that if the axis of the spiral is not directed toward the source of
light, the outer surface where the zooids are situated is alternately
turned toward the light and away from it. Thus the zooids are
carried from regions of higher to reglons of lower hght 1nten81ty
and vice versa, and the motor reaction is induced just as it is in
entire colonies.

Orientation in negatlve colonies can be explamed in premsely
the same way as that In positive ones, assuming merely that in
this condition the zooids respond with the motor reaction when
they pass from lower to higher light intensity instead of when they
pass from higher to lower (as is true when the organisms are posi-
tive). The backward stroke then becomes most effective on the
side most highly illuminated.

II. REACTION OF NEGATIVE COLONIES.

Volvox becomes negative when exposed to light of a certain
intensity. The intensity, however, varies greatly in different colo-
nies and in the same colony under different conditions. RapL
(03, p. 103) concludes his discussion on the difference between
positive and negative phototropism with the following paragraph:
£

Ich glaube nun, dass der Unterschied zwischen positivem und
negativem Phototropismus dhnlich wie beim Menschen nicht ein
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Unterschied in der Orientierung, sondern nur in der Lokomotion
ist; dass das Tier in beiden Fillen gegen die Lichtquelle orientiert
ist, Jedoch nicht gleiche Muskeln spannt.”

This explanation will not hold for Volvox or Euglena, for both
of them turn the anterior end from the source of light when they
are negative.

When Volvox colonies are negative they orient in all essentials
as they do when positive, except that they direct the anterior end
from the source of light. In swimming horizontally from a source
of llght they seldom move parallel with the light rays. If the
position of the light is changed after they have oriented, they
change the direction of motion until the course again bears the
same relation to the ray-direction it did before. If exposed to
light from two sources, so arranged that the rays make a definite
angle with each other, they move from a point between the two.
If one source is more intense than the other, the point from which
they move is nearer that source.

These facts and others are established by the following experi-
mental results, which are presented in graphic form (Fig. 14).

By referrlng to path 4 it will be seen that the colony introduced
at n was positive to light from the three glowers as well as to that
from the arc, but that it became negative after swimming toward
the arc for a short distance from ¢, turned about and moved across
the aquarium to ¢/. That is, at the end of the experiment the
colony was negative to a much lower light intensity than at the
beginning. The arc was approximately 250 candle power. It
was 15 cm. from the point where the organism became negative.
The light intensity at this point was therefore 11,111 + candle
meters. But the colony was still negative after having crossed
the aquarium, a distance of nearly 8 cm., or nearly 23 cm. from
the arc, 7. e., in an intensity of 4726 + candle meters, which is
6385 = candle meters less than the intensity in which it first be-
came negative. Similar results are represented in path B and
the paradoxical nature of the results is even more striking than
in the case or path 4. Unfortunately, the distances between the
sources of light and the aquarium, in this exposure, were not
recorded.

The colony which produced path B was positive to the light
from the arc when first put into the aquarium at ¢, but after mov-
ing toward the source of light a few centimeters, it became negative,
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turned about and moved in the opposite direction. When it
reached ¢/ the glowers were exposed and the colony promptly
changed its direction of motion and proceeded on a course directed
from a point between the two sources of light. This point, how-
ever, was much nearer the arc than the glowers, the light from the

L8

Fic. 14. The lines 4 and B represent the course taken by single colonies as seen in water 2 cms
deep in the plate glass aquarium, ¢ (the paths are represented in approximately accurate propor-
tions); g, a group of three 222 volt Nernst glowers in a vertical position; a, carbon arc; f, direction of
light rays; d, opaque screens; n »’, path with glowers exposed and arc shaded ; ¢ ¢/, path with arc
exposed and glower shaded: ¢/ n, path with both glowers and arc exposed.
former being nuch more intense than that from the latter. When
the light from the arc was cut off at n, the colony was found to
be negative to the comparatively weak light from the glowers. It

consequently changed its course and moved from this source; but
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after continuing about 3 cm. it became positive, turned about and
moved toward the glowers to n/, and probably would have con-
tinued farther had it not been prevented from doing so by the
wall of the aquarium. It will be noticed that the point n’, where
the colony was still positive at the end of its course, was about
3 cm. nearer the glowers than n, where it proved to be negative,
and nearly 7 cm. nearer than the point where it changed its course
from negative to positive. That 1s, the organism was positive at
n’ in a much higher light intensity than that in which it was
negative at # and at the point where it changed from negative to
positive.

I2. CAUSE OF CHANGE IN SENSE OF REACTION.

The results presented above demonstrate that Volvox may be
either negative or positive in a given light intensity. This will
be brought out more clearly later where it will be shown that Vol-
voX, in certain conditions, is negative to light of all intensities to
which it responds at all.

Since a Volvox colony may be either positive or negative in the
same environment, it is clear that the transformation from positive
tonegative or vice versa must be duetosome internal change. This
change, whatever it may be, is induced by light. It i1s dependent
upon the intensity and also upon the time of exposure, as is shown
by the fact that when specimens are exposed to intense light they
may be positive for a time and then negative to a much lower inten-
sity than that in which they were positive when first exposed.
Weak light tends to induce the change which causes the colonies
to become positive, whereas strong llght tends to induce the change
which causes them to become negative.

Some photosynthetic process in chlorophyl bearing organisms,
suggests itself as the probable condition upon which the sense of
reaction depends. It might be assumed that the organisms are
positive when a given amount of synthesized substance, such as
carbohydrates, proteids, or fats, is present, and negative when
this amount is decreased. This assumption fits the observed
reaction in that such substances are formed in the presence of
light, and in that they disappear in darkness, being either further
synthesized to form protoplasm, or, perhaps, dlrectly oxidized.
But the short time and the slight change in light intensity necessary
to produce a change in the sense of reaction is entirely inadequate
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to cause the formation and destruction of photosynthetic sub-
stances, such as those mentioned above. The inversion of the
sense of reaction, therefore, cannot be due to a photosynthetic
process. May it not be due to the effect of light on the chemical
equilibrium of some other substance ?

One of the more important results of recent investigation in
physical chemistry is the establishment of the fact that substances
in chemical equilibrium are” dynamic and not static, as had for-
merly been supposed. If, for instance, alcohol be added to acetic
acid, it 1s well known that water and ethyl acetate will be formed;
but it is also true that if water be added to ethyl acetate, the form-
ation of alcohol and acetic acid results, that is, the former reaction
is reversed. When the reaction in both of these cases has reached
a state of equilibrium, there is a certain amount of each of the
following substances present: Alcohol, acetic acid, ethyl acetate,
and water, and this amount remains constant; but the reaction
continues; alcohol and acetic acid react to form ethyl acetate and
water just as fast as ethyl acetate and water react to form alcohol
and acetic acid. These reactions are expressed as follows:

C,H,OH +HOOC.CH=CH, COO C,H,+H,0.

This indicates that two reactions are taking place simultaneously
in opposite directions. The relative amount of substance indi-
cated in the two members of an equation representing equilibrium
in chemical reaction, depends upon the nature of the substances
and the environment, 1. ¢., the temperature, pressure, etc. If, for
instance, the temperature ‘of compounds in equilibrium be raised,
the equilibrium will be destroyed and the reaction in one direction
will take place faster than that in the other. When equilibrium
is again restored the relation of the amounts of the different sub-
stances will no longer be the same as it was at the lower tempera-
ture. If the temperature is lowered, the rate of motion will
Increase in the opposite direction.  JoNEs ('02, p. 514)states this
as follows: “The effect of a rise in temperature 1is to favor the
formation of that system which absorbs heat when it is formed. .
Increase in pressure diminishes the volume and, therefore, favors
the formation of that system which occupies the smaller volume.”

Reversible chemical reactions were formerly supposed to be
quite exceptional, but it is now known that they are not. JonEs
(o2, p. 481) writes: “We must regard chemical reactions in
general as reversible.”
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No work, as far as I know, has been done dlrectly on the effect
of change in light intensity on equilibrium in chemical reaction;
but we know that light does affect many chemical reactions,
and since we must regard chemical reaction in general as rever-
sible, it seems reasonable to assume that the relative amount
of different substances present in a mixture is dependent upon the
light intensity, provided the chemical reaction between the sub-
stance is at all affected by light. This means that substances
in chemical equilibrium in one light intensity will not be in equi-
libriumin another, so that the direction in which the reaction takes
place faster depends upon the light intensity.

To explain reversal in the sense of reaction on the basis of
chemical reactions induced by light let us assume: (1) That Vol-
vox contains substances X and 1, the chemical reaction between
which 1s regulated by the intensity of light; (2) thatasub-optimum
intensity favors the formation of substances represented by X and
a supra-optimum those represented by 1"; and (3) that the colonies
are neutral in reaction when there are ¥ substances in one member
of the equation and X in the other; positive when one member con-
tains (X +) substances and the other (¥ -), and negative when
one contains (X —) and the other (" +). Can the change in sense
of reaction as represented in paths 4 and B, Fig. 14, p. 156, be
explained on the basis of these assumptions ?

The colony which produced path 4 was positive when put into
the aquarium at n. In accordance with our assumption it, there-
fore, contained (X +) and (Y -) substances. The intensity at
n was relatively low so that the chemical reaction favored the
formation of compounds represented by X. Thismay beexpressed
thus (X +) S(¥ -), indicating that the reaction toward X takes
place faster than that toward 1. The increase in the X and
decrease in the Y substances continued until a state of equilibrium
was attained or the organism reached n’ and ¢, where the light
from the glower was turned off and that from the arc turned on,
and the colony was thus exposed to light of supra-optimum inten-
sity. Why did it not then turn from the source of light at once ?
According to our assumption, because it contained (X +) and
(Y -) substances. But since the colony was in a supra-optimum
intensity, the chemical reaction favored the formation of Y sub-
stances at the expense of X, represented thus (X +) 5 (¥ ~).
As soon as this reaction had continued far enough so ¢that X+)
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was decreased to X and (1" -) increased to Y, the colony became
neutral. The point where this took place is represented in the
path by the sharp curve. But why did the colony not remain
neutral ? Because it wasin a supra—optlmum light intensity and,
therefore, in accordance with our assumptlon, X continued to
decrease and Y to increase, X< resultlng in (X )and X +)
compounds which caused the organism to become negative and
it remained so to the end of its course. Had the aquarium been
wider it would have reached a point at which it would have been
neutral in an optimum light intensity. If the reactions are regu-
lated as assumed, it would have reached this point as follows:
(X -)Z (Y +) expresses the condition of the colony as it pro-
ceeded from the source of light toward ¢/, but as the intensity
decreases the rate of formation of X increases and that of ¥~ de-
creases until the colony reaches the point of optimum intensity,
when the rate in opp051te directions 1s equal (X )—>(Y +). The
organlsm, however, is still negative at this point, since it con-
tains (X ~) and (¥ +) substances, and it therefore proceeds into
a region of sub-optimum intensity, where (X -) increases and
(Y +) decreases (X —=)S(¥ +). This results in X 2and ¥ sub-
stances and the colonies consequently become néutral. The
chemical reaction, however, continues to favor the formation of
X, since the light is sub-optimum, and this soon results in
(X +) and (¥ -) substances, which causes theorganismto become
positive. It therefore turns and proceeds toward the source of
light again, but owing to the accumulation of (X +) and (¥ -)
substances, it passes the region of optimum 1nten51ty before
it becomes neutral, and therefore becomes negative agam It
may be conceived to thus pass back and forth several times, like
a pendulum, before being neutral in the optimum region.

In accordance with our assumption, the conditions of the colony
in producing the path B could be represented as follows:

(X +)3(Y -) from ¢ to the beginning of the curve;

(X) 2() atthe point in the curve nearest the arc;

(X =) (X +) from this point to n;

(X =-)S(Y +) from n tothe beginning of the curve beyond;

(X) s(@) atthepointinthecurvefarthest fromthe glower;
and (X +)s(Y) from this point to n/, the end of the course.

We have thus presented a formal explanation of these paradox-
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ical reactions, based upon possible chemical changes in the organ-
ism. But since the chemical changes are purely hypothetical,
this explanation must be, of course, considered merely as a sug-
gestion.

If our explanation proves to be correct, the process of acclima-
tization must be the process of such changes in the organism that
the neutral condition will be produced when the relative amount
of the substances represented by X and ¥ is changed.

Temperature changes, mechanical agitation, or any other agent
which would in any way affect the chemical reaction between X
and ¥ would, of course, influence the change in the sense of reac-
tton, and thus we should have a p0551ble explanatlon of the effect
of such agents on the change from positive to negative reaction
and vice versa, recorded in the literature on the subject.

I3. EFFECT OF TEMPERATURE ON CHANGES IN SENSE OF
REACTION.

On August 17, 1904, Volvox colonies which were strongly posi-
tive were put into a small aquarium containing water about 5§ mm.
deep and exposed to light from a group of three 222 volt glowers,
15 cm. from the aquarium. The light intensity in the aquarium
was approximately 4000 candle meters. The colonies were there-
fore in an intensity which was nearly optimum. The water in the
aquarium was then slowly heated to 45° C.  As the temperature
increased the organisms became slightly more active but showed
no indication of becoming negative. When the temperature
reached 45° nearly all were dead. This experiment was repeated
and the temperature raised to §51°, a temperature which proved
fatal to all the colonies. The results in the second experiment
were similar to those in the first. It therefore seems evident
that change in temperature does not induce reversal in the sense
of reaction in Volvox. This, hOWever, does not mean that change
in temperature may not affect reaction to light; indeed, it is more
than probable that it does, for at low temperature all light reac-
tions cease.

These results agree with those obtained by PARkER on Copepods
(02, p. 117) and by YERKES ('03, p. 375) on Daphnia pulex, but
they do not agree with those obtained by Loes (’93, p. 91), who
found that the sense of reaction in Polygordius larve was changed
from positive to negative by a change in temperature from 24° C.
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t029° C.; MassarT (91, p.164), who found Chromulina, a flagellate,
to be positive at 20°, and negative at 5; and STRASBURGER ('78,
p- 605), who states that swarm-spores, positive to a given light
intensity at 16 to 18° C. are negative to the same intensity at 40.
It seems strange that organisms so nearly alike as Chromulina,
Volvox and swarm-spores should be affected so differently by
change in temperature.

14. EFFECT OF MECHANICAL STIMULI ON THE CHANGE IN
SENSE OF REACTION TO LIGHT.

In working on the light reactions of Temora longicornis, a cope-
pod, LoEB (193, p . 96) noticed that the animals, ordinarily nega-
tive, were frequently positive immediately after being caught.
This change in the sense of reaction was due probably to mechani-
cal agitation. Miss TowLe ('00) found that the light reaction
of Cypridopsis could be changed from positive to negative by tak-
ing the animals up in a pipette or by making them pass through
a maze constructed with needles. HoimEes (‘or) thinks that the
fact that Orchestia gracilis is positive in air and negative in water,
may be due to the contact stimulus of the water. It was demon-
strated by PARKER ('02, p. 117) that certain forms of tactual stim-
ulation cause the hght reactions in the copepod, Labidocera, to
change from positive to negative.

The effect of stimulation by light on Volvox can readily be over-
come momentarily by mechanical stlmulatlon, but it was found
impossible to change the sense of reaction by such stimuli. In
attempting to do this various methods were used, as, for example,
shaking the organisms violently, lifting them in a pipette and
squirting them into water, and making them swim toward the
source of light among numerous large sand grains with which they
came in contact.

Whatever the cause of revérsal in the sense of light reaction in
Volvox may be, it is clear that such reversal is of primary impor-
tance in the life of the organism. While continuous exposure to
very intense light 1s fatal to Volvox colonies, they must have a cer-
tain amount of light, since they depend upon photosynthesis in
the process of feeding. It is therefore evident that it is of great
advantage to them to be able to move into regions of comparatively
high intensity during dark, cloudy days, early in the morning, and
late in the evening, and into shaded places when the light becomes
very intense.
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15. THRESHOLD.

In ascertaining the threshold of photic stimulation for Volvox,
the colonies were put into a small glass aquarium constructed so
as to reduce reflection from the exposed surfaces as much as pos-
sible and thus avoid excessive variation in intensity. A descrlptlon
of this aquarium was published in a preceding paper (Mast 06,
p- 386). The aquarium contaming the colonies was then moved
from the source of light, a Nernst glower, until the light intensity
became so low that the organisms no longer responded to it. The
point at which reaction ceased could, however, be only approxi-
mately ascertained, owing to marked individual variation n the
readiness with which they became acclimatized, to unavoidable
variation in the intensity of the source of light, and to the difficulty
of deciding, without the use of statistical methods, just where the
response to light ceased. But since the reaction of Volvox depends
quite as much upon its physiological condition as upon the inten-
sity of the light, it is evident that it is of no particular importance
to ascertain with great accuracy, either the threshold or the opti-
mum, unless the variations thereof can be correlated with the
physiological changes which cause them. We have no methods
of measuring the physiological condition of this organism with
any degree of accuracy, and therefore at present can hope to do
no more than study the effect of various stimuli on the threshold
and optimum. The following observations were made with the
view of ascertaining the general effect of exposure to light on the
variation in the threshold and optimum.

On July 30, 1904, at 5 p. m., it was found that Volvox which
had been collected at 6 a. m. and kept in the dark all day responded
definitely to light of 0.16 candle meters 1nten31ty, and rather defi-
nitely to light of 0.14 candle meters. This is the lowest intensity
to which any response was obtained at any time. Specimens
collected shortly after 12 m., July 14 and 15, respectively, and
tested as soon as brought into the laboratory responded to light
of 0.50 to 0.83 candle meters. 'The sky was clear on both of these
days, but the organisms were found among the water plants in
more or less shaded places.

It was found at different times that after being exposed to direct
sunlight a few moments the colonies did not respond even to an
intensity as high as 500 candle meters. We have thus observed
the threshold to vary from 0.14 to 500 candle meters, and this



164  Fournal of Comparative N eurology and Psychology.

variation seems to have been due largely to preceding exposure to
light. The threshold is higher in colonies previously exposed to
strong light than in those exposed to weak light.

16. OPTIMUM.

The optimum light intensity for practically all Volvox colonies
is somewhat lower than that of direct sunlight, 5000 + candle
meters, but sometimes it is very much lower; it varies preatly.
This variation 1s clearly shown in the following observation.

After a few very cloudy days the sun came out at 11 a. m., July
24, 1904, and the sky became exceptionally clear and remained
so the remainder of the day. At 2 p. m. Volvox colonies were
found m abundance freely exposed to the sunlight. Some of the
colonies were collected and taken to the laboratory where it was
accidentally discovered that they were negative in light intensities
in which this organism had formerly always been found to be
strongly positive. I then tested the colonies for the optimum and
was greatly surprised to find that they were negative to all light
intensities above 0.57 candle meters. In light from 0.57 to 0.29
candle meters, the lowest intensity to which they were exposed,
their reactions were indefinite. There was no indication of any
positive reaction whatever.

At different times a number of colonies were taken from a given
jar and half of them put into each of two similar vessels containing
equal amounts of water. One of the vessels was then exposed to
direct sunlight and the other covered so as to exclude all light.
After having been in this condition a short time the reactions of
the colonies in the two vessels were compared by exposing both
to the same light intensity. In such cases it was always found that
the specimens which had been in direct sunlight were negative to
light of lower intensity than those which had been in darkness.
These results indicate that exposure to light of high intensity
causes a lowering of the optimum. OvrTMANNS did not find this
to be true. He states ('92, p. 190) that he covered two lots of
Volvox with the same kinds of prisms, July 31, in the evening.
One of these lots with its prism was kept in darkness until g a. m.,
August 1, the other was exposed to light. During the following
three days 1t was found that those which were in the darkness
until 9 a. m. collected in regions of lower light intensity than the
others. STRASBURGER found the same to be true with reference
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to the reactions of swarm-spores. It 1s difficult to criticise these
experiments, since the light intensity and time of exposure are
not definitely stated. However, it seems utterly impossible that
the effect upon the optimum in colonies exposed for so short a
time could, as OLTMANNS states, be observed after three days.
For purely a prior: reasons we should, nevertheless, expect expo-
sure to light to cause the optimum intensity to be higher, provided
it is exposed to light in which acclimatization takes place. It may
be, then, that the reason why the exposure to light in my experi-
ments caused a decrease in the intensity of the optimum, is because
the organisms were exposed to very intense light for buta compara-
tively short time, in other words, because they did not become
acclimatized. If our explanation of the cause of reversal in the
sense of reaction is correct, we should expect exposure to intense
light for a short time, to lower the optimum. This is expressed
in Fig. 14, path B, n n’, which indicates that the colony was nega-
tive to a much lower hght intensity immediately after it had been
exposed to light of high intensity than later. In accordance with
our assumption, in attempting to explain the reaction represented
by this figure it would mean an accumulation of the hypothetical
substances (X -) and (7" +) during the time of exposure to asupra-
optimum intensity.

There are some indications that when Volvox is negative to
light of low intensity, it becomes positive when exposed to a much
higher intensity. This is shown by the following observations:

August 23, 1904, was a bright clear day. At 4 p. m. specimens
were collected in a place which had been well exposed to the sun
much of the afternoon. Soon after reachmg the laboratory, these
specimens were found to be positive in light intensities varying
from 230 to 1400 candle meters. The colonies not used in these
tests were put into a liter jar and placed in strong diffuse sunlight
in a west window. Here many of the colonies soon aggregated
on the side of the jar farthest from the source of light. At 5.45
p. m., after having been in the window about an hour, they were
found to be negative to an intensity of 230 candle meters and at
6.45 p. m. to an intensity as low as 3 candle meters. They seemed
to becomme more strongly negative the longer they were left in the
window, although the light from 6.30 p. m. on was quite dim. At
the close of the experiment, 7 p. m., certain colonies which had
been strongly negative to an intensity of 230 candle meters were
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found to be positive to an intensity of 400 candle meters. The
following day these organlsms were exposed again to light of 1400
candle meters and to various lower intensities, but there were no
indications of negative reactions.

I have no explanation to offer with reference to these reactions.
The observations were not repeated.

17. REACTIONS ON REACHING THE OPTIMUM IN A FIELD OF LIGHT
GRADED IN INTENSITY.

Ortmanns ('92) found that Volvox colonies collected and
remained in a given light intensity, if put into an aquarium illum-
inated by light which first passed through a prism such that the
light became gradually more intense from one end of the aquarium
to the other. If, however, clouds passed over the sun or if the
aquarium was in any way shaded, they hurried (streben) toward
the more highly illuminated end of the aquarium, but when the
clouds disappeared or the shading was removed, they returned
to their former positions. If the prism was put between the source
of light and a vessel containing Volvox which had a given direction
of motion, the colonies changed their direction of motion almost
instantly and moved toward the region of optimum intensity.
Ort™MANNS writes ('82, p. 195): “So kann man leicht constatiren,
dass die einzelnen Kugeln ihre urspriingliche Bewegungsrichtung
fast momentan verlassen und dann direct auf dxe]emge Region
im Apparat zusteueren, in welcker sie spiter verweilen.”

Was the course taken in the apparatus used by OLT™MANNS due,
as he supposed, to difference in light intensity on opposite sides
of the organism, resultmg from rays perpendicular to the sides of
the aquarium? It is impossible to calculate the difference in
intensity produced by such rays, at any given point in the appa-
ratus but it can beestimated with a sufficient degreeof accuracy for
our purpose. Let x represent the intensity of the light before
entering the prism. OLTMANNS states that 80 to 9o per cent of
this was absorbed at one end of the prism and 30 to 50 per cent
at the other. We shall assume it to have been 9o and 40, respec-
tively. The intensity in the aquarium then, due to rays perpen-
dicular to the sides, was 7% » candle meters at one end and % x
candle meters at the other, a difference of 4 x candle meters. The
length of the aquarium was 200 mm. The decrease in intensity
was, therefore, ¢ x candle meters per millimeter. If the intensity
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of the light was 5000 candle meters, the general estimate of the
intensity of the strongest direct sunlight, the decrease per milli-
meter in the aquarium was 12.5 candle meters. The difference in
light intensity on opposite sides of the largest colonies due to direct
light could, therefore, nothave been greater than 12.5 candle meters.
It probably was much less. As prev10usly recorded (pp. 139-141),
Ifound thatif the decrease in light intensity is 6.4 candle meters per
millimeter in a held of graded hight, the deflection is only 1.5 +°
It 1s consequently evident that if the colonies in OLTMANNS’ appa—
ratus moved directly toward the region of optimum light intensity,
the direction of such movement was not caused by the difference
in light intensity due to rays perpendicular to the sides of the
aquarium. It is clear, then, that there must have been sufhcient
diffusion in OLTMANNS’ apparatus to affect the direction of motion
of the organisms.

If diffusion is practically eliminated, will Volvox still be able to
reach the region of optimum intensity in graded light, and if so by
means of what reactions? These questions are answered in the
recorded observation and results of the following experiments.
These experiments were performed in the light grader so arranged
that the rays of light were horizontal and nearly perpendicular to the
sides of the aquarium which contained water 1.5 cm. deep. The
field of light gradually decreased in intensity from 238 + candle
meters at one end to total darkness at the other. It was not quite
as long as the aquarium, and was a little narrower than the depth
of the water, so that the surface of the water and the sides of the
aquarium were not illuminated and thus reflection was prevented.

At 10 a. m., August 26, 1904, a large number of Volvox colonies
were evenly scattered in the aquarium along the entire side farthest
from the source of light. They started toward the opposite side
almost as soon as they reached the water and all deflected to the
left, moving across the aquarium in nearly parallel lines, remind-
ing one of columns of soldiers. Those in the region of hlgher
hght intensity, however, swam noticeably faster than those in
regions of lower. The deflection was toward the darker end of
the aquarlum, but it must be remembered from what has been
stated in preceding pages, that this deflection was not in the main
due to the difference in light intensity. It would have been in the
same direction and only a little greater if the more highly illumi-
nated end of the field had been to the left instead of to the right.
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Owing to the deflection to the left there were but very few colonies
within 2 cm. of the right end of the field immediately after they
had crossed the aquarium; but a few minutes later it was clearly
seen that a large majority were swimming toward the right along
the glass wall. In this movement, some followed the wall closely
but most of them made a zigzag course coming in contact with the
wall at short intervals. This zigzag course seems to have been the
result of the interaction between contact and light stimuli. In
about 15 minutes most of the colonies collected within § cm. of
the brightest end of the aquarium. At first they were closely
packed together near the wall, but after a short time they began
to spread out in the form of a right angled triangle, the perpen-
dicular of which coincided with the end of the aquarium. Some
entered the dark region near the end of the aquarium and thus no
longer stimulated by light wandered back from the side of the
aquarium facmg the light, others left this side without entering
the dark region. These evidently became acclimatized or nega-
tive after exposure for some little time. Thus they continued to
move back and forth, gradually spreading out toward the darker
end of the aquarium, until finally they began to become less nu-
merous along the bright border of the field of light, the region of
highest intensity. Then the whole aggregation appeared to work
itself very slowly into the regions of lower light intensity, gradually
spreading back from the side of the aquarium facing the source of
light; thus at the close of the experiment, five hours after it was
begun, most of the colonies were within 5 cm. of the darker end
of the aquarium. Here they were scattered over a triangular
area which extended from the side of the aquarium nearest the
source of light almost to the opposite side. The light intensity
within the limits of this area varied from zero at the left tc 47 +
candle meters at the right. The organisms were, however, most
numerous in the portions most strongly illuminated. The limits
of the area which contained most of the colonies were, In every
mnstance, very indefinite. There was always quite a number
scattered about in other parts of the aquarium.

This experiment was entirely, or in part, repeated seven times
and the reactions and results in each repetition were in general like
those described above. ‘The optimum intensity, as was to be
expected, varied greatly, as did also the time it required the colo-
nies to reach the optimum. Thus on August ¢ it required only
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about three hours for the organisms to collect in the region of
optimum illumination. The light intensity of this region was
16 + candle meters at the left side and 71 + at the right.  In repeat-
ing this experiment, the apparatus was several times so modified that
the more highly illuminated end of the aquarium was to the left.
Under these conditions the colonies reacted precisely as they did
when this end was to the right. All of them aggregated in the
right hand corner of the aquarium, now the region of lowest light
intensity, and then gradually spread out until they reached the
optimum.

The reactions of Volvox were also studied with the light grader
in such a position that the rays were perpendicular to the bottom of
the aquarium in place of parallel with it as they were in the pre-
ceding experiments, and with so little water in the aquarium that
the organisms were forced to swim at right angles with the rays.
In some instances under these conditions, there was no evidence
of any aggregation whatever, but in others the colonies collected
in regions of optimum light intensity. The limits of the regions
in which they collected were, however, not well defined. In a
few of the exposures some specimens of Euglena viridis were put
into the aquarium with the Volvox colonies. These aggregated in
a very definite narrow band, the center of which was in a light
intensity of approximately 35 candle meters in every exposure.
The Euglenz reached the region of optimum intensity in the course
of a few minutes, but it required one hour for any indication of
aggregation of Volvox in any of these experiments.

There was absolutely no evidence of orientation and direct
movement toward the region of optimum intensity, neither when
the light rays were parallel with the bottom of the aquarium, nor
when they were perpendicular to it.  If there had been, we should
certainly expect the colonies to have reached the optimum in
much less time than was required in any of the above experiments.
The fact that the colonies reach the optimum seems to be a matter
of mere chance, the result of swimming about aimlessly. They
are more active in sub- and supra-optimum light intensities than
in the optimum and, therefore, tend to come to rest in the latter.
It is evident that this would tend to cause them to aggregate in
the region of optimum intensity.

OLTMANNS (92, p. 180) states that he found the optimum light
intensity for colonies bearing asexual cells to be higher than that
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for those containing fertilized eggs. I found, as stated above, that
specimens which contain large daughter-colonies or spores deflect
to the right more, in moving horizontally across the aquarium, than
-do those containing small daughter-colonies; and also that the
former move to the right along the wall of the aquarium nearest the
source of light, more definitely than the latter. OLTMANNS may
have been misled in his conclusions by some such reactions. The
effect of such reactions on the place of aggregation of Volvox
colonies is strikingly brought out in the following observations:
After brmgmg spectmens of Volvox to the laboratory, they were
usually put nto 4 liter battery jars, which were exposed to the
light from a 16 candle power electric bulb placed at any desired
distance from the jars. Under such conditions it was frequently
noticed that the major portions of the colonies aggregated in a
region some little distance to the right of the point in the jar
directly opposite the bulb. At first this was thought to be due to
reflection from the table or wall and other objects about, but after
all such reflection was eliminated this reaction was still found to
take place. It was also found that if the colonies were put into
the plate glass aquarium and exposed to light from a Nernst glower
situated so that the rays entered the aquarium at right angles to
the side, many more collected along the side nearest the source
of light, to the right of the middle than to the left, being most
numerous but a short distance from the end of the aquarium.?
"The specimens to the right of the middle of the aquarium, in every
instance, were nearly all large and contained well developed daugh-
ter-colonies or spores, while those to the left were nearly all small.
The difference in size between those to the right and those to the
left could be clearly seen with the naked eye, but they also showed
a marked difference in reaction. Colonies taken from the right
edge of an aggregation in a battery jar, July 26, 1905, deflected
on an average 8° to the right in swimming horizontally toward a
source of light, while the average deflection of others taken from
the same jar near the left edge of the aggregation was 15° to the
left. This accounts, in part at least, for the collection of the
smaller colonies to the left and the larger ones to the right, but
the chief reason why the larger ones are found to aggregate to
the right is because they turn to the right, after coming in con-

31In all these experiments especial precautions were taken to eliminate refléction and refraction.
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tact with the wall of the jar nearest the light, more definitely than
do the smaller ones. The cause of this has been discussed else-
where (pp. 128-131).

It was found by OrLTMANNS ('92, p. 191) that the optimum light
intensity for Volvox changes durmg ‘the day. He discovered on
August 4, that the colonies aggregated in a darker part of the
aquarium at 4.30 a. m. than at 8.30 a. m., although it was not
yet daylight at 4.30. On another day, however, the aggregation
was found 1n a still darker region between 11 a. m. and 5.30 p. m,,
and this day it was found in a region slightly lower in'light inten-
sity at 5.30 p. m. than at 12 m. in spite of the fact that the sunlight
was unquestionably stronger at 12 than at 5. OLTMANNS thought
this variation in optimum intensity to be due to a periodicity
analogous to that found in higher plants. I found no evidence of
such periodicity. The change in position during the day noted
by OLTMANNS corresponds to change in the sense of reaction, which
can be induced at any time of the day by exposure to light of proper
intensity. I did not, however, go into detail with reference to
this point; it is therefore desirable to have more experimental
results along this line before coming to definite conclusions.

18. WEBER’S LAW.

“On comparing objects and observing the distinction between
them, we perceive, not the difference between the objects, but the
ratio of the difference to the magnitude of the objects compared”
(T1TCHENER, "05, p. xvi).

This law was formulated by WEBER in 1834 with especial. refer-
ence to the senses of touch and sight. DavenporT (97, p. 43)
has worded it as follows: “The smallest change in the magni-
tude of a stimulus which will call forth a response always bears
the same proportion to the whole stimulus.”

By means of his well known capillary tube method PrerrFEr
('84) proved the law to hold approximately for the reactions of
fern spermatozoids to malic acid, and later ('88, p. 634) also
the reaction of Bacterium termo to meat extract. MassarT (’88)
proved it to hold for the light reactions of Phycomyces, by placmg
the plants between two flames and thus obtaining the minimum
difference in light intensity on opposite sides which induced a
response. He found the minimum intensity difference to be 13
per cent of the total light intensity, and this held true for all degrees
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Fic. 15. Representation of appa-
ratus and arrangement as used in ascer-
taining the minimum difference in light
intensity on opposite sides which induces
reaction in Volvox, in various intensities
of illumination. g, glass aquarium 4 cm.
long and 3 em. wide; b, glass tube
through which the colonies were intro-
duced; ¢, metric gauge; d, Nernst glower,
horizontal; m m, mirrors; r, light rays;
s, dead black opaque screens; w, water
screen.
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of illumination which he used. SHiBaTa ('03, p. 573) repeated
PFEFFER’S experiments on the reactions of fern spermatozoids to
malic acid, using the capillary tube method. He also ascertained
the threshold for this organism when stimulated by potassium
fumarate, succinate, or tartarate, in various degrees of concentra-
tion. He found the reactions to all of these chemical compounds
to take place in accordance with the law of WEBER.

A number of other investigators have worked on this subject,
but thus far no one has tested the validity of the law for the light
reactions in motile organisms. In other words, no one has ascer-
tained the minimum difference in light intensity on opposite sides
which will cause a response of motile organisms in different degrees
of total illumination. The following experiments were under-
taken for the purpose of getting evidence concerning this matter.

The use and arrangement of apparatus used in these experi-
ments will readily be understood by referring to the accompany-
ing diagram.

The box, containing a small opening in front of which the Nernst
glower was mounted, served as a non-reflecting background. The
screens surrounding the glower were so constructed and arranged
that no light escaped excepting that which passed through the
opening represented in Fig. 15. This light was absorbed after
being used to illuminate the aquarium, and since no other light
entered the room in which the experiments were performed, it is
clear that the reactions observed, and recorded in the following
tables, were induced only by light directly from the glower.

The glass tube, represented in the center of the aquarium, Fig.
15, by a ring, extended about 2 cm. above the upper edges of the
glass walls and was so fastened that it could be easily raised verti-
cally. In each exposure enough filtered water was put into the
aquarium to fill it to 2 point a few millimeters above the upper
edge of the opening in the screen s, on either side of the aquarium.
The glass tube was then put in place and a number of colonies
introduced. The tube formed such close connections with the
bottom of the aquarium that the colonies could not get out, but
the water introduced with them could. As soon as a state of
equilibrium was established, the colonies were set free by carefully
raising the tube. After they had been exposed to the light from
oppos1te directions for a few moments, the contents of the aqua-
rium was divided into two equal parts by means of a piece of tin
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made to fit the groove represented at the middle of the ends of the
aquarium, Fig. 15, a. The colonies in each half were then
counted and the numbers recorded. The aquarium could be
moved to the right or left along the metric.gauge and in this way
the intensity of the light entering opposite sides of the aquarium
could be regulated. The candle power of the glower and the
distances between it and each side of the aquarium being known,
the difference in light intensity on opposite sides of any object in
the middle of the aquarium could easily be calculated.

TABLE V.
Distance from glower to center of gauge 100 cm.  Light intensity 27 candle meters.
i | s
Po:;xon Number of colonies Number of colonies | o
aquarium. in left half of aquarium.| |in right half of aquarium. ii‘s:;n Differential
_— ! threshold.
R K ¢ totals.
cm. In each trial. t Total.|| Ineachtrial. | Total.
Lol ~‘ |
lalblcld] a'bic; d’ i
= L et P! ; !
O i { | ! H X 1
Eg.f..f {0‘ ;8 ;:I g zg 30 ?26 [ 56 ! 1.931 1.080 candle meters =
5290 i ' ’ 4 31 ;22 s 53 ¢ LIo4 4 per cent of light
At center of 127 8 . 1 1 45 g B . 50 CoLan intensity at center of
gauge. R o | gauge.
£ {0.5 3725t 62 fizg a2 D56 | Loy
ES‘.;.“ U324 P56 |2 2 .33 ¢ 1.696
; [ ! |

Distance from glower to center of gauge 200 cm. Light intensity 6.75 candle meters.

20 o |

o . 2 12 |11 {17 40 Jzo 20 117 57
= ,::D 1.5 |14 [18 |18 50 |20 123 izz 65
S 1 1 23 |19 |15 57 |l21 137 o 78

0.5 |27 {30 |16 73 '25 38 113 76
Ath:Z;:r of 18 | 9 [rg 13| 54 118 14 18 | 16 | 66
. (0.5 123 |17 {26 66 |24 |13 J‘zx 58
Eg J1 36 122 (17 75 |30 |14 ;u 65
x ] 1.5 (14 (18 |37 69 8 {16 (24 48

[2 29 |34 16 79 |17 o i 49

1.425
1.300
1.364
1.041
1.222

1.138
1.153

1.437
1.612

0.337 candle meters =
4.9 per cent of light
intensity at center of

gauge.

Distance from glower to center of gauge 400 cm:  Light intensity 1.6875 candle meters.

o [6 19 137 56 1134 47 81
'§ 5 5 lig |25 |26 70 |27 (29 |38 94
aR 14 21 |11 |41 73 |22 114 |42 78

3 i34 34 |34 34
° J 2 l1g 15 |16 16
=& 3 0 30 |31 31
g l 4 138 AET 34

5 126 26 |20 20

1.446
1.342
1.068
1.000

1.066

1.033
1.117
1.300

0.0842 candle meters—
4.9 per cent of light
intensity at center of

gauge.
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TABLE VL

Distance from glower to center of gauge 100 cm. Light intensity 27 candle meters.

e ]
Pos;;xon Number of colonies f Number of colonies .
aquarium. in left half of aquarium. in right half of aquarium. bi:::n Differential
totals threshold.
cm. In each trial. Total \ In each trial. | Total '
B . T - _
g ajblcd|e|f a ; bleid|elf 4-104 candle
Sg 45| n 11 || 26 i 26 | 2.354 | meters =152
55 35) 14 8 1824 15 11| 9o || 24] 16 19} 350 19{ 23| 136 L.GII | per cent of
P 3 | 21] 24] 26| 17| 13} 13| 114 || 20] 32 24| 15 17| 16| 124 1.087 | light intensity
w5 25| 16] 22| 18| 15{ 23| 16] 110 || 16] 19| 20| 17} 25| 12| " 109 | 1.009 | at center of
° L5 19| 16 35 || 16] 16] | 32 | 1.093 | gauge.
= I i
Distance from glower to center of gauge 200 cm. Light intensity 6.75 candle meters.

g ‘ | 0.743 candle
AR I B Y PP R 4 A 2 | Tse | meters =1
s gn >3 12{ 29| 2 L 8 19 19 24 2 g% I"EOZ per cent of
25 45| 13 9| 24 o 2 5 g 503 p o8 light intensity
3 35| 21| 14 17| 12 o 4 || 20 18 22| 9 9 1.07 at center of
58 2.5 12| 34| 19) 24/ 10| 99 1| 22| 37| 15| 19| 10 103 1040 | pauge.
] Pl

Distance from glower to center of gauge 400 cm. Light intensity 1.6875 candle meters.
g i ! | 0.1689 candle
g2 . 11| 13 29| 18| 26 86 ‘ 26| 39 23] 28 116 1.348 | meters = 10
- g‘, 10 18} 12| 22} 18 70 || 20| 28| 26} 22 96 1371 | per cent of
° & 9] 25| 20 14) 21 8o ‘ 20| 16| 22} 25 83 1037 | light intensity
_"Ea“a 8| 26| 19, 22/ 33 100 || 23] 19) 24| 27 93 1075 | at center of
;5 7] 28 48‘\ { 76 || 24| 47 71 1070 | oauge.

The results recorded in Table V were obtained in experiments
performed on August 22, 1904, and those recorded in Table VI
in experiments performed on August 25. The experiments in toth
cases extended over a period of several hours. The specimens
were collected at 6 a. m. on the day during which they were exposed.
After being brought to the laboratory, they were kept in darkness
or very dim light until used.

By referring to Table V, it will be seen that the minimum differ-
ence in light intensity on opposite sides of Volvox colonies which
induced a reaction is approximately 4 per cent of the illumination
on either side when the aquarium is 100 cm. from the glower, but
4.9 per cent when it is either two or four times as far away. Table
VI shows that reaction is induced by a difference of 15.2 per cent
when the distance between the aquarium and glower is 100 cm.,
11 per cent when this distance is 200 cm., and 10 per cent when it
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is 400 cm. In accordance with WEBER’s law, the proportion
between the difference and intensity on opposite sides and the
intensity on either side should be the same in all degrees of illumi-
nation. The reactions of Volvox, as recorded in these tables,
therefore, are not in perfect accord with this law. But in Table
V the threshold is smallest in the highest light intensity, while in
Table VI it is smallest in the lowest intensity. There was also
a surprising difference in the threshold of the organisms used on
the two different days, conﬁrming the statement made elsewhere,
that the reactions of these organisms at any given time depend
largely upon previous environmental conditions. Considering
these facts, it seems almost certain that the difference between
the results recorded in the tables and those demanded by WEBER’s
law are within the limits of error.  If this be true the light reactions
of Volvox may be considered to be in accord with this law.

19. SUMMARY.

1. The eye-spots in Volvox are located on the outer posterior
surface of the individuals of which the colonies are composed, not
on the outer anterior surface as represented by OVERTON.

2. They are much larger in the individuals at the anterior end
than in those at the posterior end, and they probably function
as light reclplent organs.

3. In moving forward Volvox usually rotates on its longitudinal
axis counter-clockwise, as seen from the posterior end. But under
certain conditions the direction of rotation is frequently reversed.
This is caused by continuous contact stimulation of the individuals
located along the sides of the colonies.

4. In swimming horizontally Volvox colonies seldom move
parallel with the light rays when exposed to light from a single
source. They deflect upward or downward as well as to the right
or left.

5. Specimens containing large daughter-colonies or spores
deflect more strongly to the right than others. The degree of
deflection depends upon the light intensity and the physiological
condition of the organism as well as upon its contents. The more
strongly positive they are, the more nearly parallel with the rays
they appear to move as seen from above. When exposed to light
of very low or very high 1ntens1ty they deflect more than when
exposed to light of moderate intensity.
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6. The specific gravity of Volvox is greater than one. When
not active or when dead the colonies slowly sink with the longi-
tndinal axis vertical and the posterior end down. The vertical
orientation under such conditions is much more precise in speci-
mens containing large daughter-colonies than in others.

7. Volvox tends to swim in the directionof its longitudinal axis.
Gravitation tends to cause this axis to take a vertical position. If
the colonies are not strongly positive the anterior end is directed
nearly straight up. If such colonies swim toward a source of
light, the rays of which are horizontal, they deflect upward. But
if the colonies are strongly positive the axis becomes nearly hori-
zontal, and they tend to swim parallel with the rays. Under these
conditions gravity causes them to sink gradually, so they deflect
downward.

8. If the rays of light are parallel with the direction of gravi-
tatlon, 1. e., vertical, and the source of light is above, the colonies
swim upward in a narrow spiral course nearly parallel with the
rays, but if the source of light is below and they swim downward,
there 1s a tendency to turn over, owing to the difference in weight
of the two ends, and this causes them to swerve to the side
frequently.

9. Deflection to the right or left as well as deflection upward
or downward, is caused by the effect of gravitation on the direction
of the longitudinal axis 1n connection with rotation on this axis.

10. Deflection in negative colonies is in all essentials like that
in positive.

11. If a colony is swimming at a given angle to the light rays
and the direction of the rays is changed, the organism changes Its
direction of motion until it again takes a course which makes an
angle with the rays equal to that it had before the ray direction
was changed, 7. ., Volvox orients, but not necessarily so as to
swim parallel with the rays.

12. If exposed to light of equal intensity from two sources,
Volvox swims toward a point nearly half way between the two
sources, provided it is strongly positive, but if the lights are un-
equal in intensity the colonies direct their course toward a point
nearer the more intense light than the other.

13. If exposed to parallel rays such that one side of a colony,
swimming toward the source of light, is more strongly illuminated
than the other, it deflects toward the more strongly illuminated side.
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14. Segments of a colony orient, in general, like normal colo-
nies, but they usually take a spiral course, the width of which
depends upon the form and size of the segment and the part of
the colony from which it was taken.

15. The direction of motion in Volvox is regulated by the
relative light intensity on opposite sides of the colony, regardless
of the ray direction.

16. Orientation is not the result of “trial and error’” reactions
asin Stentor, Euglena and other forms. Volvox colonies make no
errors 1n this process.

17. There 1s no evidence of motor reaction in a Volvox colony,
taken as a whole. Orientation is, however, brought about by
motor reactions in the individuals which constitute the colony. If
opposite sidesof a colony are unequally illuminated, the individuals
in the colony continually pass from regions of higher to regions of
lower light intensity and vice versa, as the organism rotates. 'This
change 1n light intensity induces motor reactions in the individuals,
which result in orientation of the colony. The motor reaction
in positive specimens is induced only when the intensity to which
the zooids are exposed 1s decreased, and in negative colonies only
when it 1s increased.

18. In general, Volvox is positive in comparatively low and
negative in comparatively high light intensities; that is, it has an
optimum, but the optimum varies in the extreme. Colonies were
found to be negative in intensities ranging from 57 to 5000 candle
meters. The threshold also varies greatly, the lowest found being
0.14 candle meters.

19. Change in the sense of reaction can be induced by change
in light intensity. It depends upon the physiological condition
of the organism and the time of exposure as well as upon the inten-
sity of the light. It cannot be induced by mechanical stimulation
or change in temperature.

20. When compelled to move practically perpendicular to the
rays, Volvox can still find its optimum in a field of light graded
in intensity. Under such conditions it collects in the optimum
intensity by merely wandering movements. There is no evidence
of orientation or “trial and error” reactions of the kind that were
found in Stentor under similar conditions (Mast ’06, pp. 366-377).

21. If jars containing Volvox colonies are exposed to light
from a single source, those specimens which contain large daughter-
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colonies or spores, collect to the right of the region in the jars
nearest the source of light; those without daughter-colonies or
spores or with small ones collect nearest the source of light, but
they spread out considerably both to the right and left. A
majority of all the colonies are, therefore, usually found in that
part of the jar to the right of the region of strongest illumination.

22. The cause of this collection to the right is found in the
fact that when the specimens containing large daughter-colonies
strike the wall of the jar, in swimming toward the source of light,
they usually turn to the night. 'This is caused by the effect of
gravitation, rotation, and contact stimulation.

23. Since the ratio between the difference in light intensity on
opposite sides, which 1s sufficient to induce a reaction, and the
intensity on either side is nearly the same for different degrees of
illumination, WEBER’s law holds approximately for the light
reactions of Volvox.
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