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THE MOVEMENTS OF PLANTS.
INTRODUCTION.
THE c h i e f o b j e c t of t h e p r e s e n t work i s t o d e s c r i b e
a n d c o n n e c t t o g e t h e r s e v e r a l l a r g e c l a s s e s of m o v e ment, common to almost all plants. T h e most widely
p r e v a l e n t m o v e m e n t i s e s s e n t i a l l y of t h e s a m e nature,
a s t h a t of t h e s t e m of a c l i m b i n g p l a n t , w h i c h b e n d s
s u c c e s s i v e l y to a l l p o i n t s of t h e c o m p a s s , so t h a t t h e
tip revolves.
T h i s m o v e m e n t has b e e n c a l l e d b y
Sachs " r e v o l v i n g nutation;" but we have found it
m u c h more convenient to use the terms
circumnutation
a n d circumnutate.
A s w e s h a l l h a v e t o say m u c h
a b o u t t h i s m o v e m e n t , i t w i l l b e useful h e r e briefly t o
d e s c r i b e i t s n a t u r e . I f w e observe a c i r c u m n u t a t i n g
s t e m , w h i c h h a p p e n s at t h e t i m e t o b e b e n t , w e w i l l
s a y towards t h e n o r t h , i t w i l l b e f o u n d g r a d u a l l y t o
b e n d more and more easterly, until i t faces the e a s t ;
a n d so onwards t o t h e s o u t h , t h e n t o t h e west, a n d
b a c k a g a i n to t h e n o r t h . I f t h e m o v e m e n t h a d b e e n
q u i t e regular, t h e a p e x w o u l d h a v e d e s c r i b e d a circle,
or rather, as t h e s t e m i s a l w a y s g r o w i n g upwards, a
circular spiral. B u t i t g e n e r a l l y d e s c r i b e s irregular
e l l i p t i c a l or o v a l figures; for t h e a p e x , after p o i n t i n g i n a n y one direction, c o m m o n l y moves back
to the opposite side, not, however, returning along
the same line.
A f t e r w a r d s , o t h e r irregular e l l i p s e s
or o v a l s are s u c c e s s i v e l y d e s c r i b e d , w i t h .their longer..
B
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AXES DIRECTED TO DIFFERENT POINTS OF THE COMPASS.
WHILST DESCRIBING SUCH FIGURES, THE APEX OFTEN TRAVELS
IN A ZIGZAG LINE, OR MAKES SMALL SUBORDINATE LOOPS OR
TRIANGLES. I N THE CASE OF LEAVES THE ELLIPSES ARE
GENERALLY .NARROW.
,
• • ,
•
UNTIL RECENTLY THE CAUSE OF ALL SUCH BENDING MOVEMENTS WAS BELIEVED TO BE DUE TO THE INCREASED GROWTH
OF THE SIDE WHICH BECOMES FOR A TIME CONVEX; THAT THIS
SIDE DOES TEMPORARILY GROW MORE QUICKLY THAN THE
CONCAVE SIDE HAS BEEN WELL ESTABLISHED ; BUT D E VRIES
HAS LATELY SHOWN THAT SUCH INCREASED GROWTH FOLLOWS*
A PREVIOUSLY INCREASED STATE OF TURGESCENCE ON THE
CONVEX SIDE.* IN THE CASE OF PARTS PROVIDED WITH A
SO-CALLED JOINT, CUSHION OR PULVINUS, WHICH CONSISTS OF
AN AGGREGATE OF SMALL CELLS THAT HAVE CEASED TO
INCREASE IN SIZE FROM A VERY EARLY AGE, WE MEET WITH
SIMILAR MOVEMENTS; AND HERE, AS PFEFFER HAS SHOWN T
AND AS WE SHALL SEE IN THE COURSE OF THIS WORK,,
THE INCREASED TURGESCENCE OF THE CELLS ON OPPOSITE
SIDES IS NOT FOLLOWED BY INCREASED GROWTH. WIESNER
DENIES IN CERTAIN CASES THE ACCURACY OF D E VRIES' CONCLUSION ABOUT TURGESCENCE, AND MAINTAINS J THAT THE
INCREASED EXTENSIBILITY OF THE CELL-WALLS IS THE MORE
IMPORTANT ELEMENT.
THAT SUCH EXTENSIBILITY MUST
ACCOMPANY INCREASED TURGESCENCE IN ORDER THAT THE PART'
MAY BEND IS MANIFEST, AND THIS HAS BEEN INSISTED ON BY
SEVERAL BOTANISTS ; BUT IN THE CASE OF UNICELLULAR PLANTS
IT CAN HARDLY FAIL TO BE THE MORE IMPORTANT ELEMENT.
ON THE WHOLE WE MAY AT PRESENT CONCLUDE THAT III-

* Sachs first showed (' Lehrbuch,' &c, 4th edit. p. 452) the
intimate connection between turgescence and growth. For De
Vries' interesting essay,' Wachsthumskrüramungen mehrzelliger'
Organe,'see.'Bot. Zeitung,'Deo.

19, 1879, p. 830.
t ' Die Periodischen Bewegungen der Blattorgane,' 1875.
l 'Untersuchungen über den
Heliotropismus,' Sitzb. der . K.
Akad. der Wissenschaft. (Vienna),
Jan, 1880.
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creased growth, first on one side and then on another,
is a secondary effect, and that the increased turgescence of the cells, together with the extensibility
of their walls, is the primary cause of the movement of
circumnutation.*
In the course of the present volume it will be shown
that apparently every growing part of every plant is
continually circumnutating, though often on a small
scale. Even the stems of seedlings before they have
broken through the ground, as well as their buried
radicles, circumnutate, as far as the pressure of the
surrounding earth permits. In this universally present movement we have the basis or groundwork for
the acquirement, according to the requirements of the
plant, of the most diversified movements. Thus, the
great sweeps made by the stems of twining plants,
and by the tendrils of other climbers, result from
a. mere increase in the amplitude of the ordinary
movement of circumnutation. The position which
young leaves and other organs ultimately assume
is acquired by the circumnutating movement being
increased in some one direction. The leaves of
various plants are said to sleep at night, and it will
be seen that their blades then assume a vertical
position through modified circumnutation, in order
to protect their upper surfaces from being chilled
through radiation. The movements of various organs
to the light, which are so general throughout the
vegetable kingdom, and occasionally from the light,
or transversely with respect to it, are all modified
* See Mr. Vine's excellent discussion (' Arbeiten des Bot. Instituts in Wuizburg,' B. II. pp. 142,
143,1878) on this intrioate subject.
Hofmeister's observations ('Jnhreschrifte des Yereins fur Vaterl..

Naturkunde in "Wurtemberg,'
1874, p. 211) on the curious movements of Spirogyra, a plant consisting of a single row of cells, are
valuable in relation to this subject,
B
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FORMS OF CIRCUMNUTATION; AS AGAIN ARE THE EQUALLY
PREVALENT MOVEMENTS OF STEMS, &C, TOWARDS THE ZENITH,
AND OF ROOTS TOWARDS THE CENTRE OF THE EARTH. IN
ACCORDANCE WITH THESE CONCLUSIONS, A CONSIDERABLE DIFFICULTY IN THE WAY OF EVOLUTION IS IN PART REMOVED, FOR
IT MIGHT HAVE BEEN ASKED, HOW DID ALL THEIR DIVERSIFIED
MOVEMENTS FOR THE MOST DIFFERENT PURPOSESFIRSTARISE ?
XLS THE CASE STANDS, WE KNOW THAT THERE IS ALWAYS
MOVEMENT IN PROGRESS, AND ITS AMPLITUDE, OR DIRECTION, OR BOTH, HAVE ONLY TO BE MODIFIED FOR THE GOOD
OF THE PLANT IN RELATION WITH INTERNAL OR EXTERNAL
STIMULI.
BESIDES DESCRIBING THE SEVERAL MODIFIED FORMS OF
CIRCUMNUTATION, SOME OTHER SUBJECTS WILL BE DISCUSSED.
THE TWO WHICH HAVE INTERESTED US MOST ARE, FIRSTLY, THE
FACT THAT WITH SOME SEEDLING PLANTS THE UPPERMOST
PART ALONE IS SENSITIVE TO LIGHT, AND TRANSMITS AN INFLUENCE TO THE LOWER PART, CAUSING IT TO BEND. IF THERE-?
FORE THE UPPER PART BE WHOLLY PROTECTED FROM LIGHT,
THE LOWER PART MAY BE EXPOSED FOR HOURS TO IT, AND YET
DOES NOT BECOME IN THE LEAST BENT, ALTHOUGH THIS WOULD
HAVE OCCURRED QUICKLY IF THE UPPER PART HAD BEEN
EXCITED BY LIGHT. SECONDLY, WITH THE RADICLES OF SEEDLINGS, THE TIP IS SENSITIVE TO VARIOUS STIMULI, ESPECIALLY TO VERY SLIGHT PRESSURE, AND, WHEN THUS EXCITED,
TRANSMITS AN INFLUENCE TO THE UPPER PART, CAUSING IT TO
BEND FROM THE PRESSED SIDE. ON THE OTHER HAND, IF
THE TIP IS SUBJECTED TO THE VAPOUR OF WATER PROCEEDING
FROM ONE SIDE, THE UPPER PART OF THE RADICLE BENDS
TOWARDS THIS SIDE. AGAIN IT IS THE TIP, AS STATED BY
CIESIELSKI, THOUGH DENIED BY OTHERS, WHICH IS SENSITIVE
TO THE ATTRACTION OF GRAVITY, AND BY TRANSMISSION CAUSES
THE ADJOINING PARTS OF THE RADICLE TO BEND TOWARDS THE
CENTRE OF THE EARTH. THESE SEVERAL CASES OF THE EFFECTS
OF CONTACT, OTHER IRRITANTS, VAPOUR, LIGHT, AND THE
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ATTRACTION OF GRAVITY BEING TRANSMITTED FROM THE EXCITED PART FOR SOME LITTLE DISTANCE ALONG THE ORGAN IN
QUESTION, HAVE AN IMPORTANT BEARING ON THE THEORY OF
ALL SUCH MOVEMENTS.
Terminology.—A brief explanation of some terms 'which will
be used, must here be given. With seedlings, the stem which
supports the cotyledons (i.e. the organs which represent the first
leaves) has been called by many botanists the hypocotyledonous
stem, but for brevity sake we will speak of it merely as the
hypocotyl: the stem immediately above the cotyledons will be
called the epicotyl or plumule. The radicle can be distinguished
from the hypocotyl only by the presence of root-hairs and the
nature of its covering. The meaning of the word circumnutation has already been explained. Authors speak of positive
and negative heliotropism,*—that is, the bending of an organ
to or from the light; but it is much more convenient to confine
the word heliotropism to bending towards the light, and to
designate as apheliotropism bending from the light. There is
another reason for this change, for writers, as we have
observed, occasionally drop the adjectives positive and negative,
and thus introduce confusion into their discussions. Diaheliotropism may express a position more or less transverse to
the light and induced by it. In like manner positive geotropism, or bending towards the centre of the earth; will be
called by us geotropism; apogeotropism will mean bending in
opposition to gravity or from the centre of the earth; and diageotropism, a position more or less transverse to the radius of
the earth. The words heliotropism and geotropism properly
mean the act of moving in relation to the light or the earth;
but in the same manner as gravitation, though denned as " the
act of tending to the centre," is often used to express the cause
of a body falling, so it will be found convenient occasionally to
employ heliotropism and geotropism, &c, as the cause of the
movements in question.
The term epinasty is now often used in Germany, and implies
that the upper surface of an organ grows more quickly than the
* The highly useful terms of
Heliotropism and Geotropism
were first used by Dr. A. B.

Frank: see his remarkably ^Bel£
trage zur Pflanzenphysiologi©,''
1868.
*
'
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lower surface, and thus causes it to bend downwards. Eyponasly is the reverse, and implies increased growth along the
lower surface, causing the part to bend upwards.*
Methods of Observation.—The movements, sometimes very
small and sometimes considerable in.extent, of the various
organs observed by us, were traced in the manner which after
m a n y trials we found to be best, and which must be described.
Plants growing in pots were protected wholly from the light,
or had light admitted from above, or on one side as the case
might require, and were covered above by a large horizontal
sheet of glass, and with another vertical sheet on one side. A
glass filament, not thicker than a horsehair, and from a quarter
t o three-quarters of an inch in length, was affixed to the part to
b e observed by means of shellac dissolved in alcohol. The
solution was allowed to evaporate, until it became so thick that
i t set hard in two or three seconds, and it never injured the
tissues, even the tips of tender radicles, to which it was applied.
T o the end of the glass filament an excessively minute bead of
black sealing-wax was cemented, below or behind which a bit of
card with a black dot was fixed to a stick driven into the ground.
T h e weight of the filament was so slight that even small leaves
were not perceptibly pressed down. Another method of observation, when much magnification of the movement was not
required, will presently be described. The bead and the dot
o n the card were viewed through the horizontal or vertical
glass-plate (according to the position of the object), and when
o n e exactly covered the other, a dot was made on the glass-plate
w i t h a sharply pointed stick dipped in thick Indian-ink. Other
dots were made at short intervals of time and these were afterwards joined by straight lines. The figures thus traced were
therefore angular; but if dots had been made every 1 or
2 minutes, the lines would have been more curvilinear, as
occurred when radicles were allowed to trace their own
courses on smoked glass-plates. To make the dots accurately
w a s the sole difficulty, and required some practice. Nor could
this be done quite accurately, when the movement was much
magnified, such as 30 times and upwards; yet even in this
case the general course may be trusted. To test the acouracy
of the above method of observation, a filament was fixed to an
• * These terms are used in the
sense given them by De yries,

' Wurzbuig Albeiten,' Heft ii.
1872, p, 252.
., ,
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' inanimate object 'which was made to slide along a straight
edge and dots were repeatedly made on a glass-plate; when
these were joined, the result ought to have been a perfectly
straight line, and the line was very nearly straight. It may be
added that when the dot on the card was placed half-an-incli
below or behind the bead of sealing-wax, and when the glassplate (supposing it to have been properly curved) stood at a
distance of 7 inches in front (a common distance), then the
tracing represented the movement of the bead magnified 15
times.
"Whenever a great increase of the movement was not required,
another, and in some respects better, method of observation was
followed. This consisted in fixing two minute triangles of thin
paper, about -JV i
height, to the two ends of the attached
glass filament; and when their tips were brought into a line so
that they covered one another, dots were made as before on the
glass-plate. If we suppose the glass-plate to stand at a distance of seven inches from the end of the shoot bearing the
filament, the dots when joined, will give nearly the same figure
as if a filament seven inches long, dipped in ink, had been
fixed to the moving shoot, and had inscribed its own course
on the plate. The movement is thus considerably magnified;
for instance, if a shoot one inch in length were bending, and
the glass-plate stood at the distance of seven inches, the movement would be magnified eight times. It would, however,' have
been very difficult to have ascertained in each case how great
a length of the shoot was bending; and this is indispensable
for ascertaining the degree to which the movement is magnified.
After dots had been made on the glass-plates by either of
the above methods, they were copied on' tracing paper and
joined by ruled lines, with arrows showing the direction of the
movement. The nocturnal courses are represented by straight
broken lines. The first dot is always made larger than the
others, so as to catch the eye, as may be seen in the diagrams.
The figures on the glass-plates were often drawn on too large
a scale to be reproduced on the pages of this volume, and the
proportion in which they have been reduced is always given.*
Whenever it could be approximately told how much the movement had been magnified, this is stated. . We have perhaps
n c n

m

* We are much indebted to
Mr. Cooper for the care with which

he has reduced and engraved our
diagrams."
' ·
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introduced A superfluous number OF diagrams; but tliey take
UP less space than A full description of the movements. Almost
a l l the sketches OF plants asleep, &C, were carefully drawn
for us by Mr. George Darwin.
A s shoots, leaves, &c, in circumnutating bend more and
•more, first in one direction and then in another, they were
necessarily viewed at different times more or less obliquely;
a n d as the dots were made on a flat surface, the apparent
amount of movement is exaggerated according to the degree
of obliquity of the point of view. It would, therefore, have
been A much better plan to nave used hemispherical glasses,
IF -we had possessed them of all sizes, and IF the bending part
OF the shoot had been distinctly hinged and could have been
placed so as to have formed one of the radii of the sphereB u t even in this case it would have been necessary afterwards
TO have projected the figures on paper; SO that complete
accuracy could not have been attained. From the distortion
OF our figures, owing to the above causes, they are of no use
TO any one who wishes to know the exact amount of movement,
OR the exact course pursued; but they serve excellently for
ascertaining whether or not the part moved at all, as well AS
t h e general character of the movement.
v

i

'

I N THE FOLLOWING CHAPTERS, THE MOVEMENTS OF A CONSIDERABLE NUMBER OF PLANTS ARE DESCRIBED; AND THE
SPECIES HAVE BEEN ARRANGED ACCORDING TO THE SYSTEM'
ADOPTED BY HOOKER IN LE MAOUT AND DECAISNE'S ' D E SCRIPTIVE BOTANY.' NO ONE WHO IS NOT. INVESTIGATING
THE PRESENT SUBJECT NEED READ ALL THE DETAILS, WHICH,
HOWEVER, WE HAVE THOUGHT IT ADVISABLE TO GIVE. TO
SAVE THE READER TROUBLE, THE CONCLUSIONS AND MOST OF
THE MORE IMPORTANT PARTS HAVE BEEN PRINTED IN LARGER
TYPE THAN THE OTHER PARTS. H E MAY, IF HE THINKS FIT,
READ THE LAST CHAPTERFIRST,AS IT INCLUDES A SUMMARY
OF THE WHOLE VOLUME; AND HE WILL THUS SEE WHAT
POINTS INTEREST HIM, AND ON WHICH HE. REQUIRES THE
FULL EVIDENCE.
"FINALLY, WE MUST HAVE THE PLEASURE OF RETURNING OUR
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INTRODUCTION.

9

SINCERE THANKS TO SIR JOSEPH HOOKER AND TO MR. W .
THISELTON DYER FOR THEIR GREAT KINDNESS, IN NOT ONLY
SENDING US PLANTS FROM KEW, BUT IN PROCURING OTHERS
FROM SEVERAL SOURCES WHEN THEY WERE REQUIRED FOR OUR
OBSERVATIONS; ALSO, FOR NAMING MANY SPECIES, AND GIVING
US INFORMATION ON VARIOUS POINTS.
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CHAPTER

I.

THE CntcuMNTJTATTNG MOVEMENTS or SEEDLING PLANTS.

Braseica olerácea, circumnutation of the radicle, of the arched hypocotyl whilst still buried beneath the ground, whilst rising above the
ground and straightening itself, and when erect—Circumnutation
of the cotyledons—Bate of movement—Analogous observations on
various organs in species of Githago, Gossypium, Oxalis, Tropsoolum, Citrus, iEsculus, of several Leguminous and Cucurbitaceous genera, Opuntia, Helianthus, Primula, Cyclamen, Stapelia,
Cerinthe, Nolana, Solanum, Beta, Ricinus, Quercus, Corylus, Pinus,
Cycas, Canna, Allium, Asparagus, Phalaris, Zea, Avena, Nephrodium, and Selagiuella.
T H E FOLLOWING CHAPTER IS DEVOTED TO THE CIRCUMNUTATING MOVEMENTS OF THE RADICLES, HYPOCOTYLS, AND
COTYLEDONS OF SEEDLING PLANTS; AND, WHEN THE COTYLEDONS DO NOT RISE ABOVE THE GROUND, TO THE MOVEMENTS
OF THE EPICOTYL. BUT IN A FUTURE CHAPTER WE SHALL HAVE
TO RECUR TO THE MOVEMENTS OF CERTAIN COTYLEDONS WHICH
SLEEP AT NIGHT.
Brassica olerácea {Crucifero^).—Fuller details will be given
•with respect to the movements in this case than in any other,
a s space and time will thus ultimately be saved.
Radicle.—A seed with the radicle projecting "05 inch was
fastened with shellac to a little plate of zinc, so that the
radicle stood up vertically; and a fine glass filament was then
fixed near its base, that is, close to the seed-coats. The seed
w a s surrounded by little bits of wet sponge, and the movem e n t of the bead at the end of the filament was traced (Fig. 1)
d u r i n g sixty hours. In this time the radicle increased in
l e n g t h from 05 to 11 inch. Had the filament been attached at
first close to the apex of the radicle, and if it could have remained there all the time, the movement exhibited would have
-

-
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been much greater, for at the' close of our observations the tip,
instead of standing vertically upwards, had become bowed
downwards through geotropism, so as almost to touch the zinc
plate. As far as we could
roughly ascertain by measure'g' 1·
ments made with compasses
on other seeds, the tip alone,
for a length of only
to
•ygo of an inch, is acted on
by geotropism. But the tracing shows that the basal part
of the radicle continued to
circumnutate irregularly during, the whole time. The
actual extreme amount of
movement of the bead at the
end of the filament was nearly
•05 inch, but to what extent
the movement of the radicle Jirassica oleracea: circumnutation of
radicle, traced on horizontal glass,
was magnified by the filafrom 9 A.M. Jan. 31st to 9 P.M.
ment, which was nearly I inch
Feb. 2nd. Movement of bead at
end of filament magnified about
in length, i t was impossible
40 times.
to estimate.
F

Another seed was treated and observed in the same manner,
but the radicle in this case protruded 1 inch, and was not
-

Fig. 2.

\

- .

" Brassica oleracea: circumnutating and geotropic movement of radicle,'
traced on horizontal glass during 46 hours.

fastened so as to project quite vertically upwards. The filament
was affixed close to its base. The trac'ing (Fig. 2, reduced by
half) shows the movement from 9 A.M. Jan. 31st to 7 A.M.
"Feb. 2nd; but it continued to move.during the whole-of the
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2nd in the same general direction, and in a similar zigzag
manner. From the radicle not being quite perpendicular when
•the filament was affixed geotropism came into play at once;
but the irregular zigzag course shows that there was growth
(probably preceded by turgescence), sometimes on one and
sometimes on another side. Occasionally the bead remained
stationary for about an hour, and then probably growth occurred
o n the side opposite to that which caused the geotropio curva*
ture. In the case previously described the basal part of the
very short radicle from being turned vertically upwards, was at
first very little affected by geotropism. Filaments were affixed
i n two other instances to rather longer radicles protruding
obliquely from seeds which had been turned upside down ; and
in these cases the lines traced on the horizontal glasses were
only slightly zigzag, and the movement was always in the same
general direction, through the action of geotropism. All these
observations are liable to several causes of error, but we believe,
from what will hereafter be shown with respect to the movements of the radicles of other plants, that they may be largely
trusted.
Hypocotyl.—The hypocotyl protrudes through the seed-coats
as a rectangular projection, which grows rapidly into an arch
like the letter TJ turned upside down n ; the cotyledons being
still enclosed within the seed. In whatever position the seed
may be embedded in the earth or otherwise fixed, both legs of
the arch bend upwards through apogeotropism, and thus rise
vertically above the ground. . A s soon as this has taken place,
or even earlier, the inner or concave surface of the arch grows
more quickly than the upper or convex surface; and this tends
to separate the two legs and aids in drawing the cotyledons out
of the buried seed-coats. By the growth of the whole arch the
cotyledons are ultimately dragged from beneath the ground, even
from a considerable depth; and now the hypocotyl quickly
straightens itself by the increased growth of the concave side.
Even whilst the arched or doubled hypocotyl is still beneath
the ground, it circumnutates as much as the pressure of the surrounding soil will permit; but this was difficult to observe,
because as soon as the arch is freed from lateral pressure the two
legs begin to separate, even àt a very early age, before the arch
would naturally have reached thè surface. Seeds were allowed
to germinate on the surface of damp earth, and after they had
.fixed themselves by their radicles, and after the, as. yet, only
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slightly arched hypocotyl had become nearly vertical, a glass
filament was affixed on two occasions near to the base of the
basal leg (i.e. the one in connection with the radicle), and its
movements were traced in darkness on a horizontal glass. The
result was that long lines were formed running in nearly the
plane of the vertical arch, due to the early separation of the
two legs now freed from pressure; but as the lines were zigzag,
showing lateral movement, the arch must have been circuronutating, whilst it was straightening itself by growth along its
inner or concave surface.
. A somewhat different method of observation was next followed:
Fig. 3.

Brassica oleracea: circumnutating movement of buried and arched hypocotyl (dimly illuminated from above), traced on horizontal glass during
45 hours. Movement of bead of filament magnified about 25 times,
and here reduced to one-half of original scale.

as soon as the earth with seeds in a pot began to crack, the
surface was removed in parts to the depth of 2 inch; and a
filament was fixed to the basal leg of a buried and arched hypocotyl, just above the summit of the radicle. The cotyledons
were still almost completely enclosed within the much-cracked
seed-coats; and these were again covered up with damp adhesive
soil pressed pretty firmly down. The movement of the filament'
was traced (Fig. 3) from 11 A.M. Feb. 5th till 8 A.M. Feb. 7th.
By this latter period the cotyledons had been dragged from
beneath the pressed-down earth, but the upper part of thehypocotyl still formed nearly a right angle with the lower part ·
The tracing shows that the arched hypocotyl tends at this early
-
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age to circumnutate irregularly. On the first day the greater
movement (from right to left in the figure) was not in the plane
of the vertical and arched hypocotyl, but at right angles to it, or in
the plane of the two cotyledons, which were still in close contact.
The basal leg of the arch at the time when the filament was
affixed to it, was already bowed considerably backwards, or
from the cotyledons; had the filament been affixed before this
bowing occurred, the chief movement would have been at right
angles to that shown in the figure. A filament was attached to
another buried hypocotyl of the same age, and it moved in a
similar general manner, but the line traced was not so complex.
This hypocotyl became almost straight, and the cotyledons were
dragged from beneath the ground on the evening of the second day.
Fig. 4,

Brassica olerácea: circumntitating movement of buried and arched hypo" cotyl, with the two legs of the arch tied together, traced on horizontal
glass during 33£ hours. Movement of the bead of filament magnified
' about 26 times, and here reduced to one-half original scale.

. Before the above observations were made, some arched hypocptyls buried at the depth of a quarter of an inch were uncovered ; and in order to prevent the two legs of the arch
from beginning to separate at once, they were tied together with
fine silk. This was done partly because we wished to ascertain
how long the hypocotyl, in its arched condition, would continue
to move, and whether the movement when not masked and
disturbed by the straightening process, indicated circumnutation. Firstly, a filament was fixed to the basal leg of an
arched hypocotyl close above the summit of the radicle. The
cotyledons were still partially enclosed within the seed-coats..
The movement was traced (Fig. 4) from 9.20 a j i . on Dec.

IRIS - LILLIAD - Université Lille 1

23rd td 6.45 A.M. on Dec. 25th. No doubt the natural movement was much disturbed by the two legs having been tied
together; but we see that it was distinctly zigzag, first in one
direction and then in an almost opposite one. After 3 P.M. on
the 24th the arched hypocotyl sometimes remained stationary,
for a considerable time, and when moving, moved far slower than
before. Therefore, on the morning of the 25th, the glass filament was removed from the base of the basal leg, and was fixed
horizontally on the summit of the arch, which, from the legshaving been tied, had grown broad and almost flat. The
movement was now traced during 23 hours (Fig. 5), and we
Fig. 5.

Brassica oleracea: circumnutating movement, of the crown of a buried AN4
arched hypocotyl, with the two legs tied together, traced on a horizontal glass during 23 hours. Movement of the bead o f the filament
magnified about 58 times, and here reduced to one-half · original
scale.
.
.
.

see that the course was still zigzag, which indicates a tendency
to circunmutation. The base of the basal leg by this time had
almost completely ceased to move.
As soon as the cotyledons have been naturally dragged from
beneath the ground, and the hypocotyl has straightened itself
by growth along the inner or concave surface, there is nothing to
interfere with the free movements of the parts; and the circumnutation now becomes much more regular and clearly displayed,
as shown in the following cases:—A seedling was placed in
front and near a north-east window with a line joining the
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two cotyledons parallel to the window. It was thus left the
whole day so as to accommodate itself to the light. On t h e
following morning a filament was fixed to the midrib of the
larger and taller cotyledon (which enfolds the other and smaller
one, whilst still within the seed), and a mark being placed
close behind, the movement of the whole plant, that is, of the
hypocotyl and cotyledon, was traced greatly magnified on a vertical glass. At first the plant bent so much towards the light
that it was useless to attempt to trace the movement; but at
10 A.M. heliotropism almost wholly ceased and the first dot was
Fig. 6.

Brassica ohracea: conjoint circumnutation of the hypocotyl and cotyledons
during 10 hours 45 minutes. Figure here reduced to one-half original
scale. .
made on the glass. The last was made at 8.45 P.M.; seventeen
dots being altogether made in this interval of 10 h. 45 m. (see
Fig. 6). It should be noticed that when I looked shortly after
4 P.M. the bead was pointing off the glass, but it came on again
at 5.30 P.M., and the course during this interval of l h . . 3 0 m . has
been filled up by imagination, but cannot be far from correct.
The bead moved seven times from side to side, and thus described 3J ellipses in 101 h.; each being completed on an
average in 3 h. 4 m.
On the previous day another seedling had been observed
under similar conditions, excepting that the plant was so
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placed that a line joining the two cotyledons pointed towards
the window; and the filament was attached to the smaller cotyledon on the side furthest from the window. Moreover, the
plant was now for the first time placed in this position. The
cotyledons bowed themselves greatly towards the light from 8 to
10.50 A.M., when the first dot was made (Fig. 7). During the
Fig. 7.

lirassica oleracea: conjoint circumnutation of the hypocotyl and cotyledons,
from 10.50 A.M. to 8 A.M. on the following morning. Tracing made
on a vertical glass.
next 12 hours the bead swept obliquely up and down 8 times
and described 4 figures representing ellipses; so that it travelled
at nearly the same rate as in the previous case. During the
night it moved upwards, owing to the sleep-movement of the
cotyledons, and continued to move in the same direction till
9 A.M. on the following morning; but this latter movement
would not have occurred with seedlings under their natural
conditions fully exposed to the light.
-By 9.25 A.M. on this second day the same cotyledon had
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begun to fall, and a dot was made on a fresh glass. The movement was traced until 5.30 P.M. as shown in (Fig. 8), which is
given, because the course followed was much more irregular
than on the two previous
occasions. During these
8 hours the bead changed
its course greatly 10 times.
The upward movement of
the cotyledon during the
afternoon and early part
of the night is here plainly
shown.
As the filaments were
fixed in the three last
cases to one of the cotyledons, and as the hypocotyl was left free, the
tracings show the moveBrassiea olentcea: conjoint circumnutation ment of both organs conof the hypocotyl and cotyledons during joined;
and we now
8 hours. Figure here reduced to onewished
to
ascertain whethird of the original scale, as traced on-a
ther both circumnutated.
vertical glass.
Filaments were therefore
fixed horizontally to two hypocotyls close beneath the petioles
of their cotyledons. These seedlings had stood for two days
in the same position before a north-east window. In the morning, up to about 11 A.M., they moved in zigzag lines towards
the light; and at night they again became almost upright
through apogeotropism. After about 11 A.M. they moved a
little back from the light, often crossing and recrossing their
former path in zigzag lines. The sky on this day varied much
in brightness, and these observations merely proved that the
hypocotyls were continually moving in a manner resembling
circumnutation.
On a previous day which was uniformly*
cloudy, a hypocotyl was firmly secured to a little stick, and
a filament was fixed to the larger of the two cotyledons, and its
movement was traced on a vertical glass. It fell greatly from
8.52 A.M., when the first dot was made, till 10.55 A.M. ; it then rose
greatly until 12.17 P.M. Afterwards it fell a little and made a
loop, but' by 2.22 P.M. it had risen a little and continued rising
till 9.23 P.M., when it made another loop, and at 10.30 P.M. was
again rising. These observations show that the cotyledons move
8
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vertically up and down all day long, and as there was some
slight lateral movement, they circumnutated.
The cabbage was one of the first plants, the seedlings of which
were observed by us, and we
did not then know how far
' '
the circumnutation of the
different parts was affected
by light. Young seedlings
were therefore kept in complete darkness except for a
minute or two during each
observation, when they were
illuminated by a small wax
taper held almost vertically
above them. During the first
day the hypocotyl of one
changed its course 13 times
(see Fig. 9); and it deserves
notice that the longer axes
of the figures described often
cross, one another at right or
nearly right angles. Another
seedling was observed in the
same manner, but it was
much older, for it had formed
a true leaf a quarter of an
- i n c h in length, and the hypocotyl was lg- inch in height.
The figure traced was a very
complex one, though the
movement was not so great
in extent as in the last case. Brassica olerácea: circumnutation of
hypocotyl, in darkness, traced on a
The hypocotyl of another
horizontal glass, by means of a filaseedling of the same age was
ment with a bead fixed across its
. secured to a little stick, and
summit, between 9.15 A.M. and
8.30 A.M. on the following morna filament having been fixed
ing. Figure here reduced to oneto the midrib of one of the
half of original scale.
cotyledons, the movement of
the bead was traced during 14 h. 15 m. (see Fig. 10) in darkness.
It should be noted that the chief movement of the cotyledons,
namely, up and down, would be shown on a horizontal glassplate only by the lines in the direction of the midrib (that is,
0 2
l g
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up and down, as Fig. 10 here stands) being a little lengthened
or shortened; whereas any lateral movement would be well
exhibited. The present tracing shows
that the cotyledon did thus move laterally
(that is, from side to side in the tracing)
12 times in the 14 h. 15 m. of observation. Therefore the cotyledons certainly
circumnutated, though the chief movement was up and down in a vertical
plane.
Rate of movement.—The movements of
the hypocotyls and cotyledons of seedling
cabbages of different ages have now been
sufficiently illustrated. With respect to
the rate, seedlings were placed under the
Brassica oleracea j
. cumnutation of a microscope with the stage removed, and
cotyledon, the hypo- with a micrometer eye-piece so adjusted
cotyl having been that each division equalled
inch; the
secured to a stick, plants were illuminated by light passing
traced on a horizontal glass, in dark- through a solution of bichromate of potasness, from 8.15 A.M. sium so as to eliminate heliotropism.
to 10.30 P.M. Move- Under these circumstances it was interestment of the bead of
the filament magni- ing to observe how rapidly the circumnutating apex of a cotyledon passed across
fied 13 times.
the divisions of the micrometer. Whilst
travelling in any direction the apex generally oscillated backwards and forwards to the extent of
and sometimes of nearly
•j^ij of an inch. These oscillations were quite different from the
trembling caused by any disturbance i n the same room or by
the shutting of a distant door. The first seedling observed was
nearly two inches in height and had been etiolated by having
been grown in darkness. The tip of the cotyledon passed across
10 divisions of the micrometer, that is, ^ of an inch, in 6 m.
40 s. Short glass filaments were then fixed vertically to the
hypocotyls of several seedlings so as to project a little above the
cotyledons, thus exaggerating the rate of movement; but only a
few of the observations thus made are worth giving. The most
remarkable fact was the oscillatory movement above described,
and the difference of rate at which the point crossed the divisions of the micrometer, after short intervals of time. For
instance, a tall not-etiolated seedling had been kept for 14 h.
in darkness; it was exposed before a north-east window for only
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two or three minutes whilst a glass filament was fixed vertically
to the hypocotyl; it was then again placed in darkness for half
an hour and afterwards observed by light passing through
bichromate of potassium. The point, oscillating as usual,
crossed five divisions of the micrometer (i. e.
inch) in
1 m. 30 s. The seedling was then left in darkness for an hour,
and now it required 3 m. 6 s. to cross one division, that is,
15 m. 30 s. to have crossed five divisions. Another seedling,
after being occasionally observed in the back part of a northern
room with a very dull light, and left in complete darkness for
intervals of half an hour, crossed five divisions in 5 m. in the
direction of the window, so that we concluded that the movement was heliotropic. But this was probably not the case, for
it was placed close to a north-east window and left there for
25 m., after which time, instead of moving still more quickly
towards the light, as might have been expected, it travelled
only at the rate of 12 m. 30 s. for five divisions. It was then
again left in complete darkness for l h . , and the point now
travelled in the same direction as before, but at the rate of
3 m. 18 s. for five divisions.
We shall have to recur to the cotyledons of the cabbage in a
future chapter, when we treat of their sleep-movements. The
circumnutation, also, of- the leaves of fully-developed plants
will hereafter be described.
Fig. 11.:

Githago segetum: circumnutation of hypocotyl, traced on a horizontal
glass, by means of a filament fixed transversely across its summit, from
8.15 A.M. to 12.15 P.M. on the following day. Movement of bead of
filament magnified about 13 times, here reduced to one-half the original
scale.
Githago segetum (Caryophylleae).—A young seedling was dimly
illuminated from .above, and the circumnutation of the hypo-
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cotyl was observed during 28 h., as shown in Pig. 11. It moved
in all directions; the lines from right and to left in the figure
being parallel to the blades of the cotyledons. The actual
distance travelled from Side to side by the summit of the
hypocotyl was about 2 of an inch; but it was impossible to
be accurate on this head, as the more obliquely the plant was
viewed, after it had moved for some time, the more the distances
were exaggerated.
We endeavoured to observe the circumnutation of the cotyledons, but as they close together unless kept exposed to a moderately bright light, and as the hypocotyl is extremely heliotropic,
the necessary arrangements were too
Fig. 12.
troublesome. We shall recur to the nocturnal or sleep-movements of the cotyledons in a future chapter.
Gossypium (var. Nankin cotton) (Malvaceae).—The circumnutation of a hypocotyl was observed in the hot-house, but
Qossjipium ; circumnu- the movement was so much exaggerated
tation of hypocotyl, that the bead twice passed for a time out of
traced on a horizontal glass, from 10.30 view. It was, however, manifest that two
A.M. to 9.30 A.M. on somewhat irregular ellipses were nearly
following morning, completed in 9 h.
Another seedling,
by means of a fila- l i in. in height, was then observed during
ment fixed across
its summit. Move- 23 h.;, but the observations were not
ment of bead of fila- made at sufficiently short intervals, as
ment magnified about shown by the few dots in Fig. 12, and the
twice ; seedling illuminated from above. tracing was not now sufficiently enlarged.
Nevertheless there could be no doubt
about the circumnutation of the hypocotyl, which described
in 12 h. a figure representing three irregular ellipses of unequal
sizes.
-

The cotyledons are in constant movement up and down during
the whole day, and as they offer the unusual case of moving
downwards late in the evening and in the early part of the
night, many observations were made on them. A filament was
fixed along the middle of one, and its movement traced on a
vertical glass; but the tracing is'not given, as the hypocotyl
was not secured, so that it was impossible to distinguish clearly
between its movement and that of the cotyledon. The cotyledons rose from 10.30 A.M. to about 3 P.M. ; they then sank till
10 P.M., rising,, however, greatly in the latter part of the night.
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The angles above the horizon at which the cotyledons of another
seedling stood at different hours is recorded in the following
short table:—
Oct. 20

r

2.50
4.20
5.20
>, 10.40
Oct. 21 8.40
» 11-15
,,
9.11

P.M
,
,
„
A.M
,
p.M

25° above horizon.
22°
15°
8^
28°
„
35°
10° below horizon.

The position of the two cotyledons was roughly sketched at
various hours with the same general result.
In the following summer, the hypocotyl of a fourth seedling
was secured to a little stick, and a glass filament with triangles
of paper having been fixed to one of the cotyledons, its movements were traced on a vertical glass under a double skylight in
the house. The first dot was made at 4.20 P.M. June 20th; and
the cotyledon fell till 10.15 P.M. in a nearly straight line. Jrist
past midnight it was found a little lower and somewhat to one
side. By the early morning, at 3.45 A.M., it had risen greatly,
but by 6.20 A.M. had fallen a little. During the whole of this
day (21st) it fell in a slightly zigzag line, but its normal course
was disturbed by the want of sufficient illumination, for during
the night it rose only a little, and travelled irregularly during
the whole of the following day and night of June 22nd. The
ascending and descending lines traced during the three days
did not coincide, so that the movement was one of circumnutation. This seedling was then taken back to the hot-house, and
after five days was inspected at 10 P.M., when the cotyledons
were found hanging so nearly vertically down, that they might
justly be said to have been asleep. On the following morning
they had resumed their usual horizontal position.
Oxalis rosea (Oxalidese).—The hypocotyl was secured to a little
stick, and an extremely thin glass filament, with two triangles of
paper, was attached to one of the cotyledons, which was 15 inch
in length. In this and the following species the end of the
petiole, where united to the blade, is developed into a pulvinus.
The apex of the cotyledon stood only 5 inches from the vertical
glass, so that its movement was not greatly exaggerated as long
as it remained nearly horizontal; but in the course of the day it
both rose considerably above and fell beneath a horizontal position, and then of course the movement was much exaggerated.
-
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In Fig. 13 its course is shown from 6.45 A.M. on June 17th, to
7.40 A.M. on the following morning; and we see that during the
daytime, in the course of 11 h.
15 m., it travelled thrice down
and twice up. After 5.45 P.M. it
moved rapidly downwards, and
in an hour or two depended vertically ; it thus remained all night
asleep. This position could not
be represented on the vertical
glass nor in the figure here given.
By 6.40 A.M. on the following
morning (18th) both cotyledons
had risen greatly, and they continued to rise until 8 A.M., when
they stood almost horizontally.
Their movement was traced during the whole of this day and
until the next morning; but a
tracing is not given, as it was
closely similar to Fig. 13, excepting that the lines were more
zigzag. The cotyledons moved
7 times, either upwards or downwards; and at about 4 P.M. the
great nocturnal sinking movement commenced.
Another seedling was observed
in a similar manner during nearly
24 h., but with the difference that
8'30'a.m.
the hypocotyl was left free. The
movement also was less magnified.
Between 8.12 A.M. and 5 P.M. on
the 18th, the apex of the cotyledon moved 7 times upwards or
Oxalis rosea: circumnutation of downwards (Fig. 14). The noccotyledons, the hypocotyl being turnal sinking movement, which
secured to a stick; illumina- is merely a great increase of one'
ted from above. Figure here
given one-half of original scale. of the diurnal oscillations, commenced about 4 P.M.
Oxalia Vdldiviana..—This species is interesting, as the coty-
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ledons rise perpendicularly upwards at night so as to come into
close contact, instead of sinking vertically downwards, as in the
case of 0. rosea. A glass filament was fixed to a cotyledon,
•17 of an inch in length, and the hypocotyl was left free. On
Fig. 14,
S°13'a».
t.íMO'nildS*

Fig. 15.

¡T4S'

°S8'

1»80'
8°3.fa.m.

Oxalis rosea s conjoint circumnutation of
the cotyledons and hypocotyl, traced
from 8.12 A.M. on June 18th to 7.30
A.M. 19th. The apex of the cotyledon
stood only 3f inches from the vertical.
glass. Figure here given one-half of
original scale..

Omits Valdiviana i
circumnutation of a cotyledon and the hypocotyl, traced
on vertical glass, during 24
hours. Figure here given
one-half of original scale;
seedling illuminated from
- above.

the first day the seedling was placed too far from the vertical
glass; so that the tracing was enormously exaggerated and the
movement could not be traced when the cotyledon either rose or
sank much; but it was clearly seen that the cotyledons rose
thrice and fell twice between 8.15 A.M. and 4.15 P.M. Early on
the following morning (June 19th) the apex of a cotyledon was
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conjoint

.placed only I f inch from the vertical glass. At 6.40 A.M. it
stood horizontally; it then fell till 8.35, and then rose. Altogether in the course of 12 h. it rose thrice and fell thrice, as
may be seen in Tig. 15. The great nocturnal rise of the cotyledons usually commences about 4 or 5 P.M., and on the following
morning they are expanded or stand horizontally at about 6.30
A.M. In the present instance, however, the great nocturnal rise
did not commence till 7 P.M. ; but this was due to the hypocotyl
having from some unknown cause temporarily bent to the left
side, as is shown in the tracing. To ascertain positively that
the hypocotyl circumnutated, a mark was placed at 8.15 P.M.
behind the two now closed and vertical cotyledons ; and the
movement of a glass filament fixed upright to the top of the
hypocotyl was traced until 10.40 P.M. During this time it
moved from side to side, as well as backwards and forwards,
plainly showing circumnutation ; but the movement was small
in extent. Therefore Fig. 15 represents fairly well the movements of the cotyledons alone, with the exception of the one
great afternoon curvature to the left.
Oxalis corniculata (var. cuprea).—The cotyledons rise at night
to a variable degree above the horizon, generally about 45°:
those on some seedlings between 2 and 5 days old were found
to be in continued movement all day long ; but the movements
were more simple than in the last two species. This may have
partly resulted from their not being sufficiently illuminated
whilst being observed, as was shown by their not beginning to
rise until very late in the evening.
Oxalis (Biophytum) sensitiva.—The cotyledons are highly remarkable from the amplitude and rapidity of their movements
during the day. The angles at which they stood above or
beneath the horizon were measured at short intervals of time ;
and we regret that their course was not traced during the whole
day. "We will give only a few of the measurements, which were
made whilst the seedlings were exposed to a temperature of 22 i °
to 24Î C One cotyledon rose 70° in 11 m. : another, on a distinct
seedling, fell 80° in 12 m. Immediately before this latter fall
thé same cotyledon had risen from a vertically downward to a
•vertically upward position in 1 h. 48 m., and had therefore passed
through 180° in under 2 h. "We have met with no other instance
of a circumnutating movement of such great amplitude as 180° ;
.-nor of such rapidity of movement as the passage through 80° in
,'12 m. The cotyledons of this plant sleep at night by rising
0

;
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vertically and coming into close contact. This upward movement differs from one of the great diurnal oscillations above
described only by the position being permanent during the night
and. by its periodicity, as it always commences late in the
evening.
Trop&olum minus (?) (var. Tom Thumb) (Tropseoless).—The
cotyledons are hypogean, or never rise above the ground. By
removing the soil a buried epicotyl
or plumule was found, with its
Fig. 18.
summit arched abruptly downwards, like the arched hypocotyl
of the cabbage previously described.
A glass filament with a bead at
its end was affixed to the basal half
or leg, just above the hypogean
cotyledons, which were again almost
surrounded by loose earth. The
tracing (Fig. 16) shows the course
of the bead during 11 h. After the
last dot given in the figure, the
bead moved to a great distance,
and finally off the glass, in the
direction indicated by the broken
line. This great movement, due to
increased growth along the concave surface of the arch, was caused j y
inus (1): circum
nutation of buried and arched
by the basal leg bending backepicotyl, traced on a horizonwards from the upper part, that is
tal glass, from 9.20 A.M. to
in a direction opposite to the depen8,15 P.M. .Movement of bead
dent tip, in the same manner as
of filament magnified 27
times.
occurred with the hypocotyl of
the cabbage. Another buried and
arched epicotyl was observed in the same manner, excepting
that the two legs of the arch were tied together with fine silk
for the sake of preventing the great movement just mentioned.
I t moved, however, in the evening in the same direction as
before, but the line followed was not so straight. During the
morning the tied arch moved in an irregularly circular, strongly
zigzag course, and to a greater distance than in the previous
case, as was shown in a tracing, magnified 18 times. The movements of a young plant bearing a few leaves and of a mature
plant, will hereafter be described.
_
.
o p m h m
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Citrus aurantium (Orange) (Aurantiaceae),—The cotyledons
are hypogean. The circumnntation of an epicotyl, which at the
close of our observations was 59 of an inch (15 mm.) in height
above the ground, is shown in the annexed figure (Pig. 17), as
observed during a period of 44 h. 40 m.
-

Fig. 17.

Citrus aurantium: circumnntation of epicotyl with a filament fixed transversely near its apex, traced on a horizontal glass, from 12.13 P.M. on
Feb. 20th to 8.55 A.M. on 22nd. The movement of the bead of the
filament was at first magnified 21 times, or 10.J, in figure here given,
and afterwards 36 times, or 18 as here given; seedling illuminated
from above.

JEsculus hippocastanum (Hippocastanese).—Germinating seeds
were placed in a tin box, kept moist internally, with a sloping
bank of damp argillaceous sand, on which four smoked glassplates rested, inclined at angles of 70° and 65° with the
horizon. The tips of the radicles were placed so as just to
touch the upper end of the glass-plates, and, as they grew
downwards they pressed lightly, owing to geotropism, on the
smoked surfaces, and left tracks of their course. In the middle
part of each track the glass was swept clean, but the margins
were much blurred and irregular. Copies of two of these tracks
(all four being nearly alike) were made on tracing paper placed
over the glass-plates after they had been varnished; and they
are as exact as possible, considering the nature of the margins
(Pig. 18), They suffice to show that there was some lateral,
almost serpentine movement, and that the tips in their downward course pressed with unequal force on the plates, as
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the tracks varied, in breadth. The more perfectly serpentine
tracks made by the radicles of Phaseolus multiflorus and Vicia
faba (presently to be described), render
it almost certain that the radicles of
the present plant circumnntated.
Phaseolus multiflorus (Leguminosse).
—Four smoked glass-plates were arranged in the same manner as described Tinder iEsculus, and the tracks
left by the tips of four radicles of the
present plant, whilst growing downwards, were photographed as transparent objects. Three of them are JEsculus hippocastanum: outlines of tracks left on inhere exactly copied (Fig. 19). Their clined glass-plates by tips
sorpentine courses show that the tips of radicles. In A the plate
moved regularly from side to side; was inclined at 70° with
the horizon, and the radicle
they also pressed alternately with was 1 · 9 inch in length, and
greater or less force on the plates, •23 inch in diameter at base.
sometimes rising up and leaving them . In B the plate was inclined
altogether for a very short distance; 65° with the horizon, and
the radicle was a trifle
but this was better seen on the larger.
original plates than in the copies.
These radicles therefore were continually moving in all directions—that is, they circumnutated. The distance between the
extreme right and left positions
Fig. 19.
of the radicle A, in its lateral
movement, was 2 mm., as ascertained by measurement with an
eye-piece micrometer.
Vicia faba (Common Bean)
(Leguminosse).— Radicle. —Some
beans were allowed to germinate
on bare sand, and after one had
A.
B.
C.
protruded its radicle to a length
Phaseolus multiflorus: tracks' left
of *2 of an inch, it was turned
on inclined smoked glass-platos
upside down, so that the radicle,
by tips of radicles in growing
downwards.
A and C, plates
which was kept in damp air,
inclined at 60°, B inclined at
now stood upright. A filament,
68° with the horizon. . .
nearly an inch in length, was .
affixed obliquely near its t i p ; and the movement of the
terminal bead was traced from 8.30 A.M. to 10.30 P.M., as shown
in Fig. 18. The radicle at first changed its course twice
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abruptly, then made a small loop and then a larger zigzag
curve. Luring the night and till 11 A.M. on the following
Fig. 20.

Vicia faba: circumnutation of a radicle, at first pointing vertically upwards, kept in darkness, traced on a horizontal glass, during 14 hours.
Movement of bead of filament magnified 23 times, here reduced to
one-half of original scale.

morning, the bead moved to a great distance in a nearly straight
line, in the direction indicated by the broken line in the figure.
This resulted from the tip bending quickly downwards, as it
had now become much declined, and had thus gained a position
highly favourable for the action of geotropism.
Fig. 21.

A.

B.

0.

D.

E.

Vicia faba : tracks left on inclined smoked glass-plates, by tips of radicles
in growing downwards. Plate C was inclined at 63°, plates A and D
at 71°, plate B at 75°, and plate E at a few degrees beneath the
horizon.
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We next experimented on nearly a score of radicles by allowing
them to grow downwards over inclined plates of smoked glass,
in exactly the same manner as with iEsculus and Phaseolus.
Some of the plates were inclined only a few degrees beneath
the horizon, but most of them between 60° and 75°. In the
latter cases the radicles in growing downwards were deflected
only a little from the direction which they had followed whilst
germinating in sawdust, and they pressed lightly on the glassplates (Fig. 21). Five of the most distinct tracks are here
copied, and they are all slightly sinuous, showing circumnutation. Moreover, a close examination of almost every one of the
tracks clearly showed that the tips in their downward course
had alternately pressed with greater or less force on the plates,
and had sometimes risen up so as nearly to leave them for short
intervals. The distance between the extreme right and left
positions of the radicle A was 0 7 mm., ascertained in the same
manner as in the case of Phaseolus.
Epicotyl.—At the point where the radicle had protruded from
a bean laid on its side, a flattened solid lump projected "1 of an
inch, in the same horizontal plane with the bean. This protuberance consisted of the convex summit of the arched epicotyl;
and as it became developed the two legs of the arch curved
themselves laterally upwards, owing to apogeotropism, at such
a rate that the arch stood highly inclined after 14 h., and
vertically in 48 h. A filament was fixed to the crown of
the protuberance before. any arch was visible, but the basal
half grew so quickly that on the second morning the end of the
filament was bowed greatly downwards. It- was therefore removed and fixed lower down. The line traced during these two
days extended in the same general direction, and was in parts
nearly straight, and in others plainly zigzag, thus giving some
evidence of circumnutation.
As the arched epicotyl, in whatever position it may be placed,
bends quickly upwards through apogeotropism, and as the two
legs tend at a very early age to separate from one another, as
soon as they are relieved from the pressure of the surrounding
earth, it was difficult to ascertain positively whether the epicotyl,
whilst remaining arched, circumnutated. Therefore some rather
deeply buried beans were uncovered, and the two legs of the
arches were tied together, as had been done with the epicotyl
of Tropffiolum and the hypocotyl of the Cabbage. The movements of the tied arches were traced in the usual manner on
-
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two occasions during three days. But the tracings made under
such unnatural conditions are not worth giving; and it need
only be said that the lines were decidedly zigzag, and that
small loops were occasionally formed. We may therefore conclude that the epicotyl circumnutates whilst still arched and
before it has grown tall enough to break through the surface
of the ground.
In order to observe the movements of the epicotyl at a somewhat more advanced age, a filament was fixed near the base of
one which was no longer arched, for its upper half now formed
a right angle with the lower half. This bean had germinated
on bare damp sand, and the epicotyl began to straighten itself
much sooner than would have occurred if it had been properly
planted. The course pursued during 50 h. (from 9 A.M. Dec.
26th, to 11 A.M. 28th) is here shown (Fig. 2 2 ) ; and we see
Fig. 22.

Vicia faha: circumnutation of young epicotyl, traced in darkness during
50 hours on a horizontal glass. Movement of bead of filament magnified 20 times, here reduced to one-half of original scale.

that the epicotyl circumnutated during the whole time. I t s
basal part grew so much during the 50 h. that the filament
at the end of our observations was attached at the height of
4 inch above the upper surface of the bean, instead of close
to it. If the bean had been properly planted, this part of the
epicotyl would still have been beneath the soil.
Late in the evening of the 28th, some hours after the above
observations were completed, the epicotyl had grown much
straighter, for the upper part now formed a widely open angle
with the lower part. A filament was fixed to the upright basal
part, higher up than before, close beneath the lowest scale-like
process or homologue of a leaf; and its movement was traced
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during 38 h. (Fig. 23). We here again have plain evidence of
continued circumnutation. Had the bean been properly planted,
the part of the epicotyl to which the filament was attached, the
Fig. 23.

Vicia faba: circumnutation of the same epicotyl as in Fig. 22, a little more
advanced in age, traced under similar conditions as before, from 8.40 A.M.
Dec. 28th, to 10.50 A.M. 30th. Movement of bead here magnified
20 times.

movement of which is here shown, would probably have just
risen above the surface of the ground.
Lathyrus nissolia (Leguminossa).—This plant was selected for
observation from being an abnormal form with grass-like leaves.
Fig. 24.

Lathyrus nissolia: circumnutation of stem of young seedling, traced in
darkness on a horizontal glass, from 6.45 A.M. Nov. 22nd, to 7 A.M.
23rd. Movement of end of leaf magnified about 12 times, here reduced to one-half of original scale.

The cotyledons are hypogean, and the epicotyl breaks through
the ground in an arched form. The movements of a stem, ?.-2
inch in height, consisting of three internodes, the lower one
almost wholly subterranean, and the upper due bearing a short,
D
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narrow leaf, is shown during 24 h., in K g . 24. No glass filament
was employed, but a mark was placed beneath the apex of the
leaf. The actual length of the longer of the two ellipses described by the stem was about · 14 of an inch. On the previous
day the chief line of movement was nearly at right angles to
that shown in the present figure, and it was more simple.
Cassia torn* (Leguminosse).—A seedling was placed before a

Cassia tora: conjoint circumnutation of cotyledons and hypocotyl, traced "
on vertical glass, from 7.10 A.M. Sept. 25th to 7.30 A.M. 26th. Figure
here given reduced to one-half of original scale.

* Seeds of tliis plant, which flourish or flower well with us;
grew near the sea-side, were sent they were sent to Kew, and were
to us by Fritz Müller from S. pronounced not to be distinguishBrazil. The seedlings did not able from 0. iora.
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north-east window; it bent very little towards it, as the hypoeotyl which was left free was rather old, and therefore not highly
heliotropic. A filament had been fixed to the midrib of one of
the cotyledons, and the movement of the whole seedling was
traced during two days. The circumnutation of the hypocotyl
is quite insignificant compared with that of the cotyledons.
These rise up vertically at night and come into close contact; so
that they may be said to sleep. This seedling was so old that a
very small true leaf had been developed, which at night was
completely hidden by the closed cotyledons. On Sept. 24th,
between 8 A.M. and 5 P.M., the cotyledons moved five times up
and five times down; they therefore described five irregular
ellipses in the course of the 9 h. The great nocturnal rise commenced about 4.30 P.M.
On the following morning (Sept. 25th) the movement of
the same cotyledon was again traced in the same manner
during 24 h.; and a copy of the tracing is here given (Fig. 25).
The morning was cold, and the window had been accidentally
, left open for a short time, which must have chilled the plant;
and this probably prevented it from moving quite as freely as
on the previous day; for it rose only four and sank only four
times during the day, one of the oscillations being very small.
At 7.10 A.M., when the first dot was made, the cotyledons were
not fully open or awake; they continued to open till about 9 A.M.,
by which time they had sunk a little beneath the horizon: by
9.30 A.M. they had risen, and then they oscillated up and down ;
but the upward and downward lines never quite coincided. At
about 4.30 P.M. the great nocturnal rise commenced. At 7 A.M.
on the following morning (Sept. 26th) they occupied nearly
the same level as on the previous morning, as shown in the
diagram: they then began to open or sink in the usual manner.
The diagram leads to the belief that the great periodical daily
rise and fall does not differ essentially, excepting in amplitude,
from the oscillations during the middle of the day.
Lotus Jacolceus (Leguminosae).—The cotyledons of this plant,
after the few first days of their life, rise so as to stand almost,
though rarely quite, vertically at night. They continue to act in
this manner for a long time even after the development of some
of the true leaves. With seedlings, 3 inches in height, and bearing five or six leaves, they rose at night about 45°. They continued to act thus for about an additional fortnight. Subsequently they remained horizontal at night, though still green,
D 2
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and at last dropped off. Their rising at night so as to stand
almost vertically appears to depend largely on temperature;
for when the seedlings were kept in a cool house, though they
still continued to grow, the cotyledons did not become vertical
at night. It is remarkable that the cotyledons do not generally
rise at night to any conspicuous extent during the first four or
five days after germination; but the period was extremely
variable with seedlings kept under the same conditions; and
many were observed. Glass filaments with minute triangles of
paper were fixed to the cotyledons ( l i mm. in breadth) of two
seedlings, only 24 h. old, and the hypocotyl was secured to a
stick; their movements greatly magnified were traced, and they
certainly circumnutated the whole time on a small scale, but
they did not exhibit any distinct nocturnal and diurnal movement. The hypocotyls, when left free, circamnutated over a
large space.
Another and much older seedhng, bearing a half-developed
leaf, had its movements traced in a. similar manner during the
three first days and nights of June; but seedlings at this age .
appear to be very sensitive to a deficiency of light; they were
observed under a rather dim skylight, at a temperature of
between 16° to 17J° 0 . ; and apparently, in consequence of these
conditions, the great daily movement of the cotyledons ceased
on the third day. During the first two days they began rising
in the early afternoon in a nearly straight line, until between
6 and 7 P.M., when they stood vertically. During the latter
part of the night, or more probably"in the early morning, they
began to fall or open, so that by 6.45 A.M. they stood fully
expanded and horizontal. They continued to fall slowly for
some time, and during the second day described a single
small ellipse, between 9 A.M. and 2 P.M., in addition to the
great diurnal movement. The course pursued during the
whole 24 h. was far less complex than in the foregoing case of
Cassia. On the third morning thoy fell very much, and then
circumnutated on a small scale round the same spot; by 8.20
P.M. they showed no tendency to rise at night. Nor did the
cotyledons of any of the many other seedlings in the same pot
rise; and so it was on the following night of June 5th. The
pot was then taken back into the hot-house, where it was exposed
to the sun, and on the succeeding night all the cotyledons rose
again to a high angle, but did not stand quite vertically. On
each of the above days the line representing the great nocturnal-
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rise did not coincide with, that of the great diurnal fall, so that
narrow ellipses were described, as is the usual rule with ciroumnutating organs. The cotyledons are provided with a pulvinus,
and its development will hereafter be described.
Mimosa pudica (Leguminosse).—The cotyledons rise up vertically at night, so as to close together. Two seedlings were
observed in the greenhouse (temp. 16° to 17° C. or 63° to 65° F.).
Their hypocotyls were secured to sticks, and glass filaments
bearing little triangles of paper were affixed to the cotyledons of
both. Their movements were traced on a vertical glass during
24 h. on November 13th. The pot had stood for some time in
the same position, and they were chiefly illuminated through
the glass-roof. The cotyledons of one of these seedlings moved
downward in the morning till 11.30 A.M., and then rose, moving
rapidly in the evening until they stood vertically, so that in this
case there was simply a single great daily fall and rise. The
other seedling behaved rather differently, for it fell in the morning until 11.30 A.M., and then roso, but after 12.10 P.M. again fell;
and the great evening rise did not begin until 1.22 P.M. On the
following morning this cotyledon had fallen greatly from its
vertical position by 8.15 A.M. TWO other seedlings (one seven
and tho other eight days old) had been previously observed
under unfavourable circumstances, for they had been brought
into a room and placed before a north-east window, where the
temperature was between only 56° and 57° F. They had, moreover, to be protected from lateral light, and perhaps were not
sufficiently illuminated. Under these circumstances the cotyledons moved simply downwards from 7 A.M. till 2 P.M., after
which hour and during a large part of the night they continued to rise. Between 7 and 8 A.M. on the following morning
they fell again; but on this- second and likewise on the third
day the movements became irregular, and between 3 and 10.30
P.M. they eircumnutated to a small extent about the same spot;
but they did not rise at night, Nevertheless, on the followingnight they rose as usual.
Cytisus fragrans (Leguminosss).—Only a few observations were
made on this plant. The hypocotyl eircumnutated to a considerable extent, but in a simple manner—namely, for two hours
in one direction, and then much more slowly back again in
a zigzag course, almost parallel to the first line, and beyond the
starting-point. It moved in the same direction all night, but
next morning began to return. The cotyledons continually

IRIS - LILLIAD - Université Lille 1

move both up and down and laterally; but they do not rise up
at night in a conspicuous manner. ·
Lupimts luteus (Leguminosas).—Seedlings of this plant were
observed because the cotyledons are so thick (about -08 of an
inch) that it seemed unlikely that they would move. Our
observations were not very successful, as the seedlings are
strongly heliotropic, and their circumnutation could not be
accurately observed near A north-east window, although they
had been kept during the previous day in the same position.
A seedling was then placed'in darkness with the hypocotyl
secured to a stick; both cotyledons rose a little at first, and
then fell during the rest of the day; in the evening between
5 and 6 P.M. they moved very slowly; during the night one
continued to fall and the other rose, though only A little. The
tracing was not much magnified, and as the lines were plainly
zigzag, the cotyledons must have moved a little laterally, that
is, they must have circumnutated.
'The hypocotyl is rather thick, about -12 of inch; nevertheless
it circumnutated in a complex course, though to a small extent.
The movement of an old seedling with two true leaves partially
developed, was observed in the dark. As the movement was
magnified about 100 times it is not trustworthy and is not
given; but there could be no doubt that the hypocotyl moved
in all directions during the day, changing its course 19 times.
The extreme actual distance from side to side through which
the upper part of the hypocotyl passed in the course of 14i hours
was only ^ of an inch; it sometimes travelled at the rate of
•fa of an inch in an hour.
• Cucúrbita ovifera (Cucurbitacese).—Radicle: A seed which had
Fig. 26.

Cucurbita ovifera: course followed by a radicle in bending geotropically
downwards, traced on a horizontal glass, between 11.25 A.M. and 10.25
P.M.; the direction during the night is indicated by the broken line.
Movement of bead magnified 14 times.

germinated on damp sand was fixed so that the slightly curved
radicle, which was only 07 inch, in length, stood almost vertically
-
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upwards, in which position geotropism would act at first with
little power. A filament was attached near to its base, and
projected at about an angle of 45° above the horizon. The
general course followed during the 11 hours of observation and
during the following night, is shown in the accompanying
diagram (Fig. 26), and was plainly due to geotropism; but it
was also clear that the radicle circumnutated. By the next
morning the tip had curved so much downwards that the filament, instead of projecting at 45° above the horizon, was nearly
horizontal. Another germinating seed was turned upside down
and covered with damp sand; and a filament was fastened to
the radicle so as to project at an angle of about 50° above the
horizon; this radicle was -35 of an inch in length and a little
curved. The course pursued was mainly governed, as in the
last case, by geotropism, but the line traced during 12 hours and
magnified as before was more strongly zigzag, again showing
circumnutation.
Four radicles were allowed to grow downwards over plates
of smoked glass, inclined at 70° to the horizon, under the
Fig. 28.

Fig. 27.

Cucurbita ovifera: circumnutaA.

B.

Cucurbita ovifera: tracks
left by tips of radicles
in growing downwards
over
smoked
glassplates, inclined at 70°
to the horizon.

tion of arched hypocotyl at
a very early age, traced in
darkness on a horizontal glass,
from 8 A.M. to 10.20 A.M. on
the following day. The movement of the bead magnified
20 times, here reduced to onehalf of original scale.

same conditions as in the cases of JEsculus, Phaseolus, and
Vicia. Facsimiles are here given (Fig. 27) of two of these
tracks; and a third short one was almost as plainly serpentine
as that at A. It was also manifest by a greater or less amount
of soot having been swept off the glasses, that the tips had
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pressed alternately with, greater and less force on them. There
must, therefore, have been movement in at least two planes at
right angles to one another. These radicles were so delicate that
they rarely had the power to sweep the glasses quite clean. One
of them had developed some lateral or secondary rootlets, which
projected a few degrees beneath the horizon; and it is an important fact that three of them left distinctly serpentine tracks
on the smoked surface, showing beyond doubt that they had
circumnutated like the main or primary radicle. But the
tracks were so slight that they could not be traced and copied
after the smoked surface had been varnished.
Hypocotyl.—A seed lying on damp sand was firmly fixed by
two crossed wires and by its own growing radicle. The cotyledons were still enclosed within the seed-coats; and the short
hypocotyl, between the summit of
Fig. 29.
the radicle and the cotyledons,
was as yet only slightly arched. A
filament ("85 of inch in length)
was attached at an angle of 35°
above the horizon to the side of
the arch adjoining the cotyledons. This part would ultimately
form the upper end of the hypocotyl, after it had grown straight
and vertical. Had the seed been
properly planted, the hypocotyl at
this stage of growth would have
been deeply buried beneath the
surface. The course followed by
Cucurbita ovifera: circumnutathe bead of the filament is shown
tion of straight and vertical hypocotyl, with filament '• in Fig. 28. The chief lines of
fastened transversely across movement from left to right in the
its upper end, traced in dark- figure were parallel to the plane
ness on a horizontal glass,
• from 8.30 A.M. to 8.30 P.M. of the two united cotyledons and
The movement of the terminal of the flattened seed; and this
bead originally
magnified movement would aid in dragging
about 18 times, here only 4£
them out of the seed-coats, which
times.
are held down by a special structure hereafter to be described. The movement at right angles
to the above lines was due to the arched hypocotyl becoming
more arched as it increased in height. The foregoing observations apply to the leg of the arch next to the cotyledons, but
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CHAP. I.

CUCUEBITA.

4,1

the other leg adjoining the radicle likewise circumnutated at an
equally early age.
The movement of the same hypocotyl after it had become
straight and vertical, but with the cotyledons only partially
expanded, is shown in Fig. 29. • The course pursued during 12 h.
apparently represents four and a half ellipses or ovals, with
the longer axis of the first at nearly right angles to that of the
others. The longer axes of all were oblique to a line joining
the opposite cotyledons. The actual extreme distance from
side to side over which the summit of the tall hypocotyl
passed in the course of 12 h. was "28 of an inch. The original
figure was traced on a large scale, and from the obliquity of
the line of view the outer parts of the diagram are much
exaggerated.
Cotyledons.—On two occasions the movements of the cotyledons were traced on a vertical glass, and as the ascending and
descending lines did not quite coincide, very narrow ellipses
were formed; they therefore circumnutated. Whilst young
they rise vertically up at night, but their tips always remain
reflexed; on the following morning they sink down again. With
a seedling kept in complete darkness they moved in the same
manner, for they sank from 8.45 A.M. to 4.30 P.M. ; they then
began to rise and remained close together until 10 P.M., when
they were last observed. At 7 A.M. on the following morning
they were as much expanded as at any hour on the previous
day. The cotyledons of another young seedling, exposed to the
light, were fully open for the first time on a certain day, but
were found completely closed at 7 A.M. on the following morning.
They soon began to expand again, and continued doing so till
about 5 P.M. ; they then began to rise, and by 10.30 P.M. stood
vertically and were almost closed. At 7 A.M. on the third morning they were nearly vertical, and again expanded during the
day; on the' fourth morning they were not closed, yet they
opened a little in the course of the day and rose a little on the
following night. By this time a minute true leaf had become
developed. Another seedling, still older, bearing a well-developed
leaf, had a sharp rigid filament affixed to one of its cotyledons
(85 mm. in length), which recorded its own movements on
a revolving drum with smoked paper. The observations were
made in the hot-house, where the plant had lived, so that there
was no change in temperature or light. The record commenced
at 11 A.M. on February 18th; and from this hour till 3 P.M. the
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cotyledon fell; it then rose rapidly till 9 P.M., then very
gradually till 3 A.M. February 19th, after -which hour it sank
gradually till 4.30 P.M. ; but the downward movement was interrupted by one slight rise or oscillation about 1.30 P.M. After
4.30 P.M. (19th) the cotyledon rose till 1 A.M. (in the night of
February 20th) and then sank very gradually till 9.30 A.M.,
when our observations ceased. The amount of movement was
greater on the 18th than on the 19th or on the morning of
the 20th.
Cucurbita aurantia.—An arched hypocotyl was found buried a
little beneath the surface of the soil; and in order to prevent it
straightening itself quickly, when relieved from the surrounding
pressure of the soil, the two legs of the arch were tied together.
The seed was then lightly covered with loose damp earth. A
filament with a bead at the end was affixed to the basal leg, the
movements of which were observed during two days in the
usual manner. On the first day the arch moved in a zigzag line
towards the side of the basal leg. On the next day, by which
time the dependent cotyledons had been dragged above the surface of the soil, the tied arch changed its course greatly nine
times in the course of 14£ h. It swept a large, extremely irregular, circular figure, returning at night to nearly the same
spot whence it had started early in the morning. The line was
so strongly zigzag that it apparently represented five ellipses, with
their longer axes pointing in various directions. With respect
to the periodical movements of the cotyledons, those of several
young seedlings formed together at 4 P.M. an angle of about 60°,
and at 10 P.M. their lower parts stood vertically and were in
contact; their tips, however, as is usual in the genus, were permanently reflexed. These cotyledons, at 7 A.M. on the following
morning, were again well expanded.
Layenaria vulgaris (var. miniature Bottle-gourd) (Cucurbitaceae).—A seedling opened its cotyledons, the movements of
which were alone observed, slightly on June 27th, and closed
them at night: next day, at noon (28th), they included an
angle of 53°, and at 10 P.M. they were in close contact, so that
each had risen 26£°. At noon, on the 29th, they included an
angle of 118°, and at 10 P.M. an angle of 54°, so each had
risen 32°. On the following day they were still more open, and
the nocturnal rise was greater, but the angles were not measured.
Two other seedlings were observed, and behaved during three
days in a closely similar manner. The cotyledons, therefore,
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open more and more on each succeeding day, and rise each
night about 30°; consequently during the first two nights of
their life they stand vertically and
come' into contact.
F'g- I n order to ascertain more acA
curately the nature of these movements, the hypocotyl of a seedling,
* II«?'
with its cotyledons well expanded,
was secured to a little stick, and a
filament with triangles of paper
was affixed to one of the cotyledons.
The observations were made under
a rather dim skylight, and the
temperature during the whole time
was between 17*° to 18° C. (63° to
65° F.). Had the temperature been
higher and the light brighter, the
movements would probably have
been greater. On July 11th (see
Fig. 30), the cotyledon fell from
7.35 A.M. till 10 A.M. ; it then rose
(rapidly after 4 P.M.) till it stood
quite vertically at 8.40 P.M. During
the early morning of the next day
(12th) it fell, and continued to fall
till 8 A.M., after which hour it rose,
IB'd.ll.
then fell, and again rose, so that by
10.35 P.M. it stood much higher than
1
it did in the morning, but was not
lO^PVIN^ a°5'a.m.
vertical as on the preceding night.
During the following early morning and whole day (13th) it fell and Lagenaria vu'garis: circumnucircumnutated, but had not risen
tation of a cotyledon, li
inch in length, apex only 4f
when observed late in the evening;
inches from the vertical glass,
and this was probably due to the
on which its movements were
deficiency of heat or light, or of
traced from 7.35 A.M. July
both. We thus see that the coty11th to 9.5 A.M. on the 14th.
Figure here given reduced
ledons became more widely open at
3 0

10°SS p.m.

6'38'aja,

to one-third of original scale,

noon on each succeeding day; and
that they rose considerably each night, though not acquiring
a vertical position, except during the first two nights.
J Oucumis dudaim (Cucurbitacese).—Two seedlings had opened
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their cotyledons for the first time during the day,—one to the
extent of 90° and the other rather more; they remained in
nearly the same position until 10.40 P.M. ; but by 7 A.M. on the
following morning the one which had been previously open to
the extent of 90° had its cotyledons vertical and completely
shut; the other seedling had them nearly shut. Later in the
morning they opened in the ordinary manner. It appears
therefore that the cotyledons of this plant close and open at
somewhat different periods from those of the foregoing species
of the allied genera of Cucurbita and Lagenaria.
Opuntia basilaris (Cactese).—A seedling was carefully observed, because considering its
appearance and the nature of the
Fig. 31.
mature plant, it seemed very unlikely that either the hypocotyl or
cotyledons would circumnutate to
an appreciable extent. The cotyledons were well developed, being
•9 of an inch in length, '22 in
breadth, and '15 in thickness.
The almost cylindrical hypocotyl,
now bearing a minute spinous bud
on its summit, was only '45 of an
inch in height, and '19 in diameter. The tracing (Fig. 31) shows
Opuntia basilaris: conjoint circumnutation of hypocotyl the combined movement of the
and cotyledon;
filament hypocotyl and of one of the cotyfixed longitudinally to coty- ledons, from 4.45 P.M. on May 28th
ledon, and movement traced
to 11 A.M. on the 31st. On the 29th
during 66 h. on horizontal
glass. Movement of the ter- a nearly perfect ellipse was comminal bead magnified about pleted. On the 30th the hypocotyl
30 times, here reduced to one- moved, from some unknown cause,
third scale. Seedling kept in
hot-house, feebly illuminated in the same general direction in a
zigzag line; but between 4.30 and
from above.
10 P.M. almost completed a second
small ellipse. The cotyledons move only a little up and down:
thus at 10.15 P.M. they stood only 10° higher than at noon. The
chief seat of movement therefore, at least when the cotyledons
are rather old as in the present case, lies in the hypocotyl. The
ellipse described on the 29th had its longer axis directed at
nearly right angles to a line joining the two cotyledons. The
actual amount of movement of the bead at the end of the

/
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filament was, as far as could be ascertained, about '14 of an
inch.
Helianthus annum (Composite).—The upper part of the
hypocotyl moved during the
Fig. 32.
day-time in the
course
shown in the annexed figure
(Fig. 32). As the line runs
in various directions, crossing itself several times,
the movement may be considered as one of circumnutation. The extreme actual
distance travelled was at
least "1 of an inch.
The
movements of the cotyleHelianthus trnnmii: circumnutation of
dons of two seedlings were
hypocotyl, with filament fixed across
observed; one facing a northits summit, traced on a horizontal
glass in darkness, from 8.45 A.M. to
east window, and the other
10,45 P.M., and for an hour on followso feebly illuminated from
ing morning. Movement of bead
above as to be almost in
magnified 21 times, here reduced to
one-half of original scale.
darkness. They continued
to sink till about noon,
when they began to rise; but between 5 and 7 or 8 P.M.
they either sank a little, or moved laterally, and then again
began to rise. At 7 A.M. on the following morning those OE.
the plant before the north-east window had opened so little
that they stood at an angle of 73° above the horizon, and were
not observed any longer. Those on the seedling which had
been kept in almost complete darkness, sank during the whole
day, without rising about mid-day, but rose during the night.
On the third and fourth days they continued sinldng without
any alternate ascending movement; and this, no doubt, was
due to the absence of light.
Primula Sinensis (Primulacese).—A seedling was placed with
the two cotyledons parallel to a north-east window on a day
when the light was nearly uniform, and a filament was affixed
to one of them. From observations subsequently made on
another seedling with the stem secured to a stick, the greater
part of the movement shown in the annexed figure (Fig. 33),
must have been that of the hypocotyl, though the cotyledons
certainly move up and down to a certain extent both during the
day and night. The movements of the same seedling were traced
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on the following day with nearly the same result; and there
can be no doubt about the circumnutation of the hypocotyl.

Primula Sinensis: conjoint circumnutation of hypocotyl and cotyledon,
traced on vertical glass, from 8.40 A.M. to 10.45 P.M. Movements of
bead magnified about 26 times.

Cyclamen Persicum (Prirnulacese).—This plant is generally supposed to produce only a single cotyledon, but Dr. H. Gressner *
has shown that a second one is developed after a long interval
of time. The hypocotyl is converted into a globular corm, even
before the first cotyledon has broken through the ground with its
blade closely enfolded and with its petiole in the form of an arch,
like the arched hypocotyl or epicotyl of any ordinary dicotyledonous plant. A glass filament was affixed to a cotyledon, -55
of an inch in height, the petiole of which had straightened itself
and stood nearly vertical, but with the blade not as yet fully
expanded. Its movements were traced during 24£ h; on a
horizontal glass, magnified 50
times; and in this interval it
described two irregular small
circles; it therefore circumnutates, though on an extremely
small scale.
of hypocotyl, illuminated from piadeaj). — This plant, when
above, traced on horizontal glass,
from 6.45 A.M. June 26th to 8.45
A.M. 28th.
Temp. 23°-24° C.
Movement of bead magnified 21
times.

mature, resembles

a

cactus.

The flattened hypocotyl i s
fleshy, enlarged in the upper
part, and bears two rudimentary cotyledons.
I t breaks
through the ground in an arched form, with the rudimentary
cotyledons closed or in contact. A filament was affixed almost
* ' Bot. Zeitung,' 1874, p. 837.
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vertically to the hypocotyl of a seedling half an inch high; and
its movements were traced during 50 h. on a horizontal glass
(Fig. 34). From some unknown cause it bowed itself to one
side, and as this was effected by a zigzag course, it probably
circumnutated; but with hardly any other seedling observed
by us was this movement so obscurely shown.
Ipomcea cozrulea vel Pliarhitis nil (Convolvulacese).—Seedlings
of this plant were observed because it is a twiner, the upper
internodes of which circumnutate conspicuously; but, like
other twining plants, the first few internodes which rise above
the ground are stiff enough to support themselves, and therefore
do not circumnutate in any plainly recognisable manner.* In
this particular instance the fifth internode (including the hypocotyl) was the first which plainly circumnutated and twined
round a stick. We therefore wished to learn whether circumnutation could be observed in the hypocotyl if carefully observed
in. our usual manner. Two seedlings were kept in the dark
with filaments fixed to the upper part of their hypocotyls; but
from circumstances not worth explaining their movements were
traced for only a short time. One moved thrice forwards and
twice backwards in nearly opposite directions, in the course of
3 h. 15 m.; and the other twice forwards and twice backwards
in 2 h. 22 m. The, hypocotyl therefore circumnutated at a remarkably rapid rate. It may here be added that a filament was
affixed transversely to the summit of the second internode above
the cotyledons of a little plant 3J inches in height; and its
^movements were traced on a horizontal glass. It circumnutated,
and the actual distance travelled from side to side was a quarter
of an inch, which was too small an amount to be perceived without the aid of marks.
The movements of the cotyledons are interesting from their
complexity and rapidity, and in some other respects. The
hypocotyl (2 inches high) of a vigorous seedling was secured to a
stick, and a filament with triangles of paper was affixed to one
of the cotyledons. The plant was kept all day in the hot-house,
and at 4.20 P.M. (June 20th) was placed under a skylight in
the house, and observed occasionally during the evening and
night.. It fell in a slightly zigzag line to a moderate extent
from 4.20 P.M. till 10.15 P.M. When looked at shortly after midnight (12.30 P.M.) it had risen a very little, and considerably by
* ' Movements and Habits of Climbing Plants,' p. 33, 1875.
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3.45 A.M. When again looked , at, at 6.10 A.M. (21st), it had
fallen largely. A new tracing
Fig. 35,
was now begun (see Fig. 35).
and soon afterwards, at 6.42
A.M., the cotyledon had risen a
little. W r i n g the forenoon it
was observed about every
hour; but between 12.30 and
6 P.M. every half-hour. If the
observations had been made at
these short intervals during the
whole day, the figure would
have been too intricate to have
been copied. As it was, the
cotyledon moved up and down
in the course of 16 h. 20 m. (i e.
between 6.10 A.M. and 10.3Q
P.M.) thirteen times.
The cotyledons of this seedling sank downwards during
both evenings and the early
part of the night, but rose
during the latter part. As this
is an unusual movement, the
cotyledons of twelve other seedlings were observed; they stood
almost or quite horizontally at
mid-day, and at 10 P.M. were
all declined at various angles.
The most usual angle was between 30° and 35°; but three
stood at about 50° and one at
even 70° beneath the horizon.
The blades of all these cotyledons had attained almost their
full size, viz. from 1 to 1J inches
Ipomaia cwrulea! circumnutation of in length, measured along their
cotyledon, traced on vertical glass,
It is a remarkable
from 6.10 A.M. June 21st to 6.45 midribs.
A.M. 22nd. Cotyledon with petiole fact that whilst young—that
1' 6 inch in length, apex of blade is, when less than half an inch
4*1 inch from the vertical glass)
in length, measured in the
so movement not greatly magsame manner—they do not sink
nified ; temp. 20° C.
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downwards in the evening. Therefore their weight, which is
considerable when almost fully developed, probably came into
play in originally determining the downward movement. The
periodicity of this movement is much influenced by the degree
of light to which the seedlings have been exposed during the
day; for three kept in an obscure place began to sink about
noon, instead of late in the evening; and those of another seedling were almost paralysed by having been similarly kept during
two whole days. The cotyledons of several other species of
Ipomcea likewise sink downwards late in the evening.
Cerinihe major (Boraginero).—The circumnutation of the
hypocotyl of a young seedling with the cotyledons hardly
Fig. 36.

Ccrtnthe major: circumnutation of hypocotyl, with filament fixed across its
summit, illuminated from above, traced on horizontal glass, from
9.26 A.M. to 9.53 P.M. on Oct. 25th. Movement of the bead magnified
30 times, here reduced to one-third of original scale.

expanded, is shown in the annexed figure (Fig. 36), which
apparently represents four or five irregular ellipses, described
in the course of a little over 12 hours. Two older seedlings
were similarly observed, excepting that one of them was kept
in the dark; their hypocotyls also circumnutated, but in a more
simple manner. The cotyledons on a seedling exposed to the
light fell from the early morning until a little after noon, and
then continued to rise until 10.30 P.M. or later. The cotyledons
of this same seedling acted in the same general manner during
the two following days. It had previously been tried in the
dark, and after being thus kept for only 1 h. 40 m. the cotyledons
began at 4.30 P.M. to sink, instead of continuing to rise till late
at night.
E
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Nolana prostrata (Nolaneee). — The movements were not
traced, but a pot with seedlings, which had been kept in the
dark for an hour, was placed under the microscope, with the
micrometer eye-piece so adjusted that each division equalled
sboth. of an inch. The apex of one of the cotyledons crossed
rather obliquely four divisions in 13 minutes; it was also sinking, as shown by getting out of focus. The seedlings were
again placed in darkness for another hour, and the apex now
crossed two divisions in 6 m. 18 s.; that is, at very nearly the
same rate as before. After another interval of an hour in darkness, it crossed two divisions in 4 m. 15 s., thereFig. 37.
f
t a quicker rate. In the afternoon, after a
longer interval in the dark, the apex was motionless, but after a time it recommenced moving,
though slowly; perhaps the room was too cold.
Judging from previous cases, there can hardly
be a doubt that this seedling was circumnutao r 6

a

Solanum lycopersicum (Solanese).—The movements of the hypocotyls of two seedling t o Solanum lycoper- matoes were observed during seven hours, and
sioum: circum- there could be no doubt that both circumnu"ocof T ° with
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loops and zigzagging in its course. The movements of the cotyledons were also traced both
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horizontal glasses; their angles
i t h the horizon, were likewise measured at
various hours. They fell from 8.30 A.M. (October
^ t h ) to about noon; then moved laterally in a
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l t about 4 P.M. began to rise;
scale.
they continued to do so until 10.30 P.M., b y
which hour they stood vertically and were asleep.
At what hour of the night or early morning they began to fall
was not ascertained. Owing to the lateral movement shortly
after mid-day, the descending and ascending lines did n o t
coincide, and irregular ellipses were described during each 24 h .
The regular periodicity of these movements is destroyed, as w e
shall hereafter see, if the seedlings are kept in the dark.
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Solatium palinacanthum.—Several
arched hypocotyls rising
nearly "2 of an inch above the ground, but with the cotyledons
still buried beneath the surface, were observed, and the tracings
showed that they eircumnutated. Moreover, in several cases
little open circular spaces or cracks in the argillaceous sand
which surrounded the arched hypocotyls were visible, and
these appeared to have been made by the hypocotyls having
bent first to one and then to another side whilst growing upwards. I n two instances the vertical arches were observed to
move to a considerable distance backwards from the point where
the cotyledons lay buried; this movement, which has been
noticed in some other cases, and which seems to aid in extracting
the cotyledons from the buried seed-coats, is due to the commencement of the straightening of the hypocotyl. In order to
prevent this latter movement, the two legs of an arch, the
Fig. 38.

Solatium palinacanthum: circumnutation of an arched hypocotyl, just
emerging from the ground, with the two legs tied together, traced in
darkness on a horizontal glass, from 9.20 A.M. Dec. 17th to 8.30 A.M.
19th. Movement of bead magnified 13 times; but the filament, which
was affixed obliquely to the crown of the arch, was of unusual length.

summit of which was on a level with the surface of the soil,
were tied together; the earth having been previously removed
to a little depth all round. The movement of the arch during
47 hours under these unnatural circumstances is exhibited
in the annexed figure.
The cotyledons of some seedlings in the hot-house were horizontal about noon on December 13th; and at 10 P.M. had risen
to an angle of 27° above the horizon; at 7 A.M. on the following
E 2
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morning, before it was light, they had risen to 59° above the
horizon; in the afternoon of the same day they -were found
again horizontal.
Beta vulgaris (Chenopodese).—The seedlings are excessively
sensitive to light, so that although on the first day they
were uncovered only during two or three
minutes at each observation, they all moved
Fig. 39.
steadily towards the side of the room
whence the light proceeded, and the tracings consisted only of slightly zigzag lines
directed towards the light. On the next
day the plants were placed in a completely
darkened room, and at each observation
were illuminated as much as possible from
vertically above by a small wax taper. The
annexed figure (Fig. 39) shows the movement of the hypocotyl during 9 h. under
these circumstances. A second seedling
Beta vulgaris: circnm- was similarly observed at the same time,
nutation of hypo- and the tracing had the same peculiar
cotyl, with filament character, due to the hypocotyl often movfixed obliquely across its summit, ing and returning in nearly parallel lines.
traced in darkness The movement of a third hypocotyl differed
on horizontal glass, greatly.
from 8.25 A.M. to
5.30 P.M. Nov. 4th.
Movement of bead
magnified 23 times,
here reduced to onethird of original
scale.

"We endeavoured to trace the movements
of the cotyledons, and for this purpose
some seedlings were kept in the dark, but
they moved in an abnormal manner; they
continued rising from 8.45 A.M. to 2 P.M.,
then moved laterally, and from 3 to 6 P.M.
descended; whereas cotyledons which have been exposed all
the day to the light rise in the evening so as to stand vertically at night; but this statement applies only to young
seedlings. For instance, six seedlings in the greenhouse had
their cotyledons partially open for the first time on the morning
of November 15th, and at 8.45 P.M. all were completely closed,
so that they might properly be said to be asleep. Again, on the
morning of November 27th, the cotyledons of four other seedlings,
•which were surrounded by a collar of brown paper so that they
received light only from above, were open to the extent of
39°; at 10 P.M. they were completely closed; next morning
(November 28th) at 6.45 A.M., whilst it was still dark, two of t h e m
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were partially open and all opened in the course of the morning;
but at 10.20 P.M. all four (not to mention nine others which
had been open in the morning and sis others on another occasion) were again completely closed. On the morning of the
29th they were open, but at night only one of the four was
closed, and this only partially; the three others had their
cotyledons much more raised than during the day. On the
night of the 30th the cotyledons of the four were only slightly
raised.
Mcinus Borhoniensis (Euphorbiaceas).—Seeds were purchased
under the above name—probably a variety of the common castoroil plant. As soon as an arched hypocotyl had risen clear above
the ground, a filament was attached to the upper leg bearing the
cotyledons which were still buried beneath the surface, and the
movement of the bead was traced on a horizontal glass during
a period of 34 h. The lines traced were strongly zigzag, and
as the bead twice returned nearly parallel to its former course
in two different directions, there could be no doubt that the
arched hypocotyl circumnutated. At the close of the 34 h.
the upper part began to rise and straighten itself, dragging the
cotyledons out of the ground, so that the movements of the
bead could no longer be traced on the glass.
Quercas (American sp.) (Cupuliferas).—Acorns of an American
oak which had germinated at Kew were planted in a pot in
the greenhouse. This transplantation checked their growth;
but after a time one grew to a height of five inches,
measured to the tips of the small partially unfolded leaves on
the summit, and now looked vigorous. It consisted of six
very thin internodes of unequal lengths. Considering these
circumstances and the nature of the plant, we hardly expected
that it would circumnutate; but the annexed figure (Fig. 40)
shows that it did so m a conspicuous manner, changing its
course many times and travelling in all directions during the
48 h. of observation. The figure seems to represent 5 or 6
irregular ovals or ellipses. The actual amount of movement
from side to side (excluding one great bend to the left) was
about 2 of an inch; but this was difficult to estimate, as owing
to the rapid growth of the stem, the attached filament was
much further from the mark beneath at the close than at the
commencement of the observations. It deserves notice that the
pot was placed in a north-east room within a deep box, the top
of which was not at first covered up, so that the inside facing
-

IRIS - LILLIAD - Université Lille 1

the windows was a little more illuminated than the opposite
side; and during the first morning the stem travelled to a
greater distance in this direction (to the left in the figure) than
it did afterwards when the box was completely protected from
light.

Quercui (American sp.): cireumnntation of young stem, traced on horizontal glass, from 12.50 P.M. Feb. 22nd to 12.50 P.M. 24th. Movement
of bead greatly magnified at first, but slightly towards the close of the
observations—about 1Q times on an average.

Quercus robur.—Observations were made only on the movements of the radicles from germinating acorns, which were allowed
to grow downwards in the manner previously described, over
plates of smoked glass, inclined at angles between 65° and 69°
to the horizon. In four cases the tracks left were almost straight,
but the tips had pressed sometimes with more and sometimes
with less force on the glass, as shown by the varying thickness
of the tracks and by little bridges of soot left across them'.
In the fifth case the track was slightly serpentine, that is, t h e
tip had moved a little from side to side. In the sixth case
(Fig. 41, A) it was plainly serpentine, and the tip had pressed
almost equably on the glass in its whole course. In the seventh
case (B) the tip had moved both laterally and had pressed
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alternately with unequal force on the glass; so that it had
moved a little in two planes at right angles to one another. I n
the eighth and last case (C) it had moved very little laterally,
but had alternately left the glass and come into contact with it
again. There can be no doubt that in the last four cases the
radicle of the oak circumnutated whilst growing downwards.
Fig. 41.

Quercus robur: tracks left on inclined smoked glass-plates by tips of
radicles in growing downwards. Plates A and C inclined at 65° and
plate B at 68° to the horizon.

Corylus avellana (Corylacess).—The epicotyl breaks through
the ground in an arched form; but in the specimen which was
first examined, the apex had become decayed, and the epicotyl
grew to some distance through the soil, in a tortuous, almost
horizontal direction, like a root. In consequence of this injury
it had emitted near the hypogean cotyledons two secondary
shoots, and it was remarkable that both of these were arched,
like the normal epicotyl in ordinary cases. The soil was removed
from around one of these arched secondary shoots, and a glass
filament was affixed to the basal leg. The whole was kept
damp beneath a metal-box with a glass lid, and was thus illuminated only from above. Owing apparently to the lateral pressure
of the earth being removed, the terminal and bowed-down part
of the shoot began at onee to move upwards, so that after
24 h. it formed a right angle with the lower part. This lower
part, to which the filament was attached, also straightened
itself, and moved a little backwards from the upper part. Consequently a long line was traced on the horizontal glass; and
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this was in parts straight and in parts decidedly zigzag,
indicating circumnutation.
On the following day the other secondary shoot was observed;
it was a little more advanced in age, for the tipper part, instead
of depending vertically downwards,
stood at an angle of 45° above the
horizon. The tip of the shoot projected obliquely 4 of an inch above
the ground, but by the close of our
observations, which lasted 47 h., i t
had grown, chiefly towards its base,
to a height of "85 of an inch. The
filament was fixed transversely to
the basal and almost upright half
of the shoot, close beneath the lowest
scale-like appendage. The circumnutating course pursued is shown
\
Coryhs avellana: circumnuta- in the accompanying figure (Fig.
tion of a young shoot emitted 42). The actual distance traversed
from the epicotyl, the apex from side to side was about "04 of
of which had been injured,
traced on a horizontal glass, an inch.
from 9 A.M. Feb. 2nd to 8
Pinus pinaster (Coniferse). — A
A.M. 4th.
Movement of young hypocotyl, with the tips
bead magnified about 27
of the cotyledons still enclosed
times.
within the seed-coats, was at first
only *35 of an inch in height; but the upper part grew so
rapidly that at the end of our observations it was • 6 in height,
-

Fig. 43

Pinus pinaster: circumnutation of hypocotyl, with filament fixed across i t s
summit, traced on horizontal glass, from 10 A.M. March 21st to 9 A.M.
23rd. Seedling kept in darkness. Movement of bead magnified about
35 times.
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and by this time the filament was attached some way down the
little stem. Prom some unknown cause, the hypocotyl moved
far towards the left, but there could be no doubt (Pig. 43) that
it circumnutated. Another hypocotyl was similarly observed,
and it likewise moved in a strongly zigzag line to the same side.
This lateral movement was not caused by tho attachment of
the glass filaments, nor by the action of light; for no light was
allowed to enter when each observation was made, except from
vertically above.
The hypocotyl of a seedling was secured to a little stick; it
bore nine in appearance distinct cotyledons, arranged in a circle.
The movements of two nearly opposite ones were observed. The
tip of one was painted white, with a mark placed below, and the
figure described (Pig. 44, A) shows that it made an irregular
Fig. 44.

A.

B.

Tinus pinaster: circumnutation of two opposite cotyledons, traced on
horizontal glass in darkness, from 8.45 A.M. to 8.35 P.M. Nov. 25th.
Movement of tip in A magnified about 22 times, here reduced to onehalf of original scale.

circle in the course of about 8 h. During the night it
travelled to a considerable distance in the direction indicated
by the broken line. A glass filament was attached longitudinally to the other cotyledon, and this nearly completed
(Fig. 44, B) an irregular circular figure in about 12 hours.
During the night it also moved to a considerable distance, in
the direction indicated by the broken line. The cotyledons
therefore circumnutate independently of the movement of the
hypocotyl. Although they moved much during the night, they
did not approach each other so as to stand more vertically than
during the day.
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Cycas pectinata (Cycadese).—The large seeds of this plant in
germinating first protrude a single leaf, which breaks through
the ground with the petiole bowed into an arch and with the
leaflets involuted. A leaf in this condition, which at the close
of our observations was 2 i inches in height, had its movements
traced in a warm greenhouse by means of a glass filament
bearing paper triangles attached across its tip. The tracing
(Fig. 45) shows how large, complex, and rapid were the circumFig. 45.

Cycas pectinata: circumnutation of young leaf whilst emerging from the
ground, feebly illuminated from above, traced on vertical glass, from
5 P.M. May 28th to 11 A.M. 31st. Movement magnified 7 times, here
reduced to two-thirds of original scale.

nutating movements. The extreme distance from side to side
which it passed over amounted to between *6 and · 7 of an
inch.
Carina Warscewiczii (Cannacese).—A seedling with the p l u mule projecting one inch above the ground was observed, b u t
not under fair conditions, as it was brought out of the hothouse and kept in a room not sufficiently warm. Nevertheless
the tracing (Fig. 46) shows that it made two or three incomplete irregular circles or ellipses in the course of 48 hours. T h e
plumule is straight; and this Was the first instance observed
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by u s of the part that first breaks through the ground not
being arched.
Fig. 46.

Carina Warscewiczii: circumnutation of plumule with filament affixed
obliquely to outer sheath-like leaf, traced in darkness onhorizontal glass
from 8.45 A.M. NOT. 9th to 8.10 A.M. 11th. Movement of bead magnified 6 times.

Allium cepa (Liliacese).—The narrow green leaf, which protrudes from the seed of the common onion as a cotyledon,*
breaks through the ground in the form of an arch, in the same
manner as the hypocotyl or epicotyl of a dicotyledonous plant.
Long after the arch has risen above the surface the apex
remains within the seed-coats, evidently absorbing the still
abundant contents. The summit or crown of the arch, when*
it first protrudes from the seed and is still buried beneath the
ground, is simply rounded; but before it reaches the surface
it i s developed into a conical protuberance of a white colour
(owing to the absence of chlorophyll); whilst the adjoining parts
are green), with the epidermis apparently rather thicker and
tougher than elsewhere. We may therefore conclude that this
conical protuberance is a special adaptation for breaking through
the ground,f and answers the same end as the knife-like white
crest on the summit of the straight cotyledon of the Graminese,
* This is the expression used
by Sachs in his 'Text-book of
Botany.'
t Haberlandt has briefly described ('Die Schutzeinrichtung e n . . . Keimpflanze,' 1877, p. 77)
this curious structure and the

purpose which it subserves. He
states that good figures of the
cotyledon of the onion have been
given by Tittmann and by Sachs
iu his' Experimental Physiologie,'
p. 93.
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After a time the apex is drawn out of the empty seed-coats,
and rises up, forming a right angle, or more commonly a still
larger angle with the lower part, and occasionally the whole
becomes nearly straight. The conical protuberance, which
originally formed the crown of the arch, is now seated on one
side, and appears like a joint or knee, which from acquiring
chlorophyll becomes green, and increases in size. In rarely or
never becoming perfectly straight, these cotyledons differ remarkably from the ultimate condition of the arched hypocotyls or
epicotyls of dicotyledons. It is, also, a singular circumstance
that the attenuated extremity of the upper bent portion
invariably withers and dies.
A filament, 1*7 inch in length, was affixed nearly upright
beneath the knee to the basal and vertical portion of a
cotyledon; and its movements were
Fig. 47.
traced during 14 h. in the usual manner.
The tracing here given (Fig. 47) indicates circumnutation. The movement o f
the upper part above the knee of the same
cotyledon, which projected at about a n
angle of 45° above the horizon, was
observed at the same time. A filament
was not affixed to it, but a mark was
placed beneath the apex, which w a s
almost white from beginning to wither,
and its movements were thus traced. T h e
figure described resembled pretty closely
Allium ccpa: circumnutation of basal half that above given; and this shows that t h e
of arched cotyledon, chief seat of movement is in the lower or
traced in darkness on basal part of the cotyledon.
horizontal glass, from
8.15 A.M. to 10 P.M.
Oct. 31st. Movement
of bead magnified
about 17 times.

Asparagus officinalis (Asparagese).—
The tip of a straight plumule or cotyledon
(for we do not know which it should b e
called) was found at a depth of *1 inch
beneath the surface, and the earth was then removed all round
to the depth of '3 inch. A glass filament was affixed obliquely t o
it, and the movement of the bead, magnified 17 times, was traced
in darkness. During the first 1 h. 15 m. the plumule moved to
the right, and during the next two hours it returned in a roughly
parallel but strongly zigzag course. From some unknown cause
it had grown up through the soil in an inclined direction, and
now through apogeotropism it moved during nearly 24 h. i n
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the same general direction, but in a slightly zigzag manner,
until it became upright. On the following morning it changed
its course completely. There can therefore hardly be a doubt
that the plumule circumnutates, whilst buried beneath the
ground, as much as the pressure of the surrounding earth will
permit. The surface of the soil in the pot was now covered with
a thin layer of very fine argillaceous sand, which was kept damp;
and after the tapering seedlings had grown a few tenths of
an inch in height, each was found surrounded by a little open
space or circular crack; and this could be accounted for only by
their having circumnutated and thus pushed away the sand on
all sides; for there was no vestige of a crack in any other part.
I n order to prove that there was circtimnutation, the moveFig. 48.

A.

B.

Asparagus officinalis : circumnutation ot plumules with tips whitened and
marks placed beneath, traced on a horizontal glass. A, young plumule;
movement traced from 8.30 A.M. NOV. 30th to 7.15 A.M. next morning;
magnified about 35 times. B, older plumule ; movement traced from
10.15 A.M. to 8.10 P.M. NOV. 29th; magnified 9 times, but here reduced
to one-half of original scale.

ments of five seedlings, varying in height from '3 inch to 2 inches,
were traced. They were placed within a box and illuminated
from above; but in all five cases the longer axes of the figures
described were directed to nearly the same point; so that more
light seemed to have come through the glass roof of the greenhouse on one side than on any other. All five tracings resembled each other to a certain extent, and it will suffice to give
two of them. In A (Fig. 48) the seedling was only 4 5 of an
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inch in height, and consisted of a single internode bearing a
bud on its summit. The apex described between 8.30 A.M. and
10.20 P.M. (i.e. during nearly 14 hours) a figure which would
probably have consisted of 3 i ellipses, had not the stem been
drawn to one side until 1 P.M., after which hour it moved backwards. On the following morning it was not far distant from
the point whence it had first started. The actual amount of
movement of the apex from side to side was very small, viz.
about -^gth of an inch. The seedling of which the movements
are shown in Fig. 48, B, was H inch in height, and consisted of
three interjiodes besides the bud on the summit. The figure,
which was described during 10 h., apparently represents two
irregular and unequal ellipses or circles. The actual amount of
movement of the apex, in the line not influenced by the light, was
•11 of an inch, and in that thus influenced 3 7 of an inch. With
a seedling 2 inches in height it was obvious, even without the
aid of any tracing, that the uppermost part of the stem bent
successively to all points of the compass, like the stem of a
twining plant. A little increase in the power of circumnutating
and in the flexibility of the stem, would convert the common
asparagus into a twining plant, as has occurred with one species
in this genus, namely, A. scandens.
-

Phalaris Canariensis (Gramineaj). — With the Gramineas the
part which first rises above the ground has been called by some
authors the pileole; and various views have been expressed on
its homological nature. It is considered by some great authorities to be a cotyledon, which term we will use without venturing
to express any opinion on the subject.* It consists in the
present case of a slightly flattened reddish sheath, terminating
upwards in a sharp white edge; it encloses a true green leaf,
which protrudes from the sheath through a slit-like orifice,
close beneath and at right angles to the sharp edge on the
summit. The sheath is not arched when it breaks through the
ground.
The movements of three rather old seedlings, about 1J inch
in height, shortly before the protrusion of the leaves, were first
traced. They were illuminated exclusively from above; for, as
will hereafter be shown, they are excessively sensitive to the
* We are indebted to the Bev.
G. Henslow for an abstract of the
views which have been held on

this subject, together with references.
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action of light; and if any enters even temporarily on one side,
they merely bend to this side in slightly zigzag lines. Of the three
tracings one alone (Fig. 49) is here given. Had the observations
been more frequent during the 12 h.,
two oval figures would have been
Fig. 49.
described with their longer axes at
right angles to one another. The
actual amount of movement of the
apex from side to side was about
•3 of an inch. The figures described
by the other two seedlings resembled
to a certain extent the one here
given.
A seedling which had just broken
through the ground and projected Phalaris Ctmariensis: circumnutation of a cotyledon, with a
only ^gth of an inch above the mark placed below the apex,
surface, was next observed in the traced on a horizontal glass,
same manner as before. It was from 8.35 A.M. Nov. 26th to
8.45 A.M. 27th. Movement of
necessary to clear away the earth apex magnified 7 times, here
reduced
to one-half scale.
all round the seedling to a little
depth in order to place a mark
beneath the apex. The figure (Fig. 50) shows that the apex
moved to one side, but changed its course ten times in the
course of the ten hours of observaFig. 50.
tion ; so that there can be no doubt
about its circumnutation. The
cause of the general movement
in one direction could hardly be
attributed to the entrance of
lateral light, as this was carefully
guarded against; and we suppose
it was in some manner connected Phalaris Canariensis: circumnuwith the removal of the earth
tation of a very young cotyledon, with a mark placed
round the little seedling.
below the apex, traced on a

Lastly, the soil in the same pot
horizontal glass, from 11.37
A.M. to 9.30 P.M. Dec. 13th.
was searched with the aid of a
Movement of apex greatlylens, and the white knife-like apex
magnified, here reduced to
of a seedling was found on an exact
one-fourth of original scale.
level with that of the surrounding
surface. The soil was removed all round the apex to the depth
of a quarter of an inch, the seed itself remaining covered. The
pot, protected from lateral light, was placed under the micro-
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scope with a micrometer eye-piece, so arranged that each
division equalled 5750th of an inch. After an interval of 30 m.
the apex was observed, and it was seen to cross a little obliquely
two divisions of the micrometer in 9 m. 15 s.; and after a few
minutes it crossed the same space in 8 m. 50 s. The seedling
was again observed after an intervalof three-quarters of an hour,
and now the apex crossed rather obliquely two divisions in 10 m.
We may therefore conclude that it was travelling at about the
rate of -fath. of an inch in 45 minutes. We may also conclude
from these and the previous observations, that the seedlings of
Phalaris in breaking through the surface of the soil circumnutate as much as the surrounding pressure will permit. This
fact accounts (as in the case before given of the asparagus) for
a circular, narrow, open space or crack being distinctly visible
round several seedlings which had risen through very fine
argillaceous sand, kept uniformly damp.
Zea mays (Gramineje).—A glass filament was fixed obliquely
to the summit of a cotyledon,
rising 2 of an inch above the
ground; but by the third morning it had grown to exactly
thrice this height, so that the
distance of the bead from the
mark below was greatly i n creased, consequently the tracing (Fig. 51) was much more
magnified on the first than o n
the second day. The upper
part of the cotyledon changed
its course by at least as much
as a rectangle six times on each
Zea mays: circumnutation of cotyleThe plant
don, traced on horizontal glass, from of the two days.
8.30 A.M. Feb. 4th to 8 A.M. 6th. was illuminated by an obscure
Movement of bead magnified on an light from vertically above.
average about 25 times.
This was a necessary precaution, as on the previous day we had traced the movements of
cotyledons placed in a deep box, the inner side of which w a s
feebly illuminated on one side from a distant north-east window,
and at each observation by a wax taper held for a minute or
two on the same side; and the result was that the cotyledons
travelled all day long to this side, though making in their course
some conspicuous flexures, from which fact alone we might havo
Fig. 51.
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concluded that they were ciroumnutating; but we thought it
advisable to make the tracing above given."
Radicles.—Glass filaments were' fixed to two short radicles,'
placed so as to stand almost upright, and whilst bending downwards through geotropism their • courses were strongly zigzag;
from this latter circumstance circumnutation might have been
inferred, had not their tips become slightly withered after the
first 24 h., though they were watered and the air kept very
damp. Nine radicles were next arranged in the manner
formerly described, so 'that in growing downwards they left
tracks on smoked glass-plates, inclined at various angles between
45° and 80° beneath the horizon. Almost every one of these
tracks offered evidence in their greater or less breadth in different parts, or in little bridges of soot being
left, that the apex had come alternately into
Fig. 52.
more and less close contact with the glass. In
the' accompanying figure (Pig. 52) we have
an accurate copy of one such track. In two
instances alone (and in these the plates were
highly inclined) there was some evidence of
slight lateral movement. We presume therefore '
that the friction of the apex on the smoked
surface, little as' this could have been, sufficed
)
1

to check the movement from side to side of these ~,„ „,_„„

.

Zea mays:

track

delicate radicles.
left n inclined
Avena sativa (Graminesa).—A cotyledon, l i
smoked glassinch in height, was placed in front -of a northj^'j^^g ^
east window, and the movement of the apex
growing dowpwas traced on a horizontal glass during two
wards,
days. It moved towards the light in a slightly
zigzag line from 9 to 11.30 A.M. on October 15th; it then moved
a little backwards and zigzagged much until 5 P.M., after which
hour, and during the night, it continued to move towards the
window. On the following morning the same movement was
continued in a nearly straight line until 12.40 P.M., when the sky
remained until 2.35 extraordinarily dark from thunder-clouds.
During this interval of 1 h. 55 m., whilst the light was obscure,
it was interesting to observe how circumnutation overcame
heliotropism, for the apex, instead of continuing to move towards
the window in a slightly zigzag line, reversed its course four
times, making two small narrow ellipses.' A diagram of this case
will be given in the chapter on Heliotropism.
0

P
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A filament was next fixed to a cotyledon only J of an inch in
height, which was illnminated exclusively from above, and as
it was kept in a warm greenhouse, it grew rapidly; and now
there could be no doubt about its circumnutation, for it described
a figure of 8 as well as two small ellipses in 5i hours.
Kephrodium molle (Filices).—A seedling fern of this species
came up by chance in a flowerFig. 53.
pot near its parent. The frond,
as yet only slightly lobed, was
only -16 of an inch in length and
•2 in breadth, and was supported
on a rachis as fine as a hair
and '23 of an inch in height. A
very thin glass filament, which
projected for a length of '36 of
an inch, was fixed to the end of
the frond. The movement was
Ncphrodimn molle: cu'eumnutition so highly magnified that the
of very young frond, traced in figure (Fig. 53) cannot be fully
darkness on horizontal glass,
from 9 A M. to 9. P.M. Oct. 30th. trusted; but the frond was
Movement of bead magnified 48 constantly moving in a complex
times.
manner, and the bead greatly
changed its course eighteen times in the 12 hours of observation.
Within half an hour it often returned in a line almost parallelto its former course. The greatest amount of movement occurred
between 4 and 6 P.M. The circumnutation of this plant is interesting, because
the species in the genus Lygodium are
well known to circumnutate conspicuously
and to twine round any neighbouring
object.
Scla/jinella Kraussii (?): Selayinella Kraussii (?) (Lycopodiace?e).
circumnutation
of —A very young plant, only '4 of an inch
young plant, kept in in height, had sprung up in a pot in the
darkness, traced from
8.45 A.M. to 10 P.M. hot-house. An extremely fine glass filament was fixed to the end of the frond. Oct. 31st.
like stem, and the movement of the bead
traced on a horizontal glass. I t changed its course several
times, as shown in Eig. 54, whilst observed during 13 h. 15 m.,
and returned at night to a point not far distant from that
whence it had started in the morning. There can be no doubt
that this little plant circumnutated.
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CHAP. I I .

CIRCUMNUTATION

OF

SEEDLINGS.

CHAPTEE I I .
GENEEAL CONSIDEKATIONS ON THE MOVEMENTS AND GKOWTH or
, SEEDLING PLANTS.
Generality of the oircumimtating movement—Radicles, their circumnutation of service—Manner in which they penetrate the ground—
Marnier in' which hypocotyls and other organs break through the
ground by being arched—Singular manner of germination in Megarrhiza, &c.—Abortion of cotyledons— Circumnutation of hypocotyls
and epicotyls whilst stilly buried and arched—Their power of
straightening themselves—Bursting of the seed-coats—Inherited
effect of the arching process in hypogean hypocotyls—Circumnutation of hypocotyls and epicotyls when erect—Circumnutation of
cotyledons—Pulvini or joints of cotyledons,' duration of their
activity, rudimentary in Oxalis cornioulata, their development—
Sensitiveness of cotyledons to light and consequent disturbance of
their periodic movements—Sensitiveness of cotyledons to contact.

THE circunmutating movements of the several parts
or organs of a considerable number of seedling plants
have been described in the last chapter., A list is here
appended of the Families, Cohorts, Sub-classes, &c,
to which they belong, arranged and numbered according to the classification adopted by Hooker.*
Any one who will consider this list will see that the
young plants selected for observation, fairly represent
the whole vegetable series, excepting the lowest
cryptogams, and the movements of some of the latter
when mature will hereafter be described. As all the
seedlings which were observed, including Conifers,
Cycads and Ferns, which belong to the most ancient
* A s given in the ' General System of Botany,' by Le Maout and
Decaistne, 1873.
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types amongst plants, were continually circumnu-.
tating, we may infer that this kind of movement is
common to every seedling species.
SUB-KINGDOM I.—Phsenogamous Plants.
Class I.—DICOTYLEDONS.

Sub-class I.—Angiosperms.
Family.

14. Cruoifera.
26. Caryophyllea.
36. MahacecB.
41., Oxalidea.
49. Tropozolem.
52. Aurantiacea.
70. Hippocastanea.
75. Leguminosa.
106. Cucurbitacece.
109. Cactea.
122. Composita.
135. Primulacea.
145. Asclepiadea.
151. Convolvulacea.
154. Borraginea.
156. Nolanea.
157. Solanem.
181. Chenopodiea.
202. Euphorbiacea.
211. Cupuliferm.
212. Corylacea.

II.
IV.
VI.
VII.

X.
XI.
XII.
XIV.
XVII.
XX.
XXII.
XXIII.

Cohort.
PARIETALES.
CARYOPHTLLALES.
MALVALES.
GERANIALES.
DITTO
DITTO
SAPINDALES.
KOSALES.
PASSIFLORA LES.
FICOIDALES.
ASTRALES.
PRIMTJLALES.GENTIANALES. ·
POLEMONIALES. .
DITTO
DITTO
SOLANALES.
CHENOPODIALES.
EUPHORBIALES.

XXIV.
XXVII.
XXXII.
X X X V I . QüERNALES.
DITTO

Sub-class II.—Ghjmnosperms.
223. Conifera.
224. Cycadea.
Class II.—MONOCOTYLEDONS.
2. Cannacea.
34. LUiacece.
4 1 . Asparagece.
55. Qraminem.

II. AMOMALES.
XI. LILIALES.
DITTO
X V . GLUMALES.

SUB-KINGDOM II.- -Cryptogamio Plants.

. 1. Füices.
6. Lycopodiacea,
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I. FILICALES.
DITTO

. Radicles.—-In
all the germinating seeds observed
by us, the first change . is the protrusion of the
radicle, which immediately bends downwards and
endeavours to penetrate the ground. In. order to
effect this, it is almost necessary that the seed should
be pressed down so as to offer sonie resistance, unless
indeed the soil is extremely loose; for otherwise the
seed is lifted up, instead of. the radicle penetrating
the surface. But seeds often get covered by earth
thrown up by. burrowing quadrupeds or scratching
birds, by the castings of earth-worms, by heaps of
excrement, the decaying branches of trees, &c, and
will thus, be pressed down; and they must often fall
into cracks when. the ground is dry,, or into holes.
Even with seeds lying on the bare surface, the first
developed root-hairs, by becoming attached to stones
or other objects on the surface, are able to hold down
the upper part of the, radicle, whilst the tip penetrates the ground. Sachs has shown* how well and
closely root-hairs adapt themselves, by growth to the
most irregular particles in the soil, and become firmly
attached to them. This attachment seems to be
effected by the softening or liquefaction of the outer
surface of the wall of the hair and its subsequent
consolidation, as will be on some future occasion
more fully described. This intimate, union plays an
important part, according to Sachs, in the absorption
of water and of the inorganic matter dissolved in it.
The mechanical aid afforded by the root-hairs in penetrating the ground is probably only a secondary
service.
,
,
The tip of the radicle, as soon as it protrudes from
the seed-coats, begins to circumnutate, and the whole
* ' Physiologie Végétale,' 1868, pp. 199, 205.
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growing part continues to do so, probably for as long
as growth continues. This movement of the radicle
has been described in Brassica, iEsculus, Phaseolus,
Vicia, Cucurbita, Quercus and Zea. The probability
of its occurrence was inferred by Sachs,* from radicles
placed vertically upwards being acted on by geotropism (which we likewise found to be the case), for if
they had remained absolutely perpendicular, the attraction of gravity could not have caused them to bend to
any one side. Circumnutation was observed in the above
specified cases, either by. means of extremely fine filaments of glass affixed to the radicles in the manner
previously described, or ,by their being allowed to
grow downwards over inclined smoked glass-plates, on
which they left their tracks. In the latter cases the
serpentine course (see Figs. .19, 21, 27, 41) showed
unequivocally that the apex had continually moved
from side to side. This lateral movement was small
in extent, being in the case of Phaseolus at most
about 1 mm. from a medial line to both sides. But
there was also movement in a vertical plane at right
angles to the inclined glass-plates. This was shown
by the tracks often being alternately a little broader
and narrower, due to the radicles having alternately
pressed with greater and less force on the plates.
Occasionally little.bridges of soot were left across the
tracks, showing that the apex had at these spots been
lifted up. This latter fact was especially apt to occur
* ' TJeber das Waohsthum der . had previously remarked (' B e i Wurzeln: Arbeiten des bot. Intr'age zur Pflanzenphysiologie,'
stituts in Vurzburg,' Heft iii.
1868, p. 81) on the fact of radicles
1873, p. 460. This memoir, beplaced vertically upwards b e i n g
sides its intrinsic and great inacted on by geotropism, and h o
terest, deserves to be studied as a
explained it by the supposition
model of careful investigation,
that their growth was not equal
and we shall have occasion to
on all sides,
refer to it repeatedly. Dr. Frank
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when the radicle instead of travelling straight down
the glass made a semicircular bend; but Fig. 52·
shows that this may occur when the track is rectilinear.
The apex by thus rising, was in one instance able to
surmount a bristle cemented across an inclined glassplate ; but slips of wood only ^ of an inch in thickness
always caused the • radicles to bend rectangularly to
one side, so that the apex did not rise to this small
height in opposition to geotropism.
In those cases in which radicles with attached filaments were placed so as to stand up almost vertically,
they curved downwards through the action of geotropism, circumnutating at the same time, and their
courses were consequently zigzag. Sometimes, however, they made great circular sweeps, the lines being
likewise zigzag.
Radicles closely surrounded by earth, even when
•this is-thoroughly soaked and softened, may perhaps
be' quite prevented from circumnutating. Yet we
•should remember that the circumnutating sheath-like
cotyledons of Phalaris, the hypocotyls of Solanum,
and the epicotyls of Asparagus formed round themselves little circular cracks or furrows in a superficial
layer of damp argillaceous sand. They were also
able, as well as the hypocotyls of Brassica, to form
straight furrows in damp sand, whilst circumnutating
and bending towards a lateral light. In a future
chapter it will be shown that the rocking or circumnutating movement of the flower-heads of Trifolium
subterraneum aids them in burying themselves. It is
therefore probable that the circumnutation of the tip
of the radicle aids.it slightly in penetrating the
• ground; and it may be observed in several of the
previously, given diagrams, that the movement is
more strongly pronounced in radicles when they first
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protrude from the seed than at a rather later period;
but whether this is an accidental or an adaptive
coincidence we do not pretend to decide. Nevertheless, when young radicles of PJiaseolus multiflorus
were fixed vertically close over damp sand, in the
expectation that as soon as they reached, it they
would form circular furrows, this did not occur,—a
fact which may he accounted for, as we believe, by
the furrow being filled up as soon as formed by the
rapid increase of thickness in the apex of the radicle.
Whether or not a radicle, when surrounded by softened earth, is aided in forming a passage for itself
by circumnutating, this movement can hardly fail
to be of high importance, by guiding the radicle
along a line of .least resistance, as will be seen in the
next chapter when we treat of the sensibility of the
tip to contact. If, however, a radicle in its downward growth breaks obliquely into any crevice, or a
hole left by a decayed root, or one made by the
],aiVa of an insect, and more especially by worms, the
.circumnutating movement of the tip will materially
aid it in follpwing such open passage; and we have
observed that roots commonly run down the old
burrows of worms.*
When a radicle is placed in a horizontal or inclined
position, the terminal growing part, as is well known,
bends down towards the centre of the earth; and
Sachs f has shown that whilst thus bending, the growth
of the lower. surface is greatly retarded, whilst that
* See, also, Prof. Hensen's statements (' Zeitschrift für Wissen,
Zool.,' B. xxviii. p. 354,1877) to
the same effect. H e goes so-far
as to believe that roots are able
to penetrate the ground to a great
depth only by means of the bur-

rows made by worms,
t ' Arbeiten des bot.
Inst.
Würzburg,' vol. i. 1873, p. 4 6 1 .
See also p. 397 for the length of
the growing part, and p. 451 on
the force of geotropism.
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of the upper surface continues <at the normal rate,
or may be even somewhat increased. He has further
shown by attaching a thread, running over a pulley,
to a horizontal radicle of large size, namely, that
of the common bean, that it was able to pull up.a
weight of only one gramme, or 15'4 grains. We may
therefore conclude that geotropism does not give a
radicle force sufficient to penetrate .the ground, but
merely tells it (if such an expression may be used)
which course to pursue. Before we knew of Sachs'
more precise observations we covered a flat surface of
damp sand with the thinnest tin-foil which we could
procure (-02 to -03 mm., or -00012 to -00079 of an inch
i n thickness), and placed a radicle close above, in such
a position ithat it grew almost perpendicularly downwards. "When the apex came into contact with the
polished level surface it turned at right angles and
glided over it without leaving, any impression; yet
the tin-foil was so flexible, that a little stick of soft
wood, pointed to the same degree as the end of the
radicle and gently loaded with a weight of only a
quarter.of an ounce (120 grains) plainly indented the
tin foil.
Radicles. are able to penetrate the ground by the
force due to their longitudinal and transverse growth;
the seeds themselves being held down by>the weight
of the superincumbent soil. In the case of the bean
the apex, protected by the root-cap, is sharp,' and
the growing part, from 8 to 10 mm. in length, is
much more rigid, as Sachs has proved, than the part
immediately above, which has ceased to increase in
length. We endeavoured to ascertain the downward
pressure of the growing part, by placing germinating
.beans between two small metal plates, the upper one
of which was loaded with a known weight; and the
T
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radicle was then allowed to grow into a narrow hole il*
wood, 2 or 3 tenths of an inch in depth, and closed a*
the bottom. The wood was so cut that the short spac
of radicle between the mouth of the hole and th&
bean could not bend laterally on three sides; but it
was impossible to protect the fourth side, close f £
the bean. Consequently, as long as the radicle con^
tinued to increase in length and remained straight
the weighted bean would be (lifted up after the tip
had reached the bottom of the shallow hole.' Bean^
thus arranged, surrounded by damp sand, lifted up ^.
quarter of a · pound in 24 h. after, the tip of th^
radicle had entered the hole. . With a greater weight
the radicles themselves always became bent on t h e o»^
unguarded side; but this probably would not haV^
occurred if they had been closely surrounded on a l l
sides by compact earth. There was, however,
possible, but not probable, source of error in t h e S §
trials, for it was, not, ascertained whether the beatts
themselves go on swelling for several days after they
have germinated, and after'having been treated ira
the manner in .which ours had been;
e

s

' ' '_ ^

namely, being first left for 24 h. hx
water, then allowed to germinate iri
very damp air, afterwards placed over
the hole and almost surrounded by

Outline of piece of
, stick (reduced' to
one-half ' natural
1

i

'

j ·

d a m

s a n d

m

-i
a

i l

P
closed box.
size) with a, hole.
We succeeded better in ascertaining
the° radicle "of °a *
force exerted transversely by these
bean grew. Thick- radicles. ' Two, were' so placed as to
nan-ow end° -08 penetrate', small • holes made in little
inch, at broad end sticks, One of which Was Cut into the
hoiV'-iinch
° shape here exactly copied (Fig. 55).
The short end of the stick beyond
the hole was purposely split, but not the opposite
n e

f

h

f
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end. As the wood was highly elastic, the split or
fissure closed immediately after being made. After
six days the stick and bean were dug out of the damp
sand, and the radicle was found to be much enlarged
above and beneath the hole. The fissure, which was
at first quite closed, was now. open to a width of
4 mm..; as>soon as the radicle was extracted, it immediately closed to · a width of 2 mm. The stick was
then suspended horizontally by
Fig. 56.
a fine wire passing through the
hole lately filled by the radicje,
and a little; saucer · was suspended beneath to receive the
weights; and it required 8 lbs.
8 ozs. to open the fissure to the
width of 4 mm.—that is, the
width before the root was extracted. But the part of the
radicle (only -1 of an inch in
length) which was embedded in
the hole, probably exerted a
greater transverse strain even
than 8 lbs. 8 ozs., for it had split
the solid wood for a length of
rather more than a quarter of
an inch (exactly "275 inch), and
this fissure is shown in K g . 55.
P/f > P . close* by
W o o d e n

,

,°

ers

k e

t

a spiral brass spring, with a
hole (-14 inch in diameter
and '6 inch in depth) bored
through the narrow closed
part, through which aradicle
of a bean was- allowed to
grow.' Temp. 50°-60° F.

A Second Stick was tried in the;
same manner with almost exactly the same result.'. .
1
We then : followed'. a better
plan. Holes were.bored near .
the narrow end of two wooden clips or pincers (Fig. 56),
kept closed by brass'spiral springs. Two radicles in damp
sand were allowed to grow through these holes. The
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pincers rested on glass-plates to lessen the friction from
the sand. The holes were a little larger (viz. *14 inch)
and considerably deeper (viz. "6 inch) than in the
trials with the sticks; so that a greater length of a
rather thicker radicle exerted a transverse strain.
After 13 days they were taken up. The distance of
two dots (see the figure) on the longer ends of the
pincers was now carefully measured; the radicles were
then extracted from the holes, and the pincers of
course closed. They were then suspended horizontally
in the same manner as were the bits of sticks, and a
weight of 1500 grams (or 3 lbs. 4 ozs.) was 'necessary
with one of the pincers to open them to the same
extent as had been effected by the transverse growth
of the radicle. As soon as this radicle had slightly
opened the pincers, it had grown into a flattened form
and had escaped a little beyond the hole; its diameter
in one direction being 4 2 mm., and at right angles
3'5 mm. If this escape and flattening could have
been prevented, the radicle would probably have
exerted a greater strain than the 3 lbs. 4 ozs. With
the other pincers the radicle escaped still further
out of the hole; and the , weight required to open
them to the same extent as had been effected by the
radicle, was only 600 grams.
With these facts before us, there seems little difficulty in understanding how a radicle penetrates the
ground. The apex is pointed-and is protected by
the root-cap; the terminal growing part is rigid, and
increases in length with a force equal, as far as our
observations can be trusted, to the pressure of at least
a quarter of a pound, probably with a much greater
force when prevented from bending to any side by the
surrounding earth. Whilst thus increasing in length
it increases .in thickness, pushing away the damp
-
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earth on all sides, with a force of above 8 pounds in
one case, of 3 pounds in another case. It was impossible to decide whether the actual apex exerts, relatively
to its diameter, the same transverse strain as the parts
a little higher up ; but there seems no reason to doubt
that this would be the case. The growing part therefore does not act like a nail when hammered into a
board, but more like, a wedge of wood, which whilst
slowly driven into a. crevice continually expands at
the same time by the absorption of water; and a
wedge thus acting will split even a mass of rock.
Manner in which Hypocotyls, JEpicotyls, &c, rise up
and break through the ground.—After the radicle, has
penetrated the ground and fixed the seed, the hypocotyls of all the dicotyledonous seedlings observed by
us, which lift their cotyledons above the surface, break
through the ground in the form of an arch. When
the cotyledons are hypogean, that is, remain buried in
the soil, the hypocotyl is hardly developed, and the
epicotyl or plumule rises in like manner as an arch
through the ground. In all, or at least in most of such
cases, the downwardly bent apex remains for a time
enclosed within the seed-coats. With Corylus avellena the ' cotyledons are hypogean, and the epicotyl
is arched; but in the particular case described in
the last chapter its apex had been injured, and it
grew laterally through, the soil like a root; and in
consequence of this it had emitted two secondary
shoots, which likewise broke through the ground as
arches.
Cyclamen does not produce any distinct stem, and
only a single cotyledon,appears at first;* its petiole
* This is the conclusion arrived ' considered by other botanists as
at by Dr. H . Gressner ('Bot.
the first true leaf is really the
Zeitung,' 1874, p. 837), who
second cotyledon, which is greatly
maintains that what has been
delayed in its development.

IRIS - LILLIAD - Université Lille 1

breaks through the ground as an arch (Fig. 57).
Abronia also has only a single fully
Fig. 57.
developed cotyledon, - but in this
case it is the hypocotyl which first
emerges and is .arched. Abronia
umbellata, however, presents this
peculiarity, that the enfolded blade
of the one developed cotyledon
(with the enclosed · endosperm)
fiyclamen Persicum : whilst still beneath the surface has
seedling, figure enlarged : c, blade of its apex upturned and parallel to
cotyledon, not yet the descending leg of the arched
expanded, with arched
petiole beginning to hypocotyl ; but it · is dragged
straighten itself; A, out of the ground by the conhypocotyl developed
into a corm; r, second- tinued growth of the hypocotyl,.
ary radicles.
with the apex pointing downward.
With Cyoas pectinata the cotyledons are hypogean,
and a- true leaf first breaks
Fig. 58.
through the ground with
its petiole forming an
arch.
In the genus Acanthus
the cotyledons are likewise
hypogean. In A. mollis,
a single leaf first breaks
through the ground with
its petiole arched, and with
the opposite leaf much less
developed, short, straight,
of a yellowish colour, and
Acanthus mollis: seedling, with the with the petiole at first not
hypogean cotyledon on the near
side removed and the radicles cut half as thick as that of the
off: a, blade of first leaf begin- other.
The undeveloped
ning to expand, with petiole still
partially arched; 6, second and leaf is protected by standopposite leaf, as yet very imperfectly developed; c, hypogean ing beneath its arched felcotyledon on the opposite side.
low; and it is an instruc-
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tive fact that it is not arched, as it has not to force ·
for itself a passage through the ground. In the accompanying sketch (Fig. 58) the petiole of the first leaf
has already partially straightened itself, and the blade
is beginning to unfold. The small second leaf ultimately grows to an equal size with the first, but this
process is effected at very different rates in different
individuals: in one instance the second leaf did not
appear fully above the ground until six weeks after the
first leaf. As the leaves in the whole family of the '
Acanthacese stand either opposite one another or in
whorls, and as these are of equal size, the great inequality between the first two leaves is a singular fact.
We can. see how this inequality of development and
the arching of the petiole could have been gradually
acquired, if they were beneficial to the seedlings by
favouring their emergence ; for with A. candelabrum,
spinosus, and latifolius there was great variability in the
inequality between the two first leaves and in the
arching of their petioles. In one seedling of A. candelabrum
the first leaf was' arched and nine times as
long as the second, which latter consisted of a mere
little, yellowish-white, straight, hairy style. In other
seedlings the difference in length between the two
leaves was as 3 to 2, or as 4 to 3, or as only *76 to
• 62 inch. In these latter cases the first and taller leaf
was not properly arched. Lastly, in another seedling
there was not .the least difference in size between the
two first leaves, and both of them had their petioles
straight; their laminae were enfolded and pressed
against each other, forming a lance or wedge, by
which means they had broken through the ground.
Therefore in different individuals of this same species
of Acanthus the first pair of leaves breaks through
the ground by two widely different methods; and if

IRIS - LILLIAD - Université Lille 1

either had proved decidedly advantageous or disadvantageous, one of them no doubt would soon have
prevailed.
Asa Gray has described * the peculiar manner of germination of three widely different plants, in which the
hypocotyl is hardly at all developed. These were therefore observed by us in relation to our present subject.
Delphinium nudicaule.—The elongated petioles of
the two cotyledons are confluent (as are sometimes
their blades at the base), and they break through the
ground as an arch. They thus resemble in a most
deceptive manner a hypocotyl. At first they are
solid, but after a time become tubular; and the basal
part beneath the ground is enlarged into a hollow
chamber, within which the young leaves are developed
without any prominent plumule. Externally roothairs are formed, on the confluent petioles, either a
little above, or on a level with, the plumule. The
first leaf at an early period of its growth and whilst
within the chamber is quite straight, but the petiole
soon becomes arched; and the swelling of this part
(and probably of the blade) splits open one side of
the chamber, and the leaf then emerges. The slit
was found in one case to be 3 2 mm. in length, and
it is seated on the line of confluence of' the two
petioles. The leaf when it first escapes frorm the
chamber is buried beneath the ground, and now an
upper part of the petiole near the blade becomes
arched in the usual manner. The second leaf comes
out of the slit either straight or somewhat arched, but
afterwards the upper part of the petiole,—certainly i n
some, and we believe in all cases,—arches itself whilst
forcing a passage through the soil.

1

-

* ' Botanical Text-Book,' 1879, p. 22.
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Megarrhiza Californica.—The cotyledons of this
Gourd never free themselves from the seed-coats and
are hypogean. Their petioles are completely confluent, forming a tube which terminates downwards
in a little solid point, consisting of a minute radicle
and hypocotyl, with the likewise minute plumule
enclosed within the base of the tube. This structure
was well exhibited in an abnormal specimen, in which
one of the two cotyledons failed to produce a petiole,
whilst the other produced one consisting of an open
semicylinder ending in a sharp point, formed of the
parts just described. As soon as the confluent
petioles protrude from the seed they bend down, as
they are strongly geotropic, and penetrate the ground.
The seed itself retains its original position, either
on the surface or buried at some depth, as the case
may be. If, however, the point of the confluent
petioles meets with some obstacle in the soil, as
appears to have occurred with the seedlings described
and figured by Asa Gray,* the cotyledons are lifted
up above the ground. The petioles are clothed with
root-hairs like those on a true radicle, and they
likewise resemble radicles in becoming brown when
immersed in a solution of permanganate of potassium.
Our seeds were subjected to a high temperature, and
in the course of three or four days the petioles penetrated the soil perpendicularly to a depth of from
2 to 2£ inches; and not until then did the true
radicle begin to grow. In one specimen which was
closely observed, the petioles in 7 days after their
first protrusion attained a length of 2^ inches, and the
radicle by this time had also become well developed.
The plumule, still enclosed within the tube, was now
* ' American Journal of Science,' vol. xiv. 1877, p. 21.
G
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•3 inch in length, and was quite straight; but from
having increased in thickness it had just begun to
split open the lower part of the petioles on one side,
along the line of their confluence. By the following
morning the upper part of the plumule had arched
itself into a right angle, and the
Fig. 58, A.
convex side or elbow had thus been
forced' out through the slit. Here
then the arching of the plumule
6f.
H_.Bpl„. a plays the same part as in the case of
the petioles of the Delphinium. As
the plumule continued to grow, the
tip became more arched, and in
the course of six days it emerged
through the 1\ inches of superincumbent soil, still retaining its
arched form. After reaching the
surface it straightened itself in the
usual manner. In the accompanying figure (Fig. 58, A) we have a
sketch of a seedling in this advanced state of, development; the
surface of the ground being reMegarrhiza Califomioa :presented by the line GG-.
sketch of seedling,
The germination of the seeds in
copied from Asa Gray,
reduced to one-half their native Californian home proscale: c, cotyledons
within seed-coats ; p, ceeds in a rather different manner,
the two
confluent
we infer from an interesting
petioles ; A and r, hypocotyl and radicle; letter from Mr. Rattan, sent to us
pi, plumule ; G
6?,
by Prof. Asa Gray. The petioles
surface of soil.
protrude from the seeds soon after
the autumnal rains, and penetrate the ground, generally
in a vertical direction, to a depth of from 4 to even
6 inches. They were found in this state by Mr.
Rattan during the Christmas vacation, with the pluT

t
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mules still enclosed within the tubes ; and he remarks
that if the plumules had been at once developed and
had reached the surface (as occurred with our seeds
which were exposed to a high temperature), they
would surely have been killed by the frost. As it is
they lie dormant at some depth beneath the surface,
and are thus protected from the cold; and the roothairs on the petioles would supply them with sufficient
moisture. We shall hereafter see that many seedlings
are protected from frost, but by a widely different
process, namely, by being drawn beneath the surface
by the contraction of their radicles. We may, however, believe that the extraordinary manner of germination of Megarrhiza has another and secondary
advantage. The radicle begins in a few weeks to
enlarge into a little tuber, which then abounds with
starch and is only slightly, bitter. It would therefore
be very liable to be devoured by animals, were it not
protected by being buried whilst young and tender, at a
depth of some inches beneath the surface. ' Ultimately
it grows to a huge size.
Ijpomcea leptophytta.—In most of the species of this
genus the hypocotyl is well developed, and breaks
through the ground as an arch. But the seeds of the
present species in germinating behave like those of
Megarrhiza, excepting that the elongated petioles of
the cotyledons are not confluent. After they have
protruded from the seed, they are united at their
lower ends with the undeveloped hypocotyl and undeveloped radicle, which together form a point only
about "1 inch in length. They are at first highly
geotropic, and penetrate the ground to a depth of
rather above half an inch. The radicle then begins
to grow. On four occasions after the petioles had
grown for a short distance vertically downwards, they
G
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were placed in a horizontal position in damp air in the
dark, and in the course of 4 hours they again became
curved vertically downwards, having passed through90° in this time. But their sensitiveness to geotropism
lasts for only 2 or 3 days; and the terminal part
alone, for. a length of between "2 and *4 inch, is' thus
sensitive. Although the petioles of our specimens
did not penetrate the ground to a greater depth than
about ^ inch, yet they continued for some time to grow
rapidly, and finally attained the great length of about
3 inches. The upper part is apogeotropic, and therefore grows vertically upwards, excepting a shortportion close to the blades, which at an early period
bends downwards and · becomes arched, and thus
breaks through, the ground. Afterwards this portion
straightens itself, and the cotyledons then free themselves from the seed-coats. , Thus we here have in
different parts of the same organ widely different kinds
of movement, and of sensitiveness; for the basal part
is geotropic, the upper part apogeotropic, and a portion
near the blades temporarily and spontaneously arches
itself. The plumule is not developed for some little
time; and as it rises between the bases of the parallel
and closely approximate petioles of the cotyledons,
which in breaking through the ground have formed an
almost open passage, it does not require to be arched and
is consequently always straight. Whether the plumule
remains buried and dormant for a time in its native
country, and is thus protected from the cold of winter,
we do not know. The radicle, like that of the Megarrhiza, grows into a tuber-like mass, which ultimately
attains a great size. So it is with Ipomoea pandurata,
the germination of which^ as Asa Gray informs us,
resembles that of I. leptophylla.
The following case is interesting in connection with
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the root-like nature of the petioles. The radicle of a
.seedling, was cut off, as it was completely decayed',
and the two now separated cotyledons were planted.
They emitted roots from their bases, and continued
green and healthy for two months. The blades of
both then withered, ,and on removing the earth the
bases of the petioles (instead of the radicle) were
found enlarged into little tubers. Whether these
would have had the power of producing two in*
dependent plants in the following summer, we do not
.know.
In Quercus virens, according to Dr. Engelmann,*
both the cotyledons and their petioles are confluent.
The latter grow to a length "of an inch or even
more;" and, if we understand rightly,.penetrate the
ground, so that they must be geotropic. The nutriment within the cotyledons is then quickly transferred
to the hypocotyl or radicle, which thus - becomes
developed into a fusiform • tuber. The fact of
tubers being formed by the foregoing three widely
distinct plants, makes us believe that their protection
from animals at an early age and whilst tender, is one
at least of the advantages gained by the remark .able elongation of the petioles of the cotyledons,
together with their power of penetrating the ground
like roots under the guidance of geotropism.
1

The following cases may be here given, as they bear
on our present subject, though not relating to seedlings. The flower-stem of the parasitic Lathrseh
.squamaria, which is destitute of true leaves, breaks
through the ground as an arch ;f so does the flower- * ' Transact. St. Louis Acad.
Science,' vol. iv. p. 190.
• t The passage of the flowerstem of the Lathraa through the

ground cannot fail to be greatly
facilitated by the extraordinary
quantity of water secreted at this
period of the year by the subter*
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stem of the parasitic and leafless Monotropa hypopitys.
With Helleborus niger, the flower-stems, which rise up
independently of the leaves, likewise break through
the ground as arches. This is also the case with the
greatly elongated flower-stems, as. well as with the
petioles of Epimedium pinnatum. So it is with the
petioles of Ranunculus jicaria, when they have to break
through the ground, but when they arise from the
summit of the bulb above ground, they are from the
first quite straight; and this is a fact which deserves
notice. The rachis of the bracken fern (Pteris aquiUna), and of some, probably many, other ferns, likewise rises above ground under the form of an arch.
No doubt other analogous instances could be found by
careful search. In all ordinary cases of bulbs, rhizomes,
ranean scale-like leaves ; not that
there is any reason to suppose
that the secretion is a special
adaptation for this purpose: it
probably follows from the great
quantity of sap absorbed in the
early spring by the parasitic roots.
After a long period without any
rain, the eartli had become lightcoloured and very dry, but it was
dark-coloured and damp, even in
parts quite wet, for a distance of
at least six inches all round each
flower-stem. Thewateris secreted
by glands (described by Cohn,
'Bericht. Bot. Seot. der Schlesisohen Gesell.,' 1876, p. 113)
which line the
longitudinal
channels running through each
scale-like leaf. A large plant was
dug up, washed so as to remove
the earth, left for some time to
drain, and then placed in the
evening on a dry glass-plate,
covered with a bell-glass, and by
next morning it had secreted a
large pool of water. The plate
waa wiped dry, and in the course
of the succeeding 7 or 8 hours

another little pool was secreted,
and after 16 additional hours
several large drops. A smaller
plant was washed and placed in a
large jar, which was left inclined
for an hour, by which time no
more water drained off. T h e jar
was then placed upright and
closed: after 23hours twodruchms
of water were collected from the
bottom, and a little more after 25
additional hours.
The flowerstems were now cut off, for t h e y
do not secrete, and the subterranean part of the plant was found
to weigh 106'8 grams (1611
grains), and the water secreted
during the 48 hours weighed
11-9 grams (183 grains),—that is,
one-ninth of the whole weight of
the plant, excluding the flowerstems. We should remember that
plants in a state of nature would
probably secrete in 48 hours much
more than the above large amount,
for their roots would continue all
the time absorbing sap from the
plant on which they wero parasitic.
. .
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root-stocks, &c, buried beneath the ground, the surface
is broken by a cone formed by the young imbricated
leaves, the combined growth of which gives them force
sufficient for the purpose.
With germinating monocotyledonous seeds, of
which, however, we did not observe a large number,
the plumules, for instance, those of Asparagus and
Canna, are straight whilst breaking through the ground.
With the Gramineae, the sheath-like cotyledons are
.likewise straight; they, however, terminate in a sharp
crest, which is white and somewhat indurated; and this
structure obviously facilitates their emergence from
the soil: the first true leaves escape from the sheath
through a slit beneath the chisel-like apex and at
right angles to it. In the case of the onion (Allium
cepa) we again meet with an arch ; the leaf-like cotyledon being abruptly bowed, when it breaks through
the ground, with the apex still enclosed within the
seed-coats. The crown of the arch, as previously
described, is developed into a white conical protuberance, which we may safely believe to be a
special adaptation for this office.
The fact of so many organs of different kinds—
hypocotyls and epicotyls, the petioles of some cotyledons and of some first leaves, the cotyledons of
the onion, the rachis of some ferns, and some flowerstems—being all arched whilst they break through
the ground, shows how just are Dr. Haberlandt's *
remarks on the importance of the arch to seedling
plants. He attributes its chief importance to the
upper, young, and more tender parts of the hypocotyl
* ' D i e Schutzeinrichtungen in
der Eutwickelung der Keimpflanze,' 1877. W e have learned
much from this interesting essay,

tliough our observations lead us
to differ on some points from the
author,
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or epicotyl, being thus saved from abrasion and
pressure whilst breaking through the, ground. But
we think that some importance may be attributed to
the increased force gained by the hypocotyl, epicotyl,
or other organ by being at first arched; for both legs of
the arch increase in length, and both have points of
resistance as long as the tip remains enclosed within
the seed-coats; and thus the crown of the arch is
pushed up through the earth with twice as much force
as that which a straight hypocotyl, &c, could exert.
As soon, however, as the upper end has freed itself,
all the work has to be done by the basal leg. In
the case of the epicotyl of the common bean, the
basal leg (the apex having freed, itself from the seedcoats) grew upwards with a force sufficient to lift a
thin plate of zinc, loaded with 12 ounces. Two more
ounces were added, and the 14 ounces were lifted up
to a very little height, and then the epicotyl yielded
and bent to one side.
With respect to the primary cause of the arching
process, we long thought in the case of many seedlings
that this might be attributed to the manner in which
the hypocotyl or epicotyl was packed and curved
within the seed-coats ; and that the arched shape thus
acquired was merely retained until the parts in question
reached the surface of the ground. But it is doubtful
whether this is the whole of the truth in any case.
-For instance, with the common bean, the epicotyl or
plumule is bowed into an arch whilst breaking through
the seed-coats, as shown in Pig. 59 (p. 92). The
plumule first protrudes as a solid knob (e in A), which
after twenty-four hours' growth is seen (e in B) to be
the crown of an arch.
Nevertheless, with several
beans which germinated in damp air, and had other*
wise been treated in an unnatural manner, little
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plumules were developed in the axils of the petioles
of both cotyledons, and these were as perfectly arched
as the normal plumule; yet they had not been subjected to any confinement or pressure, for the seedcoats were completely ruptured, and they grew in the
open air. This proves that the plumule has an innate
or spontaneous tendency to arch itself.
In some other cases the hypocotyl or epicotyl protrudes from the seed at first only slightly bowed; but.
the bowing afterwards increases independently of any
constraint. The arch is thus made narrow, with the
two legs, which are sometimes much elongated, parallel
and close together, and thus it becomes well fitted
for breaking through the ground.
With many kinds of plants, the radicle, whilst still
enclosed within the seed and likewise after its first protrusion, lies in a straight line with the future hypocotyl
and with the longitudinal axis of the cotyledons. This
is the case with Cucurbiia ovifera; nevertheless,' in
whatever position the seeds were buried, the hypocotyl
always came up arched in one particular directions
Seeds were planted in friable peat at a depth of about
an inch in a vertical position, with the end from which
the radicle protrudes downwards. Therefore all the
parts occupied the same relative positions which
they would ultimately hold after the seedlings had
risen clear above the surface. Notwithstanding this
fact, the hypocotyl arched itself; and as the arch
grew upwards through the peat, the buried seeds were
turned either upside down, or were laid horizontally,
being afterwards dragged above the ground. Ultimately the hypocotyl straightened itself in the usual
manner; and now after all these movements the
several parts occupied the same position relatively to
one another and to the centre of the,earth, which they;
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had done when the seeds were first buried. But it may
be argued in this and other such cases that, as the
hypocotyl grows up through the soil, the seed will
almost certainly be tilted to one side; and then
from the resistance which it must offer during its
further elevation, the upper part of the hypocotyl will
be doubled down and thus become arched. This view
seems the more probable, because with 'Ranunculus
ficaria only the petioles of the leaves which forced
a passage through the earth were arched; and not
those which arose from the summits of the bulbs above
the ground. Nevertheless, this explanation does not
apply to the Cucurbita, for when germinating seeds
were suspended in damp air in various positions bypins passing through the cotyledons, fixed to the
inside of the lids of jars, in which case the hypocotyls were not subjected to any friction or constraint^
yet the upper part became spontaneously arched;
This fact, moreover, proves that it is not the weight
of the cotyledons which causes the arching. Seeds
of Helianthus annuus and of two species of Ipomcea
(those of I. lona no® being for the genus large
and heavy) were pinned in the samo manner,
and the hypocotyls became spontaneously arched ;
the radicles, which had been vertically dependent;
assumed in consequence a horizontal position. . I n
the case of Ipomcea hptophylla it is the petioles of the
cotyledons which become arched whilst rising through,
the ground; and this occurred spontaneously when
the seeds were fixed to the lids of jars.
It may, however, be suggested with some degree of
probability that the arching was aboriginally caused
by mechanical compulsion, owing to the confinementof the parts in question within the seed-coats, or tofriction whilst they were being dragged upwards. But
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if this is so, we must admit from the oases just given,
that a tendency in the upper part of the several
specified organs to bend downwards and thus to become arched, has now become with many plants firmly
inherited. . The arching, to whatever cause it may be
due, is the result of modified circumnutation, through
increased growth along the convex side of the part;
such growth being only temporary, for the part always
straightens itself subsequently by increased growth
along the concave side, as will hereafter be described.
It is a curious fact that the hypocotyls of some
plants, which are but little developed and which
never raise their cotyledons above the ground, never• theless inherit a slight tendency to arch themselves/
although this movement is not of the least use to
them. We refer to a movement observed by Sachs
in the hypocotyls of the bean and some other Leguminosae, and which is shown in the accompanying figure
(Fig. 59), copied from his Essay.* The hypocotyl
and radicle at first grow perpendicularly downwards,
as at A, and then bend, often in the course of 24 hours,
into the position shown at B. As we shall hereafter often have to recur to this movement, we will, for
brevity sake, call it " Sachs' curvature." At first sight
it might be thought that the altered position of the
radicle in B was wholly due to the outgrowth of the
epicotyl (e), the petiole (p) serving as a hinge; and
it is probable that this is partly the cause; but the
hypocotyl and upper part of the radicle themselves
become slightly curved.
The above movement in the bean was repeatedly
seen by us ; but our observations were made chiefly on
Phaseolus multiflorus, the cotyledons of which are like* ' Arbeiten des bot. Instit. Wurzburg,' vol. i. 1873, p. 403.
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wise" hypogean. Some seedlings with well-developed
radicles were first immersed in a solution of permanganate of potassium; and, judging from the changes
of colour (though these were not very clearly defined),
the hypocotyl is about *3 inch in length. . Straight,
thin, black lines of this length were now drawn from
the bases of the short petioles along the hypocotyls
A

59

. ^s- -

B

Vicia faba; germinating seeds, suspended in damp air: A, with radicle
growing perpendicularly downwards ; B, the same bean after 24 hours
and after the radicle has curved itself; r, radicle; A, short hypocotyl ;
e, epicotyi appearing as a knob in A and as an arch in B ; p, petiole o f
the cotyledon, the latter enclosed within the seed-coats.

of 23 germinating seeds, which were pinned to the
lids of jars, generally with the hilum downwards, and
with their radicles pointing to the centre of the
earth. After an interval of from 24 to 48 hours the
black lines on the hypocotyls of 16 out of the 2 3
seedlings became distinctly curved, but in veryvarious degrees · (namely, with radii between.-20' and
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80 mm. on Sachs' cyclometer) in the same relative
direction as shown at B in Fig. 59. As geotrbpism
will obviously tend to check this curvature, seven
seeds were allowed to germinate with proper precautions for their growth in a klinostat,* by which
means geotropism was eliminated. The position of the
hypocotyls was observed during four successive days,
and they continued to bend towards the hilum and
lower surface of the seed. On the fourth day they
were deflected by an average angle of 63° from a line
perpendicular to the lower surface, and were therefore
considerably more curved than the hypocotyl and
radicle in the bean at B (Fig. 59), though in the same
relative direction.
- It will, we presume, be admitted that all leguminous
plants with hypogean cotyledons are descended from
forms which once raised their cotyledons above.. the
'ground in the ordinary-manner; and in doing so, it is
certain that their hypocotyls would have been abruptly
arched, as in the case of every other dicotyledonous
plant. This is especially clear in the case of Phaseolus,
for out of five species, the seedlings of which we
observed, namely, P. nmltiflorus, caraealla, vulgaris,
Hermndesii and Roxburghii (inhabitants of the Old
and New Worlds), the three last-named species have
well-developed hypocotyls which break through the
ground as arches. Now, if we imagine a seedling of
the common bean or of P. multiflorus, to behave as its
progenitors once did, the hypocotyl (h, Fig. 59), in
Avhatever position the seed may have been buried,
would become so much arched that the upper part
would be doubled down parallel to the lower part; and
* An instrument devised by
on which the plant under observnSoclis, consisting essentially of a . tion is supported : see ' Wurzburg
"slowly revolving horizontal axis.
Arbeiteu,' 1879, p. 200.
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this is exactly the kind of curvature which actually
occurs in these two plants, though to a much less
degree. Therefore we can hardly doubt that their
short hypocotyls have retained by inheritance a tendency to curve themselves in the same manner as they
did at a former period, when this movement was highly
important to them for breaking through the ground,
though now rendered useless by the cotyledons being
hypogean. Rudimentary structures are in most cases
highly variable, and we might expect that rudimentary
or obsolete actions would be equally so; and Sachs*
curvature varies extremely in amount, and sometimes
altogether fails. This is the sole instance known to
us of the inheritance, though in a feeble degree, of
movements which have become superfluous from
changes which the species has undergone.
Rudimentary Cotyledons.—A few remarks on this
subject may be here interpolated. It is well known
_ that some dicotyle~
donotis plants produce
only a single cotyledon; for instance, certain species of Ranunculus, Corydalis, Chserophyllum; and we
will here endeavour to
show that the loss of
one or both • cotyledons is apparently due
Citrus auraniium: two young seedlings:
^ stol'6 of nutric, larger cotyledon ; c, smaller cotyledon ; A, thickened hypocotyl; r, radicle. rnent being laid up in
In A the epicotyl is still arched, in B it some other part, as in
has become erect.
the hypocotyl or one
of the two cotyledons, or one of the secondary radicles.
F i g

6 Q

r
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With the orange {Citrus aurantium) the cotyledons are
hypogean, and one is larger than the other, as may
be seen in A (Fig. 60). In B the inequality is rather
greater, and the stem has grown between the points
of insertion of the two petioles, so that they do not
stand opposite to one another; in another case the
separation amounted to one-fifth of an inch. The
smaller' cotyledon of · one seedling
Fie. 61.
was extremely thin, and not half
the length of the larger one, so that
it was clearly becoming rudimentary.* In all these seedlings the
hypocotyl was enlarged or swollen.
With Ahronia unibellata one of
the cotyledons is quite rudimentary, as may be seen (c') in Fig. 61.
In this specimen it consisted of a
little green flap, Vth inch in
length, destitute of a petiole and
covered with glands like those on
the fully developed cotyledon (e).
At first it Stood Opposite to the Ahronia umbellata: seedlarger cotyledon; but as the petiole
K*gt™<*>naturalize:
;

T

°

·>

.

i

·

i

„

c, cotyledon; c , rudi-

the latter increased m length mentary
cotyledon; A,
enlarged hypocotyl,
and grew in the same line with with a heel or projec(/.') at the lower
the hypocotyl Qi), the rudiment tion
end; r, radicle.
appeared in older seedlings as if
seated some way down the hypocotyl. With Ahronia
arenaria there is a similar rudiment, which in one
oi

* In Pachira aquatica, as described by Mr. R . I. Lynch
('Journal Linn. Soc. Bot.'. vol.
xvii. 1878, p. 147), one of the
hypogean cotyledons is of immense size; the other is small
and soon falls off; the pair do not
always stand opposite. In another

and very different water-plant,
Trapa nutans, one of the cotyledons, filled with farinaceous
matter, is much larger than the
other, which is scurcely visible,
as is stated by Aug. de Cnndolle,
' Physiologic V'e'g.' torn. ii. p. 834,
1832.

IRIS - LILLIAD - Université Lille 1

specimen was only ^-^th and in another ^ t h inch in
length; it ultimately appeared as if seated halfway
down the hypocotyl. In both these species the hypocotyl is so much enlarged, especially at a very early,
age, that it might almost be called a corm. The~lower
end forms a heel or projection, the use of which will
hereafter be described.
In Cyclamen Persicum the hypocotyl, even whilst stillwithin the seed, is enlarged into a regular corm,* and
only a single cotyledon is at first developed (see former
Fig. 57.) With Ranunculus ficaria two cotyledons arenever produced, and here one of the secondary radicles
is developed at an early age into a so-called bulb.f
Again, certain species of Chasrophyllum and Corydalis
produce only a single cotyledon;% in the former the
hypocotyl, and in the latter the radicle is enlarged,
according to Irmisch, into a bulb.
In the several foregoing cases one of the cotyledons
is delayed in its development, or reduced in size, or
rendered rudimentary, or quite aborted; but in other
cases both cotyledons are represented by mere rudiments. ' With Opuntia lasilaris this is not the case,for both cotyledons are thick and large, and thehypocotyl shows; at first no signs of enlargement; butafterwards, when the cotyledons have withered and disarticulated themselves, it becomes thickened, and from
its tapering form, together with its smooth, tough,
brown skin, appears, when ultimately drawn down to'
some depth into the soil, like a root. On the other
* Dr. H. Gressner, 'Bot» Zei-.
tuhg.' 1874, p. 824.
t Irmisch, 'Beitiage zur Morphologie der Pflanzen,' 1854, pp.
11, . 1 2 ; 'Bot. Zeitung,' 1874, p .
805.
: t Delpino, ' Rivista Botanica,'
1877, p. 21. It is evident from

Vaucher's aocount ('Hist. P h y s .
des Plantes d'Europe,' torn. i. 1841, ·
p. 149) of the germination of the
seeds of several species of Corydalis, that the bulb or tubercule
begins to be formed at a n e x tremely early age.
•
.
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hand, with several other Cacteae, the hypocotyl is from
the first much enlarged, and both cotyledons are
almost or quite rudimentary. Thus with Gereus Landbeckii two little triangular projections, representing the
cotyledons, are narrower than the hypocotyl, which is
pear-shaped, with the point downwards. In Bhipsalis
cassytha the cotyledons are represented by mere points
on the enlarged hypocotyl. In Echinooactus virideseens
the hypocotyl is globular, with two little prominences
on its summit. In Pilocereus Houlletii the hypocotyl,
much swollen in the upper part, is merely notched on
the summit; and each side of the notch evidently represents a cotyledon. Stapelia sarpedon, a member of the
very distinct family of the Asclepiadeae, is fleshy like
a cactus ; and here again the upper part of the flattened
hypocotyl is much thickened and bears two minute cotyledons, which, measured internally, were only -15 inch
in length, and in breadth not equal to one-fourth of the
diameter of the hypocotyl in its narrow axis; yet these
minute cotyledons are probably not quite useless, for
when the hypocotyl breaks through the ground in the
form of an arch, they are closed or pressed against one
another, and thus protect the plumule. They afterwards open.
From the several cases now given, which refer to
widely distinct plants, we may infer that there is some
close connection between the reduced size of one or
both cotyledons and the formation, by the enlargement
of the hypocotyl or of the radicle, of a so-called bulb.
But it may be asked, did the cotyledons first tend to
abort, or did a bulb first begin to be formed? As
all dicotyledons naturally produce two well-developed
cotyledons, whilst the thickness of the hypocotyl and
of the radicle differs much in different plants, it seems
probable that these latter organs first became from
H
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some cause thickened—in several instances apparently
in correlation with the fleshy nature of the mature
plant—so as to contain a store of nutriment sufficient
for the seedling, and then that one or both cotyledons,
from being superfluous, decreased in size. It is not
surprising that one cotyledon alone should sometimes
have been thus affected, for with certain plants, for
instance the cabbage, the cotyledons are at first of
unequal size, owing apparently to the manner in which
they are packed within the seed. It does not, however, follow from the above connection, that whenever
a bulb is formed at an early age, one or both cotyledons will necessarily become superfluous, and consequently more or less rudimentary. Finally, these
cases offer a good illustration of the principle of compensation or balancement of growth, or, as Goethe
expresses it, " in order to spend on one side, Nature
is forced to economise on the other side."
Circumnutation and other movements of Hypocotyls
and Epicotyls, whilst still arched and buried beneath
the ground, and whilst breaking through it.—According
to the position in which a seed may chance to
have been buried, the arched hypocotyl or epicotyl
will begin to protrude in a horizontal, a more or
less inclined, or in a vertical plane. Except when
already standing vertically upwards, both legs of the
arch are acted on from the earliest period by apogeotropism. Consequently they both bend upwards^
until the arch becomes vertical. During the whole of
this process, even before the arch has broken through
the ground, it is continually trying to circumnutate
to a slight extent; as it likewise does if it happens at
first to stand vertically up,—all which cases have
been observed and described, more or less fully, in
the last chapter. After the arch has grown to some
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height upwards, the basal part ceases to circunmutate,
whilst the upper part continues to do so.
That an arched hypocotyl or epicotyl, with the two
legs fixed in the ground, should be able to circumnutate, seemed to us, until we had read Prof^
Wiesner's observations, an inexplicable fact. He hasshown* in the case of certain seedlings, whose"tips-J
are bent downwards (or which nutate), that whilst the
posterior side of the upper or dependent portion grows
quickest, the anterior and opposite side of the JjasatT'
portion of the same internode grows quickest; Jneser
two portions being separated by an indifferent ^one^
where the growth is equal on all sides. "ThereTnay^
even be more than one indifferent zone in the same
internode; and the opposite sides of the parts above
and below each such zone grow quickest. This peculiar manner of growth is called by Wiesner "undulatory nutation." Circumnutation depends on one
side of an organ growing quickest (probably preceded
by increased turgescence), and then another side,
generally almost the opposite one, growing quickest.
Now if we look at an arch like this F) and suppose
the whole of one side—we will say the whole convex
side of both legs—to increase in length, this would
not cause the arch to bend to either side. But if'the
outer side or surface of the left leg were to increase
in length the arch would be pushed over to the right,
and this would be aided by the inner side of the
right leg increasing in length. If afterwards the
process were reversed, the arch would be pushed over
to the opposite or left side, and so on alternately,—
that is, it would circumnutate. As an arched hypo* 'Die vmdulirende Nutation
der Internodien,' Akad. der Wiseench. (Vienna), Jan. 17tb, 1878.

Also published separately, seo
p. 32.
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cotyl, with the two legs fixed in the ground, certainly
circumnutates, and as it consists of a single intemode,
we may conclude that it grows in the manner described by Wiesner. It may be added, that the crown
of the arch does not grow, or grows very slowly, for
it does not increase much in breadth, whilst the arch
itself increases greatly in height.
The circumnutating movements of arched hypocotyTs and epicotyls can hardly fail to aid them in
breaking through the ground, if this be damp and
soft-^ though no doubt their emergence depends
mamly on the force exerted by their longitudinal
.growth. Although the arch circumnutates only to a
slight extent and probably with little force, yet it is
able to move the soil near the surface, though it may
not be able to do so at a moderate depth. A pot with
seeds of Solarium palinacanthum, the tall arched hypocotyls of which had emerged and were growing rather
slowly, was covered with fine argillaceous sand kept
damp, and this at first closely surrounded the bases of
the arches; but soon a narrow open crack was formed
round each of them, which could be accounted for
only by their having pushed away the sand on all
sides; for no such cracks surrounded some little sticks
and pins which had been driven into the sand. I t
has already been stated that the cotyledons of Phalaris
and Avena, the plumules of Asparagus and the hypocotyls of Brassica, were likewise able to displace the
same kind of sand, either whilst simply circumnutating or whilst bending towards a lateral light.
As long as an arched hypocotyl or epicotyl remains
buried beneath the ground, the two legs cannot separate from one another, except to a slight extent from
the yielding of the soil; but as soon as the - arch
rises above the ground, or at an earlier period if
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the pressure of the surrounding earth be artificially
removed, the arch immediately begins to straighten
itself. This no doubt is due to growth along the
whole inner surface of both legs of the arch; such
growth being checked or prevented, as long as the two
legs of the arch are firmly pressed together. When the
earth is removed all round an arch and the two legs
are tied together at their bases, the growth on the
under side of the crown causes it after a time to
become much flatter and broader than naturally
occurs. The straightening process consists of a modified form of circumnutation, for the lines described
during this process (as with the hypocotyl of Brassica,
and the epicotyls of Vicia and Oorylus) were often
plainly zigzag and sometimes looped. After hypocotyls or epicotyls have emerged from the ground,
they quickly become perfectly straight. No trace is
left of their former abrupt curvature, excepting in the
case of Allium oepa, in which the cotyledon rarely
becomes quite straight, owing to the protuberance
developed on the crown of the arch.
The increased growth along the inner surface of the
arch which renders it straight, apparently begins in
the basal leg or that which is united to the radicle;
for this leg, as we often observed, is first bowed backwards from the other leg. This movement facilitates
the withdrawal of the tip of the epicotyl or of the
cotyledons, as the case may be, from within the seedcoats and from the ground. But the cotyledons often
emerge from the ground still tightly enclosed within
the seed-coats, which apparently serve to protect them.
The seed-coats are afterwards ruptured and cast off by
the swelling of the closely conjoined cotyledons, and not
by any movement or their separation from one another.
Nevertheless, in some few cases, especially with the
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Cucurbitáceas, the seed-coats are ruptured by a curious
contrivance, described by M. Flahault.* A heel or
peg is developed on one side of the summit of the
radicle or base of the hypocotyl; and this holds down
the lower half of the seed-coats (the radicle being
fixed into the ground) whilst the continued growth of
the arched hypocotyl forces upFig. 62.
wards the upper half, and tears
asunder the seed-coats at one end,
and the cotyledons are then easily
withdrawn.
The accompanying
figure (Fig. 62) will render this
description intelligible.
Fortyone seeds of Cucúrbita oviferct
were laid on friable peat and were
covered by a layer about an inch,
in thickness, not much pressed
down, so that the cotyledons in
being dragged up were subjected
to very little friction, yet forty of
them came up naked, the seedCucurbita ovifera ; germicoats
being left buried in the peat.
nating seed, showing the
heel or peg projecting This was certainly due to the action
on one side from summit
of radicle and holding of the peg, for when it was predown lower tip of seedcoats, which have been vented from acting, the cotyledons,
partially ruptured by as we shall presently see, were
the growth of the arched
lifted up still enclosed in their
hypocotyl.
seed-coats. They were, however,
cast off in the course of two or three days by t h e
swelling of the cotyledons. Until this occurs light i s
excluded, and the cotyledons cannot decompose carbonic acid; but no one probably would have thought
that the advantage thus gained by a little earlier cast* 'Bull. Soo. Bot. de France,' torn. xxiv. 1877, p. 201.
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ing off of the seed-coats would be sufficient to account
for the development of the peg. Yet, according to
M. Flahault, seedlings which have been prevented
from casting their seed-coats whilst beneath the
ground, are inferior to those which have emerged with
their cotyledons naked and ready to act.
The peg is developed with extraordinary rapidity;
for it could only just be distinguished in two seedlings, having radicles *35 inch in length, but after an
interval of only 24 hours was well developed in
both. It is formed, according to Flahault, by the
enlargement of the layers of the cortical parenchyma
at the base of the hypocotyl. If, however, we judge
by the effects of a solution of permanganate of
potassium, it is developed on the exact line of
junction between the hypocotyl and radicle; for
the flat lower surface, as well as the edges, were
coloured brown like the radicle; whilst the upper
slightly inclined surface was left uncoloured like the
hypocotyl, excepting indeed in one out of 33 immersed seedlings in which a large part of the upper surface was coloured brown. Secondary roots sometimes
spring from the lower surface of the peg, which thus
seems in all respects to partake of the nature of the
radicle. The peg is always developed on the side which
becomes concave by the arching of the hypocotyl;
and it would be of no service if it were formed on any
other side. It is also always developed with the flat
lower side, which, as just stated, forms a part of the
radicle, at right angles to it, and in a horizontal plane.
This fact was clearly shown by burying some of the
thin flat seeds in the same position as in Fig. 62,
excepting that they were not laid on their flat broad
sides, but with one edge downwards. Nine seeds
were thus planted, and the peg was developed in the
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same position, relatively to the radicle, as in the
figure; consequently it did not rest on the flat tip
of the lower half of the seed-coats, but was inserted
like a wedge between the two tips. As the arched
hypocotyl grew upwards it tended to draw up the
whole seed, and the peg necessarily rubbed against
both tips, but did not hold either down. The result
was, that the cotyledons of five out of the nine seeds
thus placed were raised above the ground still enclosed
within their seed-coats. Four seeds were buried with
the end from which the radicle protrudes pointing
vertically downwards, and owing to the peg being
always developed in the same position, its apex alone
came into contact with, and rubbed against the tip on
one side; the result was, that the cotyledons of all
four emerged still within their seed-coats. These cases
show us how the peg acts in co-ordination with the
position which the flat, thin, broad seeds would almost
always occupy when naturally sown. When the tip
of the lower half of the seed-coats was cut off, Flahault
found (as we did likewise) that the peg could not act,
since it had nothing to press on, and the cotyledons
were raised above the ground with their seed-coats not
cast off. Lastly, nature shows us the use of the peg ;
for in the one Cucurbitaceous genus known to us, in
which the cotyledons are hypogean and do not cast
their seed-coats, namely, Megarrhiza, there is no
vestige of a peg. This structure seems to be present
in most of the other genera in the family, judging from
Flahault's statements; we found it well-developed and
properly acting in Triehosanthes anguina, in which we
hardly expected to find it, as the cotyledons are some' what thick and fleshy. Few cases can be advanced
of a structure better adapted for a special purpose
i than the present one.
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With Mimosa pudica the radicle protrudes from a
small hole in the sharp edge of the seed; and on its
summit, where united with the hypocotyl, a transverse
ridge is developed at an early age, which clearly aids
in splitting the tough seed-coats; but it does not aid
in casting them off, as this is subsequently effected by,
the swelling of the cotyledons after they have been
raised above the ground. The ridge or heel therefore
acts rather differently from that of Cucurbita. Its
lower surface and the edges were coloured brown by
the permanganate of potassium, but not the upper
surface. It is a singular fact that after the ridge has.
done its work and has escaped from the seed-coats,
it is developed into a frill all round the summit of the
radicle.*
At the base of the enlarged hypocotyl of Ahronia
umbellata, where it blends into the radicle, there is a
projection or heel which varies in shape, but its outline is too angular in our former figure (Fig. 61). The
radicle first protrudes from a small hole at one end of
the tough, leathery, winged fruit. At this period the
upper part of the radicle is packed within the fruit
parallel to the hypocotyl, and the single cotyledon is
doubled back parallel to the latter. The swelling of
these three parts, and especially the rapid development
of the thick heel between the hypocotyl and radicle
at the point where they are doubled, ruptures the
tough fruit at the upper end and allows the arched
hypocotyl to emerge; and this seems to be the function
of the heel. A seed was cut out of the fruit and
* Our attention was called to
this case by a brief statement by
Nobbe in his ' Handbuch der
Sumenkunde,' 1876, p. 215, where
a figure is also given of a seedling
of Martynia with a heel or ridge

at the junction of the radicle and
hypocotyl. This seed possesses a
very hard and tough coat, and/
•would be likely to require aid m
bursting and freeing the cotyfe-:
dons.
'
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allowed to germinate in damp air, and now a thin
flat disc was developed all round the base of the
hypocotyl and grew to an extraordinary breadth, like
the frill described under Mimosa, but somewhat broader.
Flahault says that with Mirabilis, a member of the
same family with Abronia, a heel or collar is developed
all round the base of the hypocotyl, but more on one
side than on the other; and that it frees the cotyledons from their seed-coats. We observed only old
seeds, and these were ruptured by the absorption of
moisture, independently of any aid from the heel and
before the protrusion of the radicle; but it does not
follow from our experience that fresh and tough fruits
would behave in a like manner.
In concluding this section of the present chapter it
may be convenient to summarise, under the form of an
illustration, the usual movements of the hypocotyls
and epicotyls of seedlings, whilst breaking through the
ground and immediately afterwards. We may suppose
a man to be thrown down on his hands and knees, and
at the same time to one side, by a load of hay falling
on him. He would first endeavour to get his arched
back upright, wriggling at the same time in all
directions to free himself a little from the surrounding'
pressure; and this may represent the combined effects
of apogeotropism and circumnutation, when a seed is so
buried that the arched hypocotyl or epicOtyl protrudes
at first in a horizontal or inclined plane. The man,
still wriggling, would then raise his arched back as
high as he could; and this may represent the growth
and continued circumnutation of an arched hypocotyl
or epicotyl, before it has reached the surface of the
ground. As soon as the man felt himself at all free, he
would raise the upper part of his body, whilst still on.
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his knees and still wriggling; and this may represent,
the bowing backwards of the basal leg of the arch,
which in most cases aids in the withdrawal of the
cotyledons from the buried and ruptured seed-coats,
and the subsequent straightening of the whole hypocotyl or epicotyl—circumnutation still continuing.
Gircumnutation of Sypocotyls and Epieotyls, when
erect.—The hypocotyls, epieotyls, and first shoots of the
many seedlings observed by us, after they had become
straight and erect, circumnutated continuously. The
diversified figures described by them, often during two
successive days, have been shown in the woodcuts in
the last chapter. It should be recollected that the
dots were joined by straight lines, so that the figures
are angular; but if the observations had been made
every few minutes the lines would have been more
or less curvilinear, and irregular ellipses or ovals, or
perhaps occasionally circles, would have been formed.
The direction of the longer axes of the ellipses made
during the same day or on successive days generally
changed completely, so as to stand at right angles to
one another. The number of irregular ellipses or
circles made within a given time differs much with
different species. Thus with Brassica oleracea, Gerintlie
major, and Gucurbita ovifera about four such figures
were completed in 1 2 h.; whereas with Solanum palinaeanthum and Opuntia hasilaris, scarcely more than one.
The figures likewise differ greatly in size; thus they
were very small and in some degree doubtful in Stapelia,
and large in Brassica, &c. The ellipses described by
Laihyrus nisaolia and Brassica were narrow, whilst
those made by the Oak were broad. The figures are
often complicated by small loops and zigzag lines.
As most seedling plants before the development
of true leaves are of low, sometimes very low stature,
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the extreme amount of movement from side to side
of their circumnutating stems was small; that of
the hypocotyl of Giihago segetum was about *2 of an
inch, and that of Cucurlita ovifera about 28. A
very young shoot of Lathyrus nissolia moved about
•14, that of an American oak "2, that of the common
nut only "04, and a rather tall shoot of the Asparagus
•11 of an inch. The extreme amount of movement
of the sheath-like cotyledon of Phalaris Canariensis
was "3 of an inch; but it did not move very quickly,
the tip crossing on one occasion five divisions of the
micrometer, that is, T&<jth of an inch, in 22 m. 5 s. A
seedling Nolana prostrata travelled the same distance
in 10 m. 38 s. Seedling cabbages circumutated much
more quickly, for the tip of a cotyledon crossed
j-g^th of an inch on the micrometer in 3 m. 20 s.; and
this rapid movement, accompanied by incessant oscillations, was a wonderful spectacle when beheld under
the microscope.
-

The absence of light, for at least a day, does not
interfere in the least with the circumnutation of the
hypocotyls, epicotyls, or young shoots of the various
dicotyledonous seedlings observed by us ; nor'with that
of the young shoots of some monocotyledons. The
circumnutation was indeed much plainer in darkness
than in light, for if the light was at all lateral the
stem bent towards it in a more or less zigzag course.
Finally, the hypocotyls of many seedlings are drawn
during the winter into the ground, or even beneath it
so that they disappear. This remarkable process,
which apparently serves for their protection, has
been fully described by De Vries.* He shows that
* ' Bot. Zeitung,' 1879, p. 649.
See also Winkler in 'Verhandl.
des B o t Vereins der P . Branden-

burg,' Jahrg. xvi. p. 16, as quoted
by Haberlandt,' Sohutzeinriohungen der Keimpflanze,' 1877, p . 5 2 .
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it is effected by the contraction of the parenchymacells of the root. But the hypocotyl itself in some
cases contracts greatly, and although at first smooth
becomes covered with zigzag ridges, as we observed
with Githago segetum. How much of the drawing
down and burying of the hypocotyl of Opuntia hasilaris
was due to the contraction of this part and how much
to that of the radicle, we did not observe.
Circumnutation of Cotyledons.— With all the dicotyledonous seedlings described in the last chapter, the
cotyledons were in constant movement, chiefly in a vertical plane, and commonly once up and once down in
the course of the 24 hours. But there were many exceptions to such simplicity of movement; thus the cotyledons of Ipomcea csendea moved 13 times either upwards
or downwards in the course of 16 h. 18 m. Those of
Oxalis rosea moved in the same manner 7 times in the
course of 24 h.; and those of Cassia tora described 5
irregular ellipses in 9 h. The cotyledons of some
individuals of Mimosa pudica and of Lotus Jacobieus
moved only once up and down in 24 h., whilst those of
others performed within the same period an additional
small oscillation. Thus with different species, and
with different individuals of the same species, there
were many gradations from a single diurnal movement to oscillations as complex as those of the
Ipomcea and Cassia. The opposite cotyledons on the
same seedling move to a certain extent independently
of one another. This was conspicuous with those of
Oxalis sensitiva, in which one cotyledon might be
seen during the daytime rising up until it stood
vertically, whilst the opposite one was sinking down.
Although the movements of cotyledons were generally in nearly the same vertical plane, yet their
upward and downward courses never exactly coin-

IRIS - LILLIAD - Université Lille 1

110

CIRCUMNUTATION OF

COTYLEDONS.

CHAP. I I .

cided; so that ellipses, more or less narrow, were
described, and the cotyledons may safely be said to
have circumnutated. Nor could this fact be accounted
for by the mere increase in length of the cotyledons
through growth, for this by itself would not induce
any lateral movement. That there was lateral movement in some instances, as with the cotyledons of the
cabbage, was evident; for these, besides moving up
and down, changed their course from right to left 12
times in 14 h. 15 m. With Solarium lycopersieum the
cotyledons, after falling in the forenoon, zigzagged
from side to side between 12 and 4 P.M., and then
commenced rising. The cotyledons of Lupinus luteus
are so thick (about '08 of an inch) and fleshy,* that
they seemed little likely to move, and were therefore observed with especial interest; they certainly
moved largely up and down, and as the line traced was
zigzag there was some lateral movement. The nine
cotyledons of a seedling Pinus pinaster plainly circumnutated ; and the figures described approached more
nearly to irregular circles than to irregular ovals or
ellipses. The sheath-like cotyledons of the Graminese circumnutate, that is, move to all sides, as
plainly as do the hypocotyls or epicotyls of any dicotyledonous plants. Lastly, the very young fronds of
a Fern and of a Selaginella circumnutated. •
In a large majority of the cases which were carefully observed, the cotyledons sink a little downwards
in the forenoon, and rise a little in the afternoon or
evening. They thus stand rather more highly inclined
during the night than during the mid-day, at which
* The cotyledons, though bright
green, resemble to a certain extent hypogean ones; see the interesting discussion by Haberlandt ('Die Schutzeinriohtungen,'

Sc., 1877, p. 95), on the gradations
in the Leguminossa between s u b aerial and subterranean c o t y l e dons,
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time they are expanded almost horizontally. The
circumnutating movement is thus at least partially
periodic, no doubt in connection, as we shall hereafter
see, with the daily alternations of light and darkness.
The cotyledons of several plants move up so much at
night as to stand nearly or quite vertically; and in
this latter case they come into close contact with one
another. On the other hand, the cotyledons of a
few plants sink almost or quite vertically down at
night; and in this latter case they clasp the upper
part of the hypocotyl. In the same genus Oxalis the
cotyledons of certain species stand vertically up, and
those of other species vertically down, at night. In
.all such cases the cotyledons may be said to sleep,
for they act in the same manner as do the leaves of
many sleeping plants. This is a movement for a
special purpose, and will therefore be considered in a
future chapter devoted to this subject.
In order to gain some rude notion of the proportional
number of cases in which the cotyledons of dicotyledonous plants (hypogean ones being of course
excluded) changed their position in a conspicuous
manner at night, one or more species in several
genera were cursorily observed, besides those described
in the last chapter. Altogether 153 genera, included
in as many families as could be procured, were thus
observed by us. The cotyledons were looked at in
the middle of the day and again at night; and those
were noted as sleeping which stood either vertically
or at an angle of at least 60 above or beneath the.
horizon. Of such genera there were 26 ; and in 21 of
them the cotyledons of some of the species rose, and
in only 6 sank at night; and some of these latter
cases are rather doubtful from causes to be explained
in the chapter on the sleep of cotyledons. When
3
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cotyledons which at noon were nearly horizontal, stood
at night at more than 20° and less than 60° above the
horizon, they were recorded as " plainly raised;" and
of such genera there were 38. We did not meet with,
any distinct instances of cotyledons periodically sinking only a few degrees at night, although no doubt
such occur. We have now accounted for 64 genera
out of the 153, and there remain 89 in which the
cotyledons did not change their position at night by
as much as 20°—that is, in a conspicuous manner
which could easily be detected by the unaided eye and
by memory; but it must not be inferred from this
statement that these cotyledons did not move at all,
for in several cases a rise of a few degrees was recorded, when they were carefully observed.
The
number 89 might have been a little increased, for the
cotyledons remained almost horizontal at night in
some species in a few genera, for instance, Trifolium and Geranium, which are included amongst the
sleepers, such genera might therefore have been added
to the 89. Again, one species of Oxalis generally
raised its cotyledons at night more than 20° and less
than 60° above the horizon ; so that this genus might
have been included under two heads. But as several
species in the same genus were not often observed,
such double entries have been avoided.
In a future chapter it will be shown that the leaves
of many plants which do not sleep, rise a few degrees in
the evening and during the early part of the night;
and it will be convenient to defer until then the
consideration of the periodicity of the movements of
cotyledons.
On the Pulvini 'or Joints of Cotyledons.—With several
of the seedlings described in this and the last chapter,
the summit of the petiole is developed into a pulvinus,
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cushion, or joint (as this organ has been variously
called), like that with which many leaves are provided.
It consists of a mass of small cells usually of a pale
colour from the absence of chlorophyll, and with its
outline more or less convex, as shown in the annexed
figure. In the case of Oxalis
sensitiva two-thirds of the
petiole, and in that of Mimosa pudica, apparently the
whole of the short subpetioles of the leaflets have
been converted into pulvini.
With pulvinated leaves (i.e.
those provided with a pulvinus) their periodical movements depend, according to
Pfeffer,* on the cells of the
pulvinus alternately expanding more quickly on one side
than on the other; whereas
the similar movements of
leaves not provided with pulrosea: longitudinal section
vini. depend on their growth Oxalis
of a pulvinus on the summit
being alternately more rapid of the petiole of a cotyledon,
drawn with the camera lucida,
on one side than on the magnified
75 times: p, p, peother.f As long as a leaf tiole ; / , fibro-vascular bundle;
b, b, commencement of blade of
provided with a pulvinus is cotyledon.
young and continues to grow,
its movement depends on both these causes combined;%
and if the view now held by many botanists be sound,
namely, that growth is always preceded by the expansion of the growing cells, then the difference between
the movements induced by the aid of pulvini and
* ' D i e Periodische Bewegung e n der Blattorgane,' 1875.

t Batalin, 'Flora,' Oct. 1st, 1873
j Pfeffer, ibid. p. 5.
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without such aid, is reduced to the expansion of t h e
cells not being followed by growth in the first case,
and being so followed in the second case.
Dots were made with Indian ink along the midrib
of both pulvinated cotyledons of a rather old seedling
of Oxalis Valdiviano,; their distances were repeatedly
measured with an eye-piece micrometer during 8f days,
and they did not exhibit the least trace of increase.
It is therefore almost certain that the pulvinus itself
was not then growing. Nevertheless, during this
whole time and for ten days afterwards, these cotyledons rose vertically every night. In the case of
some seedlings raised from seeds purchased under the
name of Oxális floribunda, the cotyledons continued
for a long time to move vertically down at night, and
the movement apparently depended exclusively on
the pulvini, for their petioles were of nearly the same
length in young, and in old seedlings which had produced true leaves. With some species of Cassia, on
the other hand, it was obvious without any measurement that the pulvinated cotyledons continued to
increase greatly in length during some weeks; so that
here the expansion of the cells of the pulvini and the
growth of the petiole were probably combined i n
causing their prolonged periodic movements. It was
equally evident that the cotyledons of many plants,
not provided with pulvini, increased rapidly in length';
and their periodic movements no doubt were exclusively due to growth.
In accordance with the view that the periodic
movements of all cotyledons depend primarily on t h e
expansion of the cells, whether or not followed b y
growth, we can understand the fact that there is b u t
little difference in the kind or form of movement
in the 'two sets of cases. This may be seen by com-
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paring the diagrams given in the last chapter. Thus
the movements of the cotyledons of Brassica olerácea
and of Ipomoea cmrulea, which are not provided with
pulvini, are as complex as those of Oxalis and Cassia
which are thus provided. The pulvinated cotyledons
of some individuals of Mimosa púdica and Lotus
Jacobseus made only a single oscillation, whilst those
of other individuals moved twice up and down in the
course of 24 hours; so it was occasionally with the
cotyledons of Cucúrbita ovifera, which are destitute of
a pulvinus. The movements of pulvinated cotyledons
are generally larger in extent than those without a
pulvinus; nevertheless some of the latter moved
through an angle of 90°. There is, however, one
important difference in the two sets of cases; the
nocturnal movements of cotyledons without pulvini,
for instance, those in the Crucifera?, Cucurbitáceas,
Githago, and Beta, never last even for a week, to any
conspicuous degree. Pulvinated cotyledons, on the
other hand, continue to rise at night for a much
longer period, even for more than a month, as we
shall now show. But the period no doubt depends
largely on the temperature to which the seedlings are
exposed and their consequent rate of development.
Oxalis Valdiuiana.—Some cotyledons which had lately opened
and were horizontal on March 6th at noon, stood at night vertically u p ; on the 13th the first true leaf was formed, and was
embraced at night by the cotyledons; on April 9th, after an interval of 35 days, six leaves were developed, and yet the cotyledons rose almost vertically at night. The cotyledons of
another seedling, which when first observed had already produced a leaf, stood vertically at night and continued to do so for
11 additional days. After 16 days from the first observation
two leaves were developed, and the cotyledons were still greatly
raised at night. After 21 days the cotyledons during the day
were deflected beneath the horizon, but at night were raised 45°
I
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above it. After 24 days from the first observation (begun after
a true leaf had been developed) the cotyledons ceased to rise at
night.
Oxalis (Biophytwrn) sensitiva.—The cotyledons of several s e e d lings, 45 days after their first expansion, stood nearly vertical at
night, and closely embraced either one or two true leaves which
by this time had been formed. These seedlings had been k e p t
in a very warm house, and their development had been rapid.
Oxalis corniculata.—The cotyledons do not stand vertical a t
night, but generally rise to an angle of about 45° above t h e
horizon. They continued thus to act for 23 days after their
first expansion, by which time two leaves had been formed ;
even after 29 days they still rose moderately above their horizontal or downwardly deflected diurnal position.
Mimosa pudica.—The cotyledons were expanded for the first
time on Nov. 2nd, and stood vertical at night. On the 15th the
first leaf was formed, and at night the cotyledons were vertical.
On the 28th they behaved in the same manner. On Dec. 1 5 t h ,
that is after 44 days, the cotyledons were still considerably
raised at night; but those of another seedling, only one d a y
older, were raised very little.
Mimosa albida.—A seedling was observed during only 12 days,
by which time a leaf had been formed, a ad thé cotyledons were
then quite vertical at night.
Trtfolium suUerrawum.—A seedling, 8 days old, had its cotyledons horizontal at 10.30 A.M. and vertical at 9.15 P.M. After an
interval of two months, by which time the first and second t r u e
leaves had been developed, the cotyledons still performed t h e
same movement. They had now increased greatly in size, a n d
had become oval; and their petioles were actually 8 of an i n c h
in length !
Trifolium strictum.—After 17 days the cotyledons still rose at
night, but were not afterwards observed.
Lotus Jacdbœus.—The cotyledons of some seedlings h a v i n g
well-developed leaves rose to an angle of about 45° at n i g h t ;
and even after 3 or 4 whorls of leaves had been formed, the c o tyledons rose at night considerably above their diurnal h o r i zontal position.
Cassia mimosoides.—The cotyledons of this Indian species,
14 days after their first expansion, and when a leaf had b e e n
formed, stood during the day horizontal, and at night vertical.
• Cassia sp ? (a large S. Brazilian tree raised from seeds sent u s
-
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by F. Miiller).—The cotyledons, after 16 days from their first
expansion, had increased greatly in size with two leaves just
formed. They stood horizontally during the day and vertically
at night, but were not afterwards observed.
' Cassia neglecta (likewise a S. Brazilian species).—A seedling,
34 days after the first expansion of its cotyledons, was between 3
and 4 inches in height, with 3 well-developed leaves; and the
cotyledons, which during the day were nearly horizontal, at night
stood vertical, closely embracing the young stem. The cotyledons of another seedling of the same age, 5 inches in height,
with 4 well-developed leaves, behaved at night in exactly the
same manner.

It is known * that there is no difference in structure
between the upper and lower halves of the pulvini of
leaves, sufficient to account for their upward or downward movements. In this respect cotyledons offer an
unusally good opportunity for comparing the structure
of' the two halves; for the cotyledons of Oxalis Valdiviana rise vertically at night, whilst those of 0. rosea
sink vertically; yet when sections of their pulvini were
made, no clear difference could be detected between the
corresponding halves of this organ in the two species
which move so differently. With 0. rosea, however,
there were rather more cells in the lower than in the
upper half, but this was likewise the case in one specimen of 0. Valdiviana. The cotyledons of both species
(3J mm. in length) were examined in the morning
whilst extended horizontally, and the upper surface of
the pulvinus of 0. rosea was then wrinkled transversely,
showing that it was in a state of compression, and this
might have been expected as the cotyledons sink at
night; with 0. Valdiviana it was the lower surface
which was wrinkled, and its cotyledons rise at night.
Trifolium is a natural genus, and the leaves of all
* Pfeffer, ' D i e Period. Bewegungen,' 1875, p. 157.
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the species seen by us are pulvinated; so it is with
the cotyledons of T. suhterraneum and strictum, which
stand vertically at night; whereas those of T. resupinatum exhibit not a trace of a pulvinus, nor of any'
nocturnal movement. This was ascertained by measuring the distance between the tips of the cotyledons
of four seedlings at mid-day and at night. In this
species, however, as in the others, the first-formed leaf,
which is simple or not trifoliate, rises up and sleeps
like the terminal leaflet on a mature plant.
In another natural genus, Oxalis, the cotyledons of
0. Valdiviana, rosea, floribunda, articulata, and sensitiva
are pulvinated, and all move at night into an upward
or downward vertical position. In these several species
the pulvinus is seated close to the blade of the cotyledon, as is the usual rule with most plants. Oxalis cor-,
nieulata (var. Atro-pnrpurea) differs in several respects;
the cotyledons rise at night to a very variable amount,
rarely more than 45°; and in one lot of seedlings
(purchased under the name of 0. tropseoloides, but
certainly belonging to the above variety) they rose,
only from 5° to 15° above the horizon. The pulvinus
is developed imperfectly and to an extremely variable
degree, so that apparently it is tending towards abortion. No such case has hitherto, we believe, been
described. It is coloured green from its cells containing chlorophyll; and it is seated nearly in the
middle of the petiole, instead of at the upper end as
in all the other species. The nocturnal movement is
effected partly by its aid, and partly by the growth of
the upper part of the petiole as in the case of plants
destitute of a pulvinus. From these several reasons
and from our having partially traced the development of the pulvinus from an early age, the case
seems worth describing in some detail..
_.
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When the cotyledons of 0. comiculata were dissected out of a
seed from which they would soon have naturally emerged, no
trace of a pulvinus could be detected; and all the cells forming
the short petiole, 7 in number in a longitudinal row, were of nearly
equal size. I n seedlings one or two days old, the pulvinus was
so indistinct that we thought at first that it did not exist; but
in the middle of the petiole an ill-defined transverse zone of cells
could be seen, which were much shorter than those both above
and below, although of the same breadth with them. Theypresented the appearance of having been just formed by the
transverse division of longer cells; and there can be little doubt
that this had occurred, for the cells in the petiole which had
Fig. 64.

··

A\

·

B.

Oxalis comiculata: A and B the almost rudimentary pulvini of the cotyledons of two rather old seedlings, viewed as transparent objects.
• Magnified 50 times.

been dissected out of the seed averaged in length 7 divisions
of the micrometer (each division equalling 003 mm.), and were
a little longer than those forming a well-developed pulvinus,
which varied between .4 and 6 of these same divisions. After a
few additional days the ilL-defined zone of cells becomes distinct,
and although it does not extend across the whole width of the
petiole, and although the cells are of a green colour from containing chlorophyll, yet they certainly constitute a pulvinus, which,
as we shall presently see, acts as one. These small cells were
arranged in longitudinal rows, and varied from 4 to 7 in number ;
and the. cells themselves varied in length in different parts of the
-
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same pulvinus and in different individuals. In the accompanying figures, A and B (Fig. 64), we have views of the epidermis *
in the middle part of the petioles of two seedlings, in which the
pulvinus was for this species well developed. They offer a
striking contrast with the pulvinus of 0. rosea (see former
Fig. 63), or of 0. Yaldiviana.
With the seedlings, falsely called
0. tropceoloides, the cotyledons of which rise very little at night,
the small cells were still fewer in number and in parts formed
a single transverse row, and in other parts short longitudinal'
rows of only two or three. Nevertheless they sufficed to attract
the eye, when the whole petiole was viewed as a transparent
object beneath the microscope. In these seedlings there could
hardly be a doubt that the pulvinus was becoming rudimentary
and tending to disappear; and this accounts for its great
variability in structure and function.
In the following Table some measurements of the cells i n
fairly well-developed pulvini of 0. corniculata are given:—
Seedling 1 day old, with cotyledon 2'3 mm. in length.
Divisions of
Micrometer.f
6 to 7
,
13
20

Average length of cells of pulvinus
Length of longest cell below the pulvinus
Length of longest cell above the pulvinus

Seedling 5 days old, cotyledon'¿-1mm. in length, with the pulvinus
quite distinct.
Average length of cells of pulvinus
Length of longest cell below the pulvinus
Length of longest cell above the pulvinus

6
22
40

Seedling 8 days old, cotyledon 5 mm. in length, with a true leaf
formed but not yet expanded.
Average length of cells of pulvinus
Length of longest cell below the pulvinus
. Length of longest cell above the pulvinus

..

..

..

9
44
70

Seedling 13 days old, cotyledon 4-5 mm. in leytgth, with a small
true leaf fully developed.
Average length of cells of pulvinus
Length of longest cell below the pulvinus
Length of longest cell above the pulvinus

* Longitudinal sections Bhow
that the forms of the epidermic
cells may be taken as a fair representation of those constituting the

..

..

7
30
60

pulvinus.
t Each division equalled -003
mm.
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"We here see that the cells of the pulvinus increase but little
in length with advancing age, in comparison with those of the
petiole both above and below i t ; but they continue to grow in
width, and keep equal in this respect with the other cells of
the petiole. The rate of growth, however, varies in all parts
of the cotyledons, as may be observed in the measurements of
the 8-days' old seedling.
The cotyledons of seedlings only a day old rise at night considerably, sometimes as much as afterwards; but there was
much variation in this respect. As the pulvinus is so indistinct
at first, the movement probably does not then depend on the
expansion of its cells, but on periodically unequal growth in
the petiole. By the comparison of seedlings of different known
ages, it was evident that the chief seat of growth of tho petiole
was in the upper part between the pulvinus and the blade;
and this agrees with the fact (shown in the measurements above
given) that the cells grow to a greater length in the upper than
in the lower part. With a seedling 11 days old, the nocturnal
rise was found to depend largely on the action of the pulvinus,
for the petiole at night was curved upwards at this point; and
during the day, whilst the petiole was horizontal, the lower
surface of the pulvinus was wrinkled with the upper surface
tense. Although the cotyledons at an advanced age do not rise
at night to a higher inclination than whilst young, yet they have
to pass through a larger angle (in one instance amounting to
63°) to gain their nocturnal position, as they are generally
deflected beneath the horizon during the day. Even with the
11-days' old seedling the movement did not depend exclusively
on the pulvinus, for the blade where joined to the petiole was
curved upwards, and this must be attributed to unequal growth.
Therefore the periodic movements of the cotyledons of 0. corniculata depend on two distinct but conjoint actions, namely, the
expansion of the cells of the pulvinus and on the growth of
the upper part of the petiole, including the base of the blade.
Lotus Jacobmus.—The seedlings of this plant present a case
parallel to that of Oxalis corniculata in some respects, and in
others unique, as far as we have seen. The cotyledons during
the first 4 or 5 days of their life do not exhibit any plain nocturnal movement; but afterwards they stand vertically or
almost vertically up at night. There is, however, some degree of
variability in this respect, apparently dependent on the season
and on the degree to which they have been iUuminated during

IRIS - LILLIAD - Université Lille 1

122

PTJLVINI O P

COTYLEDONS.

CHAP.

li-

the day. With older seedlings, having cotyledons 4 mm. in •
length, which rise considerably at night, there is a well-developed pulvinus close to the blade, colourless, and rather narrower than the rest of the petiole, from which it is abruptly
separated. It is formed of a mass of small cells of an average
length of 021 mm.; whereas the cells in the lower part of the
petiole are about 06 mm., and those in the blade from -034 to
•04 mm. in length. The epidermic cells in the lower part of the
petiole project conically, and thus differ in shape from thoseover the pulvinus.
. Turning now to very young seedlings, the cotyledons of which,
do not rise at night and are only from 2 to 2J mm. in length,
their petioles do not exhibit any denned zone of small cells,
destitute of chlorophyll and differing in shape exteriorly from
the lower ones. Nevertheless, the cells at the place where a
pulvinus will afterwards be developed are smaller (being o n an
average -015 mm. in length) than those in the lower parts of
the same petiole, which gradually become larger in proceeding
downwards, the largest being -030 mm. in length. At this early
age the cells of the blade are about "027 mm. in length. We
thus see that the pulvinus is formed by the cells in the uppermost part of the petiole, continuing for only a short time to
increase in length, then being arrested in their growth, accompanied by the loss of their chlorophyll grains; whilst the cells
in the lower part of the petiole continue for a long time to
increase in length, those of the epidermis becoming more conical.
The singular fact of the cotyledons of this plant not sleeping at
first is therefore due to the pulvinus not being developed at a n
early age.
-

-

- We learn from these two cases of Lotus and Oxalis,
that the development of a pulvinus follows from the
growth of the cells over a small defined space of the
petiole being almost arrested at an early age. With
Lotus Jacdbmus the cells at first increase a little in
length; in Oxalis corniculata they decrease a little,'
owing to self-division. A mass of such small cells
forming a pulvinus, might therefore be either acquired
or lost without any special difficulty, by different
species in the same natural genus: and we know that
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with, seedlings of Trifolium, Lotus, and Oxalis some of
the species have a well-developed pulvinus, and others
have none, or one in a rudimentary condition. As the
movements caused by the alternate turgescence of
the cells in the two halves of a pulvinus, must be
largely determined by the extensibility and subsequent contraction of their walls, we can perhaps understand why a large number of small cells will be more
efficient than a small number of large cells occupying
the same space. As a pulvinus is formed by the,
arrestment of the growth of its cells, movements dependent on their action may be long-continued without
any increase in length of the part thus provided;'
and such long-continued movements seem to be one
chief end gained by the development of a pulvinus.
Long-continued movement would be impossible in any
part, without an inordinate increase in its length, if the
turgescence of the cells was always followed by growth.
Disturbance of the Periodic Movements of Cotyledons by
Light.—The hypocotyls and cotyledons of most seed-,
ling plants are, as is well known, extremely heliotropic;
but cotyledons, besides being heliotropic, are affected
paratonically (to use Sachs' expression) by light; that
i», their daily periodic movements are greatly and
quickly disturbed by changes in its intensity or by.
its absence. It is not that they cease to circumnutate
in darkness, for in all the many cases observed by us
they continued to do so; but the normal order of
their movements in relation to the alternations of day
and night is much disturbed or quite annulled. This
holds good with species the cotyledons of which rise
or sink so much at night that they may be said to
sleep, as well as with others which rise only a little.
But different species are affected in very different
degrees by changes in the light. „
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For instance, the cotyledons of Beta vulgaris, Solatium lycoper-'
sicum, Cerinthe major, and Lvpinus luteus, when placed in darkness, moved down during the afternoon and early night, instead
of rising as they would have done if they had been exposed to
the light. All the individuals of the Solanum did not behave
in the same manner, for the cotyledons of one circumnutated
about the same spot between 2.30 and 10 P.M. The cotyledons
of a seedling of Oxalis corniculata, which was feebly illuminated
from above, moved downwards during the first morning in t h e
normal manner, but on the second morning it moved upwards.'
The cotyledons of Lotus Jacobosus were not affected by 4 h. of
complete darkness, but when placed under a double skylight
and thus feebly illuminated, they quite lost their periodical
movements on the third morning. On the other hand, the
cotyledons of Ouourbita ovi/era moved in the normal manner
during a whole day in darkness.
Seedlings of Oilhago segetum were feebly illuminated from
above in the morning before their cotyledons had expanded, and'
they remained closed for the next 40 h. Other seedlings were
placed in the dark after their cotyledons had opened in the
morning and these did not b e g i n to close until about 4 h. had
elapsed. The cotyledons of Oxalis rosea sank vertically downwards after b e i D g left for 1 h. 20 m. in darkness; but those of
some other species of Oxalis were not affected by several hoursof darkness. The cotyledons of several species of Cassia are
eminently susceptible to changes in the degree of light to which,
they are exposed: thus seedlings of an unnamed S. Brazilian
species (a large and beautiful tree) were brought out of the h o t house and placed on a table in the middle of a room with t w o
north-east and one north-west window, so that they were fairly
well illuminated, though of course less so than in the hot-house,
the day being moderately bright; and after 36 m. the cotyledons
which had been horizontal rose up vertically and closed together
as when asleep; after thus remaining on the table for 1 h. 13 m .
they began to open. The cotyledons of young seedlings of another
Brazilian species and of 0. neglecta, treated in the same manner,
behaved similarly, excepting that they did not rise up quite so
much: they again became horizontal after about an hour.
Here is a more interesting case: seedlings of Cassia torn in
two pots, which had stood for some time on the table in t h e
room just described, had their cotyledons horizontal. One p o t
was now exposed for 2 h. to dull sunshine, and the .cotyledons
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remained horizontal; it was then brought back to the table, and
after 50 m. the cotyledons had risen 68° above the horizon.
The other pot was placed during the same 2 h. behind a screen
in the room, where the light was very obscure, and the cotyledons
rose 63° above the horizon; the pot was then replaced on the
table, and after 50 m. the cotyledons had fallen 33°, These two
pots with seedlings of the same age stood close together, and
were exposed to exactly the same amount of light, yet the cotyledons in the one pot were rising, whilst those inr the other
pot were at the same time sinking. This fact illustrates in a
striking manner that their movements are not governed by the
actual amount, but by a change in the intensity or degree of
the light. A similar experiment was tried with two sets of seedlings, both exposed to a dull light, but different in degree, and
the result was the same. The movements of the cotyledons of this
Cassia are, however, determined (as in many other cases) largely
by habit or inheritance, independently of light; for seedlings
which had been moderately illuminated during the day, were
kept all night and on the following morning in complete darkness ; yet the cotyledons were partially open in the morning
and remained open in the dark for about 6 h. The cotyledons
in another pot, similarly treated on another occasion, were open
at 7 A.M. and remained open in the dark for 4 h. 30 m., after
which time they began to close. Yet these same seedlings, when
brought in the middle of the day from a moderately bright
into only a moderately dull light raised, as we have seon, theiT
cotyledons high above the horizon.
Sensitiveness of Cotyledons to contact.—This subject does not
possess much interest, as it is not known that sensitiveness of this
kind is of any service to seedling plants. We have observed cases
in only four genera, though we have vainly observed the cotyledons of many others. The genus Cassia seems to be pre-eminent
in this respect: thus, the cotyledons of C. torn, when extended
horizontally, were both lightly tapped with a very thin twig for
3 m., and in the course of a few minutes they formed together
an angle of 90°, so that each had risen 45°. A single cotyledon
of another seedling was tapped in a like manner for 1 m., and it
rose 27° in 9 m.; and after eight additional minutes it had risen
10° more; the opposite cotyledon, which was not tapped, hardly
moved at all. The cotyledons in all these cases became horizontal again in less than half an hour. The pulvinus is the most
sensitive part, for on slightly pricking three cotyledons with a
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pin in this part, they rose up vertically; but the blade was found
also to be sensitive, care having been taken that the pnlvinus
was not touched. Drops of water placed quietly on these cotyledons produced no effect, but an extremely fine stream of water,
ejected from a syringe, caused them to move upwards. W h e n
a pot of seedlings was rapidly hit with a stick and thus jarred,
the cotyledons rose slightly. When a minute drop of nitric
acid was placed on both pulvini of a seedling, the cotyledons
rose so quickly that they could easily be seen to move, and
almost immediately afterwards they began to fall; but. the
pulvini had been killed and became brown.
The cotyledons of an unnamed species of Cassia (a large tree
from S. Brazil) rose 31° in the course of 26 m. after the pulvini
and the blades had both been rubbed during l m . with a t w i g ;
but when the blade alone was similarly rubbed the cotyledons
rose only 8°. The remarkably long and narrow cotyledons, of a
third unnamed species from S. Brazil, did not move when their
blades were rubbed on six occasions with a pointed stick for
30 s. or for 1 m.; but when the pulvinus was rubbed and slightly
pricked with a pin, the cotyledons rose in the course of a few
minutes through an angle of 60°. Several cotyledons of
ft veglecta (likewise from S. Brazil) rose in from 5 m. to 15 m. to
various angles between 16° and 34°, after being rubbed during
1 m. with a twig. Their sensitiveness is retained to a somewhat
advanced age, for the cotyledons of a little plant of ft veglecta,
34 days old and bearing three true leaves, rose when lightly
pinched between the finger and thumb. Some seedlings were
exposed for 30 m. to a wind (temp. 50° F.) sufficiently strong to
keep the cotyledons vibrating, but this to our surprise did not
cause any movement. The cotyledons of four seedlings of the
Indian 0. glaucawere either rubbed with a thin twig for 2 m. or
were lightly pinched: one rose 34°; a second only 6°; a third
13°; and a fourth 17°. A cotyledon of ft florida similarly
treated rose 9 ° ; one of ft corymbosa rose 7J°, and one of the
very distinct ft mimosoides only 6°. Those of C. pubescens did
not appear to be in the least sensitive; nor were those of C.
nodosa, but these latter are rather thick and fleshy, and do not
rise at night or go to sleep.
Smithia sensitiva. —This plant belongs to a distinct sub-order of
the Leguminosse from Cassia. Both cotyledons of an oldish
seedling, with the first true leaf partially unfolded, were rubbed
for 1 m. with a fine twig, and in 5 m. each rose 32°; they
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remained in this position for 15 m., but when looked at again
40 m. after the rubbing, each had fallen 14°. Both cotyledons of
another and younger seedling were lightly rubbed in the same
manner for 1 m., and after an interval of 32 m. each had risen
30°. They were hardly at all sensitive to a fine jet of water.
The cotyledons of S. Pfundii, an African water plant, are thick
and fleshy; they are not sensitive and do not go to sleep.
Mimosa pudica and alhida.—The blades of several cotyledons
of both these plants were rubbed or slightly scratched with a
needle during 1 m. or 2 m.; but they did not move in the least.
When, however, the pulvini of six cotyledons of M. pudica were
thus scratched, two of them were slightly raised. In these two
cases perhaps the pulvinus was accidentally pricked, for on
pricking the pulvinus of another cotyledon it' rose a little. It
thus appears that the cotyledons of Mimosa are less sensitive
than those of the previously mentioned plants.*
Oxalis sensitiva.—The blades and pulvini of two cotyledons,
standing horizontally, were rubbed or rather tickled for 30 s.
with a fine split bristle, and in 10 m. each had risen 48°;
when looked at again in 35 m. after being rubbed they had
risen 4° more; after 30 additional minutes they were again horizontal. On hitting a pot rapidly with a stick for 1 m., the cotyledons of two seedlings were considerably raised in the course
of H m . A pot was carried a little distance on a tray and thus
jolted; and the cotyledons of four seedlings were all raised in
10 m.; after 17 m. one had risen 56°, a second 45 °, a third almost
90°, and a fourth 90°. .After an additional interval of 40 m. three
of them had re-expanded to a considerable extent. These observations were made before'wewere aware at what an extraordinarily rapid rate the cotyledons circumnutate, and are therefore
liable to error. Nevertheless it is extremely improbable that the
cotyledons in the eight cases given, should all have been rising
at the time when they were irritated. The cotyledons of OzaMs
Valdiviana and rosea were rubbed and did not exhibit any
sensitiveness. '

Finally, there seeins to exist some relation between
* The sole notice which we
have met with on the sensitivenoss of cotyledons, relates to Mimosa; for Auir. P. De Candolle
says ('Phys. Ve'g.,' 1832, torn. ii.

p. 865), "les cotyledons du M.
pudica tendent à se raprocher par
leurs faces supérieures lorsqu'on
les irrite.''
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the habit of cotyledons rising vertically at night or
going to sleep, and their sensitiveness, especially that
of their pulvini, to a touch; for all the above-named
plants sleep at night. On the other hand, there are
many plants the cotyledons of which sleep, and are
not in the least sensitive. As the cotyledons of
several species of Cassia are easily affected both by
slightly diminished light and by contact, we thought
that these two kinds of sensitiveness might be connected ; but this is not necessarily the case, for the
cotyledons of Oxalis sensitiva did not rise when kept
on one occasion for 1£ h., and on a second occasion
for nearly 4 h , in a dark closet. Some other cotyledons, as those of Githago segetum, are much affected
by a feeble light, but do not move when scratched by
a needle. That with the same plant there is some
relation between the sensitiveness of its cotyledons
and leaves seems highly probable, for the above described Smithia and Oxalis have been called sensitiva,
owing to their leaves being sensitive; and though the
leaves of the several species of Cassia are not sensitive
to a touch, yet if a branch be shaken or syringed
with water, they partially assume their nocturnal dependent position. But the relation between the sensitiveness to contact of the cotyledons and of the
leaves of the same plant is not very close, as may be
inferred from the cotyledons of Mimosa pudica being
only slightly sensitive, whilst the leaves are well
known to be so in the highest degree. Again, the
leaves of Meptunia oleracea are very sensitive to a
touch, whilst the cotyledons do not appear to be so in
any degree.
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CHAPTEE III.
SENSITIVENESS OF THE APEX OF THE RADICLE TO CONTACT AND TO
OTHER IBBITANTS.
Manner in which radicles bend when they encounter an obstacle in
the soil—Vicia faba, tips of radicles highly sensitive to contact
and other irritants—Effects of too high a temperature—Power of
discriminating between objects attached on opposite sides—Tips of
secondary radicles sensitive—Pisum, tips of radicles sensitive—
Effects of such sensitiveness in overcoming geotropism—Secondary
radicles—Phaseolus, tips of radicles hardly sensitive to contact,
but highly sensitive to caustio and to the removal of a slice—Tropsoolum—Gossypium—Cucúrbita—Raphanus—iEsculus,
tip not
sensitive to slight contact, highly sensitive to caustic—Quercus,
tip highly sensitive to contact—Power of discrimination—Zea,
tip highly sensitive, secondary radicles—Sensitiveness of radicles
to moist air—Summary of chapter.

IN order to see how the radicles of seedlings would
pass over stones, roots, and other obstacles, which they
must incessantly encounter in the soil, germinating
beans (Vicia faba) were so placed that the tips of the
radicles came into contact, almost rectangularly or
at a high angle, with underlying plates of glass. In
other cases the beans were turned about whilst their
radicles were growing, so that they descended nearly
vertically on their own smooth, almost flat, broad upper
surfaces. The delicate root-cap, when it first touched
any directly opposing surface, was a little flattened
transversely; the flattening soon became oblique, and
in a few hours quite disappeared, the apex now pointing at right angles, or at nearly right angles, to its
former course. The radicle then seemed to glide in
its new direction over the surface which had opposed
K
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it, pressing on it with very little force. How far such
abrupt changes in its former course are aided by the
circumnutation of the tip must be left doubtful. Thin
slips of wood were cemented on more or less steeply
inclined glass-plates, at right angles to the radicles
which were gliding down them. Straight lines had
been painted along the growing terminal part of some
of these radicles, before they met the opposing slip
of wood; and the lines became sensibly curved in 2 h.
after the apex had come into contact with the slips.
In one case of a radicle, which was growing rather
slowly, the root-cap, after encountering a rough slip
of wood at right angles, was at first slightly flattened transversely: after an interval of 2 h. 30 m.
the flattening became oblique; and after an additional 3 hours the flattening had wholly disappeared,
and the apex now pointed at right angles to its former
course. It then continued to grow in its new direction alongside the slip of wood, until it came to the
end of it, round which it bent rectangularly. Soon
afterwards when coming to the edge of the plate of
glass, it was again bent at a large angle, and descended perpendicularly into the damp sand.
When, as in the above cases, radicles encountered
an obstacle at right angles to their course, the terminal
growing part became curved for a length of between
•3 and *4 of an inch (8-10 mm.), measured from t h e
apex. This was well shown by the black lines which,
had been previously painted on them. The first and
most obvious explanation of the curvature is, that i t
results merely from the mechanical resistance to t h e
growth of the radicle in its original direction. Nevertheless, this explanation did not seem to us satisfactory.
The radicles did not present the appearance of having
been subjected to a sufficient pressure to account for
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their curvature; and Sachs has shown * that the
growing part is more rigid than the part immediately
above which has ceased to grow, so that the latter
might have been expected to yield and become curved
as soon as the apex encountered an unyielding object;
whereas it was the stiff growing part which became
curved. Moreover, an object which yields with the
greatest ease will deflect a radicle: thus, as we have
seen, when the apex of the radicle of the bean
encountered the polished surface of extremely thin
tin-foil laid on soft sand, no impression was left on it,
yet the radicle became deflected at right angles. A
second explanation occurred to us, namely, that even
the gentlest pressure might check the growth of the
apex, and in this case growth could continue only on
one side, and thus the radicle would assume a rectangular form ; but this view leaves wholly unexplained
the curvature of the upper part, extending for a length
of 8-10 mm.
We were therefore led to suspect that the apex
was sensitive to contact, and that an effect was transmitted from it to the upper part of the radicle, which
was thus excited to bend away from the touching object.
As a little loop of fine thread hung on a tendril or
on the petiole of a leaf-climbing plant, causes it to
bend, we thought that any small hard object affixed
to the tip of a radicle, freely suspended and growing
in damp air, might cause it to bend, if it were sensitive,
and yet would not offer any mechanical resistance to
its growth. Full details will be given of the experiments which were tried, as the result proved remarkable. The fact of the apex of a radicle being sensitive
to contact has never been observed, though, as we shall
* ' Arbeiten Bot. Inst. Würzburg,' Heft iii. 1873, p. 398.

K
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hereafter see, Sachs discovered that the radicle a little
above the apex is sensitive, and bends like a tendril
towards the touching object. But when one side of the
apex is pressed by any object, the growing part bends
away from the object; and this seems a beautiful
adaptation for avoiding obstacles in the soil, and, as
we shall see, for following the lines of least resistanceMany organs, when touched, bend in one fixed direction, such as the stamens of Berberis, the lobes of
Dionsea, &c.; and many organs, such as tendrils, whether modified leaves or flower-peduncles, and some few"
stems, bend towards a touching object; but no case,
we believe, is known of an organ bending away from
a touching object.
Sensitiveness of the Apex of the Radicle of Vicia faba.
—Common beans, after being soaked in water for 24 h.,
were pinned with the hilum downwards (in the manner
followed by Sachs), inside the cork lids of glass-vessels,
which were half filled with water; the sides and the
cork were well moistened, and light was excluded.
As soon as the beans had protruded radicles, some to a
length of less than a tenth of an inch, and others to
a length of Several tenths, little squares or oblongs of
card were affixed to the short sloping sides of .their
conical tips. The squares therefore adhered obliquely
with reference to the longitudinal axis of the radicle;
and this is a very necessary precaution, for if the bits
of card accidentally became displaced, or were drawn
by the viscid matter employed, so as to adhere parallel
to the side of the radicle, although only a little way
above the conical apex, the radicle did not bend i n
the peculiar manner which we are here considering.
Squares of about the g^th of an inch (i.e. about 1£ mm.),
or oblong bits of nearly the same size, were found to
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be the most convenient and effective. We employed
at first ordinary thin card, such as visiting cards, or
bits of very thin glass, and various other objects; but
afterwards sand-paper was chiefly employed, for it was
almost as stiff as thin card, and the roughened surface
favoured its adhesion. At first we generally used very
thick gum-water; and this of course, under the circumstances, never dried in the least; on the contrary,
it sometimes seemed to absorb vapour, so that the bits
of card became separated by a layer of fluid from the
tip. When there was no such absorption and the card
was not displaced, it acted well and caused the radicle
to bend to the opposite side. I should state that
thick gum-water by itself induces no action. In most
cases the bits of card were touched with an extremely
small quantity of a solution of shellac in spirits of
wine, which had been left to evaporate until it was
thick; it then set hard in a few seconds, and fixed the
bits of card well. When small drops of the shellac
were placed on the tips without any card, they set into
hard little beads, and these acted like any other hard
object, causing the radicles to bend to the opposite
side. Even extremely minute beads of the shellac
occasionally acted in a slight degree, as will hereafter
be described. But that it was the cards which chiefly
acted in our many trials, was proved by coating one
side of the tip with a little bit of goldbeaters' skin
(which by itself hardly acts), and then fixing a bit of
card to the skin with shellac which never came into
contact with the radicle: nevertheless the radicle bent
away from the attached card in the ordinary manner.
' Some preliminary trials were made, presently to
be described, by which the proper temperature was
determined, and then the following experiments were
made. It should be premised that the beans were
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always fixed to the cork-lids, for the convenience of
manipulation, with the edge from which the radicle
and plumule protrudes, outwards; and it must he
remembered that owing to what we have called Sachs'
curvature, the radicles, instead of growing perpendicularly downwards, often bend somewhat, even as much
Fig. 65.
A.

B.

C.

Vicia faba: A, radicle beginning to bend from the attached little square
of card; B, bent at a rectangle; C, bent into a circle or loop, with the
tip beginning to bend downwards through the action of geotropism.

as about 45° inwards, or under-the suspended bean.
Therefore when a square of card was fixed to the apex
in front, the bowing induced by it coincided with Sachs'
curvature, and could be distinguished from it only by
being more str6ngly pronounced or by occurring more
quickly. To avoid this source of doubt, the squares
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were fixed either behind, causing a curvature in direct
opposition to that of Sachs', or more commonly to the
right or left sides. . For the sake of brevity, we will
speak of the bits of card, &c, as fixed in front, ox
behind, or laterally. As the chief curvature of the
radicle is at a little distance from the apex, and as
the extreme terminal and basal portions are nearly
straight, it is possible to estimate in a rough manner
the amount of curvature by an angle ; and when it is
said that the radicle became deflected at any angle
from the perpendicular, this implies that the apex was
turned upwards by so many degrees from the downward direction which it would naturally have followed,
and to the side opposite to that to which the card was
affixed. That the reader may have a clear idea of the
kind of movement excited by the bits of attached
card, we append here accurate sketches of three germinating beans thus treated, and selected out of
several specimens to show the gradations in the
degrees of curvature. We will now give in detail a
series of experiments, and afterwards a summary of
the results.
I n the first 12 trials, little squares or oblongs of sanded card,
1'8 mm. in length, and 1'5 or only 0 9 mm. in breadth (i.e. '071
of an inch in length and 059 or '035 of an inch in breadth) were
fixed with shellac to the tips of the radicles. In the subsequent
trials the little squares were only occasionally measured, but
were of about the same size.
(1.) A young radicle, 4 mm. in length, had a card fixed beh i n d : after 9 h. deflected in the plane in which the bean is
flattened, 50° from the perpendicular and from the card, and in
opposition to Sachs' curvature: no change next morning, 23 h.
from the time of attachment.
(2.) Radicle 5'5 mm. in length, card fixed behind: after 9 h.
deflected in the plane of the bean 20° from the perpendicular
and from the card, and in opposition to Sachs' curvature: after
23 h. no change.
-
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(3.) Radicle 11 mm. in length, card fixed behind: after 9 h.
deflected in the plane of the bean 40° from the perpendicular
and from the card, and in opposition to Sachs' curvature. T h e
tip of the radicle more curved than the upper part, but in the
same plane. After 23 h. the extreme tip was slightly bent towards the card; the general curvature of the radicle remaining
the same.
(4.) Radicle 9 mm. long, card fixed behind and a little
laterally: after 9h. deflected in the plane of the bean only
about 7° or 8° from the perpendicular and from the card, in
opposition to Sachs' curvature. There was in addition a slight
lateral curvature directed partly from the card. After 23 h. no
change.
(5.) Radicle 8 mm. long, card affixed almost laterally: after
9 h . deflected 30° from the perpendicular, in the plane of the
bean and in opposition to Sachs' curvature; also deflected in a
plane at right angles to the above one, 20° from the perpendicular : after 23 h. no change,
(6.) Radicle 9 mm. long, card affixed in front: after 9 h. d e flected in the plane of the bean about 40° from the vertical,
away from the card and in the direction of Sachs' curvature.
Here therefore we have no evidence of the card being t h e
cause of the deflection, except that a radicle never moves
spontaneously, as far as we have seen, as much as 40° in t h e
course of 9 h. After 23 h. no change.
(7.) Radicle 7 mm. long, card affixed to the back: after 9 h.
the terminal part of the radicle deflected in the plane of the
bean 20° from the vertical, away from the card and in opposition
to Sachs' curvature. After 22 h. 30 m. this part of the radicle
had become straight.
(8.) Radicle 12 mm. long, card affixed almost laterally; after
9 h. deflected laterally in a plane at right angles to that of the
bean between 40° and 50° from the vertical and from the card.
In the plane of the bean itself the deflection amounted to 8° or
9° from the vertical and from the card, in opposition to Sachs'
curvature. After 22 h. 30 m. the extreme tip had become
slightly curved towards the card.
(9.) Card fixed laterally: after 11 h. 30 m. no effect, t h e
radicle being still almost vertical.
(10.) Card fixed almost laterally: after 11 h. 30 m. deflected
90° from the vertical and from the card, in a plane intermediate between that of the bean itself and one at right
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angles to it. Radicle consequently partially deflected from
Sachs' curvature.
(11.) Tip of radicle protected with goldbeaters' skin, with a
square of card of the usual dimensions affixed with shellac:
after 11 h. greatly deflected in the plane of the bean, in the
direction of Sachs' curvature, but to a much greater degree and
in less time than ever occurs spontaneously.
• (12.) Tip of radicle protected as in last case: after 11 h. no
effect, but after 24 h. 40 m. radicle clearly deflected from the
card. This slow action was probably due to a portion of the
goldbeaters' skin having curled round and lightly touched the
opposite side of the tip and thus irritated it.
; (13.) A radicle of considerable length had a small square of
card fixed with shellac to its apex laterally: after only 7 h. 15 m,
a length of 4 of an inch from the apex, measured along the
middle, was considerably curved from the side bearing the card.
• (14.) Case like the last in all respects, except that a length of
only -25 of an inch of the radicle was thus deflected.
(15.) A small square of card fixed with shellac to the apex of
a young radicle; after 9 h. 15 m. deflected through 90° from the
perpendicular and from the card. After 24 h. deflection much
decreased, and after an additional day, reduced to 23° from the
perpendicular.
(16.) Square of card fixed with shellac behind the apex of a
radicle, which from its position having been changed during
growth had become very crooked; but the terminal portion.
Was straight, and this became deflected to about 45° from
the perpendicular and from the card, in opposition to Sachs',
curvature.
(17.) Square of card affixed with shellac: after 8 h. radicle
curved at right angles from the perpendicular and from the
card. After 15 additional hours curvature much decreased.
' (18.) Square of card affixed with shellac: after 8 h. no effect;
after 23 h. 3 m. from time of affixing, radicle much curved from
the square.
(19.) Square of card affixed with shellac: after 24 h. no effect>
but the radicle had not grown well and seemed sickly.
(20.) Square of card affixed with shellac: after 24 h. no effect.
• (21, 22.) Squares of card affixed with shellac: after 2 4 h .
radicles of both curved at about 45° from the perpendicular and
from the cards.
, (23.) Square of card fixed with shellac to young radicle: after
-
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9 h . very slightly curved from the card; after 24 h. tip curved
towards card. Eeflxed new square laterally, after 9 h. distinctly
curved from the card, and after 24 h. curved at right angles from
the perpendicular and from the card.
(24.) A rather large oblong piece of card fixed with shellac to
apex: after 24 h. no effect, but the card was found not to be
touching the apex. A small square was now refixed with
shellac; after 16 h. slight deflection from the perpendicular
and from the card. After an additional day the radicle became
almost straight.
(25.) Square of card fixed laterally to apex of young radicle;
after 9 h. deflection from the perpendicular considerable; after
24 h. deflection reduced. Refixed a fresh square with shellac:
after 24 h. deflection about 40° from the perpendicular and from
the card.
(26.) A very small square of card fixed with shellac to apex of
young radicle : after 9 h. the deflection from the perpendicular
and from the card amounted to nearly a right angle; after 24h."
deflection much reduced; after an additional 24 h. radicle almost
straight.
(27.) Square of card fixed with shellac to apex of young
radicle: after 9 h. deflection from the card and from the perpendicular a right angle; next morning quite straight. Refixed
a square laterally with shellac; after 9 h. a little deflection,
which after 24 h. increased to nearly 20° from the perpendicular
and from the card.
(28.) Square of card fixed with shellac; after 9 h. some
deflection; next morning the card dropped off; refixed it with'
shellac; it again became loose and was refixed; and now on the
third trial the radicle was deflected after 14 h. at right angles
from the card.
(29.) A small square of card was first fixed with thick gumwater to the apex. It produced a slight effect but soon fell
off. A similar square was now affixed laterally with shellac:
after 9 h. the radicle was deflected nearly 45° from the perpendicular and from the card. After 36 additional hours angle of
deflection reduced to about 30°.
(30.) A very small piece, less than ^ t h of an inch square, of
thin tin-foil fixed with shellac to the apex of a young radicle;
after 2 4 h . n o effect. Tin-foil removed, and a small square of
sanded card fixed with shellac; after 9 h. deflection at nearly
right angles from the perpendicular and from the card. Next
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morning deflection reduced to about 40° from the perpendicular.
(31.) A splinter of thin glass gummed to apex, after 9 h. no
effect, but it was then found not to be touching the apex of the
radicle. Next morning a square of card was fixed with shellac
to it, and after 9 h . radicle greatly deflected from the card.
After two additional days the deflection had decreased and was
only 35° from the perpendicular.
(32.) Small square of sanded card, attached with thick gumwater laterally to the apex of a long straight radicle: after 9 h.
greatly deflected from the perpendicular and from the card.
Curvature extended for a length of 22 of an inch from the
apex. After 3 additional hours terminal portion deflected at
right angles from the perpendicular. Next morning the curved
portion was 36 in length.
(33.) Square of card gummed to apex: after 15 h. deflected at
nearly 90° from the perpendicular and from the card.
(34.) Small oblong of sanded card gummed to apex: after
15 h, deflected 90° from the perpendicular and from the card:
in the course of the three following days the terminal portion
became much contorted and ultimately coiled into a helix.
(35.) Square of card gummed to apex: after 9 h. deflected from
card: after 24 h. from time of attachment greatly deflected
obliquely and partly in opposition to Sachs' curvature.
(36.) Small piece of card, rather less than -^th of an inch
square, gummed to apex: in 9 h. considerably deflected from
card and in opposition to Sachs' curvature; after 24 h. greatly
deflected in the same direction. After an additional day the
extreme tip was curved towards the card.
(37.) Square of card, gummed to apex in front, caused after.
8 h. 30 m. hardly any effect; refixed fresh square laterally, after
15 h. deflected almost 90° from the perpendicular and from the
card. After 2 additional days deflection much reduced.
(38.) Square of card gummed to apex: after 9 h. much deflection, which after 24 h. from time of fixing increased to nearly
90°. After an additional day terminal portion was curled into
a loop, and on the following day into a helix.
(39.) Small oblong piece of card gummed to apex, nearly in
front, but a little to one side; in 9 h. slightly deflected in the
direction of Sachs' curvature, but rather obliquely, and to
side opposite to card. Next day more curved in the same
direction, and after 2 additional days coiled into a ring.
-

-
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(40.) Square of card gummed to apex: after 9 h. slightly
curved from card; next morning radicle straight, and apex had
grown beyond the card. Eefixed another square laterally with
shellac; in 9 h. deflected laterally, but also in the direction of'
Sachs' curvature. After 2 additional days' curvature considerably increased in the same direction.
' (41.) Little square of tin-foil fixed with gum to one side of
apex of a young and short radicle: after 15 h. no effect, but
tin-foil had become displaced. A little square of card was now
gummed to one side of apex, which after 8 h. 40 m. was slightly
deflected; in 24 h. from the time of attachment deflected at 90°
from the perpendicular and from the card; after 9 additional
hours became hooked, with the apex pointing to the zenith. In
3 days from the time of attachment the terminal portion of the
radicle formed a ring or circle.
(42.) A little square of thick letter-paper gummed to the
apex of a radicle, which after 9 h. was deflected from it. I n
24 h. from time when the paper was affixed the deflection much
increased, and after 2 additional days it amounted to 50° from,
the perpendicular and from the paper.
(43.) A narrow chip of a quill was fixed with shellac to the
apex of a radicle. After 9 h. no effect; after 24 h. moderate
deflection, but now the quill had ceased to touch the apex.
Eemoved quill and gummed a little square of card to apex,
which after 8 h. caused slight deflection. On the fourth day
from the first attachment of any object, the extreme tip was.
curved towards the card.
• (44.) A rather long and narrow splinter of extremely thin
glass, fixed with shellac to apex, it caused in 9 h. slight
deflection, which disappeared in 24 h.; the splinter was then
found not touching the apex. It was twice refixed, with nearly
similar results, that is, it caused slight deflection, which soon
disappeared. On the fourth day from the time of first attach-'
ment the tip was bent towards the splinter.

From these experiments it is clear that the apex of.
the radicle of the bean is sensitive to contact, and
that it causes the upper part to bend away from the
touching object. But before giving a summary of the
results, it will be convenient briefly to give a few other
observations. Bits of very thin glass and little squares.
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of common card were affixed with thick gum-water to
the tips of the radicles of seven beans, as a preliminary trial. Six of these were plainly acted on,
and in two cases the radicles became coiled up into
complete loops. One radicle was curved into a semicircle in so short a period as 6 h. 10 m. The
seventh radicle which was not affected was apparently
sickly, as it became brown on the following day; so
that it formed no real exception. Some of these trials
were made in the early spring during cold weather in
a sitting-room, and others in a greenhouse, but the
temperature was not recorded. These six striking
•cases almost convinced us that the apex was sensitive,
but of course we determined to make many more trials.
As we had noticed that the radicles grew much more
quickly when subjected to considerable heat, and as
we imagined that heat would increase their sensitiveness, vessels with germinating beans suspended in
damp air were placed on a chimney-piece, where they
were subjected during the greater part of the day to a
temperature of between 69° and 72° F.; some, however, were placed in the hot-house where the temperature was rather higher. Above two dozen beans were
thus tried; and when a square of glass or card did
not act, it was removed, and a fresh one affixed, this
being often done thrice to the same radicle. Therefore between five and six dozen trials were altogether
made. But there was moderately distinct deflection
from the perpendicular and from the attached object
in only one radicle out of this large number of cases.
In five other cases there was very slight and doubtful
deflection. We were astonished at this result, and
concluded that we had made some inexplicable mistake in the first six experiments. But before finally
relinquishing the subject, we resolved to make one
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other trial, for it occurred to us that sensitiveness is
easily affected by external conditions, and that radicles
growing naturally in the earth in the early spring
would not be subjected to a temperature nearly so
high as 70° F. "We therefore allowed the radicles
of 12 beans to grow at a temperature of between
55° and 60° F. The result was that in every one of
these cases (included in the above-described experiments) the radicle was deflected in the course of a few
hours from the attached object. All the above recorded successful trials, and some others presently to
be given, were made in a sitting-room at the temperatures just specified. It therefore appears that a temperature of about, or rather above, 70° F. destroys
the sensitiveness of the radicles, either directly, or
indirectly through abnormally accelerated growth ;
and this curious fact probably explains why Sachs,
who expressly states that his beans were kept at a
high temperature, failed to detect the sensitiveness of
the apex of the radicle.
But other causes interfere with this sensibility.
Eighteen radicles were tried with little squares of
sanded card, some affixed with shellac and some with
gum-water, during the few last days of 1878, and few
first days of the next year. They were kept in a room
at the proper temperature during the day, but were
probably too cold at night, as there was a hard frost at
the time. The radicles looked healthy but grew very
slowly. The result was that only 6 out of the 18
were deflected from the attached cards, and this only
to a slight degree and at a very slow rate. These
radicles therefore presented a striking contrast with
the 44 above described. On March 6th and 7th, when
the temperature of the room varied between 53° and
59° F., eleven germinating beans were tried in the
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same manner, and now every one of the radicles
became curved away from the cards, though one was
only slightly deflected. Some horticulturists believe
that certain kinds of seeds will not germinate properly in the middle of the winter, although kept at a
right temperature. If there really is any proper period
for the germination of the bean, the feeble degree of
sensibility of the above radicles may have resulted
from the trial having been made in the middle of the
winter, and not simply from the nights being too cold.
Lastly, the radicles of four beans, which from some
innate cause germinated later than all the others of
the same lot, and which grew slowly though appearing
healthy, were similarly tried, and even after 24 h. they
were hardly at all deflected from the attached cards.
We may therefore infer that any cause which renders
the growth of the radicles either slower or more rapid
than the normal rate, lessens or annuls the sensibility
of their tips to contact. It deserves particular attention that when the attached objects failed to act, there
was no bending of any kind, excepting Sachs' curvature. The force of our evidence would have been
greatly weakened if occasionally, though rarely, the
radicles had become curved in any direction independently of the attached objects. In the foregoing
numbered paragraphs, however, it may be observed
that the extreme tip sometimes becomes, after a considerable interval of time, abruptly curved towards the
bit of card; but this is a totally distinct phenomenon,
as will presently be explained.
/Summary of the Results of the foregoing Experiments
on the Radicles ofViciafaba.—Altogether little squares
(about ^ t h °f
in )> generally of sanded paper
as stiff as thin card (between *15 and '20 mm. in
thickness), sometimes of ordinary card, or little fraga n
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ments of very thin glass, &c., were affixed at different
times to one side of the conical tips of 55 radicles.
The 11 last-mentioned cases, but not the preliminary
ones, are here included. The squares, &c, were most
commonly affixed with shellac, but in 19 cases with
thick gum-water. When the latter was used, the
squares were sometimes found, as previously stated,
to be separated from the apex by a layer of thick
fluid, so that there was no contact, and consequently no bending of the radicle; and such few
cases were not recorded. But in every instance in
which shellac was employed, unless the square fell
off very soon, the result was recorded. In several
instances when the squares became displaced, so as
to stand parallel to the radicle, or were separated by
fluid from the apex, or soon fell off, fresh squares
were attached, and these cases (described under the
numbered paragraphs) are here included. Out of
55 radicles experimented on under the proper temperature, 52 became bent, generally to a considerable
extent from the perpendicular, and away from the
side to which the object was attached. Of the three
failures, one can be accounted for, as the radicle
became sickly on the following day; and a second
was observed only during 11 h. 30 m. As in several
cases the terminal growing part of the radicle continued
for some time to bend from the attached object, it
formed itself into a hook, with the apex pointing to
the zenith, or even into a ring, and occasionally into a
spire or helix. It is remarkable that these latter cases
occurred more frequently when objects were attached
with thick gum-water, which never became dry, than
when shellac was employed. The curvature was often
well-marked in from 7 h. to 11 h.; and in one instance
a semicircle was formed in 6 h. 10 m. from the time
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of attachment. But in order to see the phenomenon
as well displayed as in the above described cases, it is
indispensable that the bits of card, &c, should be
made to adhere closely to one side of the conical
apex; that healthy radicles should be selected and
kept at not too high or too low a temperature, and
apparently that the trials should not be made in the
middle of the winter.
In ten instances, radicles which had curved away
from a square of card or other object attached to their
tips, straightened themselves to a certain extent, or
even completely, in the course of from one to two days
from the time of attachment. This was more especially apt to occur when the curvature was slight.
But in one instance (No. 27) a radicle which in 9 h.
had been deflected about 90° from the perpendicular,
became quite straight in 24 h. from the period of
attachment. With No. 26, the radicle was almost
straight in 48 h. We at first attributed the straightening process to the radicles becoming accustomed to a
slight stimulus, in the same manner as a tendril or
sensitive petiole becomes accustomed to a very light
loop of thread, and unbends itself though the loop
remains still suspended; but Sachs states* that radicles
of the bean placed horizontally in damp air after
curving downwards through geotropism, straighten
themselves a little by growth along their lower or
concave sides. Why this should occur is not clear;
but perhaps it likewise occurred in the above ten
cases. There is another occasional movement which
must not be passed over: the tip of the radicle, for a
length of from 2 to 3 mm., was found in six instances,
* ' Arbeiten Bot. Instit., Wiirzbuig,' Heft iii. p. 456.

L
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after an interval of about 24 or more hours, bent
towards the bit of still attached card,—that is, in a
direction exactly opposite to the previously induced
curvature of the whole growing part for a length of
from 7 to 8 mm. This occurred chiefly when the first
curvature was small, and when an object had been
affixed more than once to the apex of the same radicle.
The attachment of a bit of card by shellac to one
side of the tender apex may sometimes mechanically
prevent its growth; or the application of thick gumwater more than once to the same side may injure i t ;
and then checked growth on this side with continued
growth on the opposite and unaffected side would
account for the reversed curvature of the apex.
Various trials were made for ascertaining, as far
as we could, the nature and degree of irritation to
which the apex must be subjected, in order that the
terminal growing part should bend away, as if to
avoid the cause of irritation. We have seen in the
numbered experiments, that a little square of rather
thick letter-paper gummed to the apex induced,
though slowly, considerable deflection. Judging from
several cases in which various objects had been affixed
with gum, and had soon become separated from the
apex by a layer of fluid, as well as from some trials
in which drops of thick gum-water alone had been
applied, this fluid never causes bending. We have
also seen in the numbered experiments that narrow
splinters of quill and of very thin glass, affixed with
shellac, caused only a slight degree of deflection, and
this may perhaps have been due to the shellac
itself. Little squares of goldbeaters' skin, which is
excessively thin, were damped, and thus made to
adhere to one side of the tips of two radicles ; one of
these, after 24 L, produced no effect; nor did the
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other in 8 L, within which time squares of card usually
act; but after 24 h. there was slight deflection.
An oval bead, or rather cake, of dried shellac,
1 * 01 mm. in length and 0 · 63 in breadth, caused a
radicle to become deflected at nearly right angles in
the course of only 6 h.; but after 23 h. it had nearly
straightened itself. A very small quantity of dissolved
shellac was spread over a bit of card, and the tips of
9 radicles were touched laterally with it; only two of
them became slightly deflected to the side opposite
to that bearing the speck of dried shellac, and they
afterwards straightened themselves. These specks
were removed, and both together weighed less than
^ t h of a grain; so that a weight of rather less
than ^J-Q-th of a grain (0 · 32 mgs.) sufficed to excite
movement in two out of the nine radicles. Here
then we have apparently reached nearly the minimum
weight which will act.
A moderately thick bristle (which on measurement
was found rather flattened, being 0*33 mm. in one
diameter, and 0"20 mm. in the other) was cut into
lengths of about ^ t h of an inch. These after being
touched with thick gum-water, were placed on the tips
of eleven radicles. Three of them were affected; one
being deflected in 8 h. 15 m. to an angle of about 90°
from the perpendicular; a second to the same amount
when looked. at after 9 h.; but after 24 h. from the
time of first attachment the deflection had decreased
to only 19°; the third was only slightly deflected
after 9 h., and the bit of bristle was then found not
touching the apex; it was replaced, and after 15
additional hours the deflection amounted to 26° from
the perpendicular. The remaining eight radicles
were not at all acted on by the bits of bristle, so that
we here appear to have nearly reached the minimum
L 2
T
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of size of an object which will act on the radicle of
the bean. But it is remarkable that when the bits of
bristle did act, that they should have acted so quickly
and efficiently.
As the apex of a radicle in penetrating the ground
must be pressed on all sides, we wished to learn
whether it could distinguish between harder or more
resisting, and softer substances. A square of the sanded
paper, almost as stiff as card, and a square of extremely
thin paper (too thin for writing on), of exactly the
same size (about ^ t h of an inch), were fixed with
shellac on.opposite sides of the apices of 12 suspended
radicles. The sanded card was between 0*15 and
0-20 mm. (or between 0-0059 and 0-0079 of an inch),
and the thin paper only 0· 045 mm. (or 0*00176 of an
inch) in thickness. In 8 out of the 12 cases there
could be no doubt that the radicle was deflected from
the side to which the card-like paper was attached, and
towards the opposite side, bearing the very thin paper.
This occurred in some instances in 9 h., but in others
not until 24 h. had elapsed. Moreover, some of the
four failures can hardly be considered as really failures :
thus, in one of them, in which the radicle remained
quite straight, the square of thin paper was found,
when both were removed from the apex, to have been
so thickly coated with shellac that it was almost as
stiff as the card: in the second case, the radicle was
bent upwards into a semicircle, but the deflection
was not directly from the side bearing the card, and
this was explained by the two squares having become
cemented laterally together, forming a'sort of stiff
gable, from which the radicle was deflected: in the
third case, the square of card had been fixed by
mistake in front, and though there was deflection
from it, this might have been due to Sachs' curvature :
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in the fourth case alone no reason could be assigned
why the radicle had not been at all deflected. These
experiments suffice to prove that the apex of the
radicle possesses the extraordinary power of discriminating between thin card and very thin paper, and
is deflected from the side pressed by the more resisting or harder substance.
Some trials were next made by irritating the tips
without any object being left in contact with them.
Nine radicles, suspended over water, had their tips
rubbed, each six times with a needle, with sufficient
force to shake the whole bean; the temperature was
favourable, viz. about 63° F. In 7 out of these cases
no effect whatever was produced; in the eighth case
the radicle became slightly deflected from, and in the
ninth case slightly deflected towards, the rubbed side;
but these two latter opposed curvatures were probably
accidental, as radicles do not always grow perfectly
straight downwards. The tips of two other radicles
were rubbed in the same manner for 15 seconds with
a little round twig, two others for 30 seconds, and two
others for 1 minute, but without any effect being produced. We may therefore conclude from these 15
trials that the radicles are not sensitive to temporary
contact, but are acted on only by prolonged, though
very slight, pressure.
We then tried the effects of cutting off a very thin
slice parallel to one of the sloping sides of the apex,
as we thought that the wound would Cause prolonged
irritation, which might induce bending towards the
opposite side, as in the case of an attached object.
Two preliminary trials were made: firstly, slices were
cut from the radicles of 6 beans suspended in damp
air, with a pair of scissors, which, though sharp,
probably caused considerable crushing, and no curva-
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ture followed. Secondly, thin slices were cut with a
razor obliquely off the tips of three radicles similarly
suspended; and after 44 h. two were found plainly
bent from the sliced surface; and the third, the whole
apex of which had been cut off obliquely by accident,
was curled upwards over the bean, but it was not
clearly ascertained whether the curvature had been at
first directed from the cut surface. These results led
us to pursue the experiment, and 18 radicles, which
had grown vertically downwards in damp air, had one
side of their conical tips sliced off with a razor. The
tips were allowed just to enter the water in the jars,
and they were exposed to a temperature 14°-16° 0 .
(57°-61° F.). The observations were made at different times. Three were examined 12 h. after being
sliced, and were all slightly curved from the cut
surface; and the curvature increased considerably after
an additional 12 h. Eight were examined after 19 h.;
four after 22 h. 30 m.; and three after 25 h. The
final result was that out of the 18 radicles thus tried,
13 were plainly bent from the cut surface after the
above intervals of time; and one other became so
after an additional interval of 13 h. 30 m. So that
only 4 out of the 18 radicles were not acted on. To
these 18 cases the 3 previously mentioned ones should
be added. It may, therefore, be concluded that a thin
slice removed by a razor from one side of the conical
apex of the radicle causes irritation, like that from an
attached object, and induces curvature from the injured
surface.
Lastly, dry caustic (nitrate of silver) was employed
to irritate one side of the apex. If one side of the
apex or of the whole terminal growing part of a
radicle, is by any means killed or badly injured, the
other side continues to grow; and this causes the part
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to bend over towards the injured side.* But in the
following experiments we endeavoured, generally with
success, to irritate the tips on one side, without badly
injuring them. . This was effected by first drying the
tip as far as possible with blotting-paper, though it still
remained somewhat damp, and then touching it once
with quite dry caustic. Seventeen radicles were thus
treated, and were suspended in moist air over water at
a temperature of 58 E. They were examined after
an interval of 21 h. or 24 h. The tips of two were
found blackened equally all round, so that they could
tell nothing and were rejected, 15 being left. Of
these, 10 were curved from the side which had been
touched, where there was a minute brown or blackish
mark. Five of these radicles, three of which were
already slightly deflected, were allowed to enter the
water in the jar, and were re-examined after an additional interval of 27 h. (i.e. in 48 h. after the application of the caustic), and now four of them had
become hooked, being bent from the discoloured side
with their points directed to the zenith; the fifth
remained unaffected and straight. Thus 11 radicles
out of the 15 were acted on. But the curvature of
the four just described was so plain, that they alone
would have sufficed to show that the radicles of the
bean bend away from that side of the apex which has
been slightly irritated by caustic.
a

The power of an Irritant on the apex of the Radicle
. * Ciesielski found this to be the
case ('TJntersuohungen iiber die
Abwartskrummung der Wurzel,'
1871, p. 28) after burning with
heated platinum one side of a
radicle. So did we when we
painted longitudinally half of the
whole length of 7 radicles, sus-

pended over water, with a thick
layer of grease, which is very
injurious or even fatal to growing parts; for after 48 hours
five of these radicles were curved
towards the greased side, two
remaining straight,
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of the Bean, compared with that of Oeotropism.—We
know that when a little square of card or other
object is fixed to one side of the tip of a vertically
dependent radicle, the growing part bends from it
often into a semicircle, in opposition to geotropism,
which force is conquered by the effect of the irritation from the attached object. Eadicles were therefore extended horizontally in damp air, kept at
the proper low temperature for full sensitiveness,
and squares of card were affixed with shellac on the
lower sides of their tips, so that if the squares
acted, the terminal growing part would curve upwards.
Firstly, eight beans were so placed that their short,
young, horizontally extended radicles would be simultaneously acted on both by geotropism and by Sachs'
curvature, if the latter came into play; and they all
eight became bowed downwards to the centre of the
earth in 20 h., excepting one which was only slightly
acted on. Two of them were a little bowed downwards
in only 5 h.! Therefore the cards, affixed to the lower
sides of their tips, seemed to produce no effect; and
geotropism easily conquered the effects of the irritation
thus caused. Secondly, 5 oldish radicles, 1£ inch in
length, and therefore less sensitive than the abovementioned young ones, were similarly placed and
similarly treated. From what has been seen on many
other occasions, it may be safely inferred that if they
had been suspended vertically they would have bent
away from the cards; and if they had been extended
horizontally, without cards attached to them, they
would have quickly bent vertically downwards through
geotropism; but the result was that two of these
radicles were still horizontal after 23 h.; two were
curved only slightly, and the fifth as much as 40°
beneath the horizon. Thirdly, 5 beans were fastened
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with their fiat surfaces parallel to the cork-lid, so that
Sachs' curvature would not tend to make the horizontally extended radicles turn either upwards or
downwards, and little squares of card were affixed as
before, to the lower sides of their tips. The result
was that all five radicles were bent down, or towards
the centre of the earth, after only 8 h. 20 m. At
the same time and within the same jars, 3 radicles of
the same age, with squares affixed to one side, were
suspended vertically; and after 8 h. 20 m. they were
considerably deflected from the cards, and therefore
curved upwards in opposition to geotropism. In these
latter cases the irritation from the squares had overpowered geotropism; whilst in, the former cases, in
which the radicles were extended horizontally, geotropism had overpowered the irritation. Thus within
the same jars, some of the radicles were curving
upwards and others downwards at the same time—r
these opposite movements depending on whether the
radicles, when the squares were first attached to them,
projected vertically down, or were extended horizontally. This difference in their behaviour seems at first
inexplicable, but can, we believe, be simply explained
by the difference between the initial power of the two
forces under the above circumstances, combined with
the well-known principle of the after-effects of a stimulus. When a young and sensitive radicle is extended
horizontally, with a square attached to the lower side,
of the tip, geotropism acts on it at right angles, and,
as we have seen, is then evidently more efficient than
the irritation from the square ; and the power of geotropism will be strengthened at each successive period
by its previous action—that is, by its after-effects.
On the other hand, when a square is affixed to a
vertically dependent radicle, and the apex begins to
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curve upwards, this movement will be opposed by geotropism acting only at a very oblique angle, and the
irritation from the card will be strengthened by its
previous action. We may therefore conclude that the
initial power of an irritant on the apex of the radicle
of the bean, is less than that of geotropism when
acting at right angles, but greater than that of geotropism when acting obliquely on it.
Sensitiveness of the tips of the Secondary"Radiclesof the
Bean to contact.—All the previous observations relate
to the main or primary radicle. Some beans suspended
to cork-lids, with their radicles dipping into water, had
developed secondary or lateral radicles, which were
afterwards kept in very damp air, at the proper low
temperature for full sensitiveness. They projected,
as. usual, almost horizontally, with only a slight
downward curvature, and retained this position
during several days. Sachs has shown* that these
secondary roots are acted on in a peculiar manner by
geotropism, so that if displaced they reassurne their
former sub-horizontal position, and do not bend vertically downwards like the primary radicle. Minute
squares of the stiff sanded paper were affixed by
means of shellac (but in some instances with thick
gum-water) to the tips of 39 secondary radicles of
different ages, generally the uppermost ones. Most
of the squares were fixed to the lower sides of the apex,
so that if they acted the radicle would bend upwards.;
but some were fixed laterally, and a few on the upper
side. Owing to the extreme tenuity of these radicles,
it was very difficult to attach the square to the
actual apex. Whether owing to this or some other
circumstance, only nine of the squares induced any
*..< Arbeiten Bot. Inst., Würzburg,' Heft iv. 1874, p. 605-617.
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curvature. The curvature amounted in some cases to
about 45° above the horizon, in others to 90°, and then
the tip pointed to the zenith. In one instance a
distinct upward curvature was observed in 8 h. 15 m,,
but usually not until 24 h. had elapsed. Although
only 9 out of 39 radicles were affected, yet the curvature was so distinct in several of them, that there could
be no doubt that the tip is sensitive to slight contact,
and that the growing part bends away from the touching object. It is possible that some secondary radicles
are more sensitive than others ; for Sachs has proved *
the interesting fact that each individual secondary
radicle possesses its own peculiar constitution.
Sensitiveness to contact of the Primary Radicle, a little
above the apex, in the Bean (Viciafaba) and Pea (Pisum
sativum).—The sensitiveness of the apex of the radicle
in the previously described cases, and the consequent
curvature of the upper part from the touching object
or other source of irritation, is the more remarkable,
because Sachs f has shown that pressure at the distance
of a few millimeters above the apex causes the radicle
to bend, like a tendril, towards the touching object.
By fixing pins so that they pressed against the radicles
of beans suspended vertically in damp air, we saw this
kind of curvature; but rubbing the part with a twig
or needle for a few minutes produced no effect. Haberlandt remarks,^ that these radicles in breaking through
the seed-coats often rub and press against the ruptured
edges, and consequently bend round them. As little
squares of the card-like paper affixed with shellac to
the tips were highly efficient in causing the radicles
to bend away from them, similar pieces (of about -^th
* ' Arbeiten Bot. Instit., Wiirzburg,' Heft. iv. 1874, p. 620.
t Ibid. Heft iii. 1873, p. 437.

% 'DieSchutzeinrichtungey
derS
Keimpflanze,' 1877, p. 25. '
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inch square, or rather less) were attached in the same
manner to one side of the radicle at a distance of 3 or
4 mm. above the apex. In our first trial on 15 radicles
no effect was produced. In a second trial on the same
number, three became abruptly curved (but only one
strongly) towards the card within 24 h. From these
cases we may infer that the pressure from a bit of card
affixed with shellac to one side above the apex, is hardly
a sufficient irritant; but that it occasionally causes the
radicle to bend like a tendril towards this side.
We next tried the effect of rubbing several radicles
at a distance of 4 mm. from the apex for a few seconds
with lunar caustic (nitrate of silver); and although the
radicles had been wiped dry and the stick of caustic
was dry, yet the part rubbed was much injured and a
slight permanent depression was left. In such cases
the opposite side continues to grow, and the radicle
necessarily becomes bent towards the injured side.
But when a point 4 mm. from the apex was momentarily touched with dry caustic, it was only faintly
discoloured, and no permanent injury was caused. This
was shown by several radicles thus treated straightening themselves after one or two days; yet at first they
became curved towards the touched side, as if they had
been there subjected to slight continued pressure.
These cases deserve notice, because when one side of
the apex was just touched with caustic, the radicle, as
we have seen, curved itself in an opposite direction, that
is, away from the touched side.
The radicle of the common pea at a point a little
above the apex is rather more sensitive to continued
pressure than that of the bean, and bends towards the
pressed side.* We experimented on a variety (York* Sachs,' Arbeiten Bot. Institut., "Wurzburg,' Heft iii. p. 438.
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shire Hero) which has a much wrinkled tough skin,
too large for the included cotyledons; so that out of
30 peas which had been soaked for 24 h. and allowed
to germinate on damp sand, the radicles of three were
unable to escape, and were crumpled up in a strange
manner within the skin; four other radicles were
abruptly bent round the edges of the ruptured skin
against which they had pressed. Such abnormalities
would probably never, or very rarely, occur with forms
developed in a state of nature and subjected to natural
selection. One of the four radicles just mentioned in
doubling backwards came into contact with the pin
by which the pea was fixed to the cork-lid; and now it
bent at right angles round the pin, in a direction quite
different from that of the first curvature due to contact
with the ruptured skin; and it thus afforded a good
illustration of the tendril-like sensitiveness of the
radicle a little above the apex.
Little squares of the card-like paper were next
affixed to radicles of the pea at 4 mm. above the apex,
in the same manner as with the bean. Twenty-eight
radicles suspended vertically, over water were thus
treated on different occasions, and 13 of them became
curved towards the cards. The greatest degree of
curvature amounted to 62° from the perpendicular;
but so large an angle was only once formed. On one
occasion a slight curvature was perceptible after 5 h.
45 m., and it was generally well-marked after 14 h.
There can therefore be no doubt that with the pea,
irritation from a bit of card attached to one side of the
radicle above the apex suffices to induce curvature.
Squares of card were attached to one side of the tips
of 11 radicles within the same jars in which the above
trials were made, and five of them became plainly,
and one slightly, curved away from this side. Other

IRIS - LILLIAD - Université Lille 1

analogous cases will be immediately described. The
fact is here mentioned because it was a striking spectacle, showing the differende in the sensitiveness of
the radicle in different parts, to behold in the same
jar one set of radicles curved away from the squares on
their tips, and another set curved towards the squares
attached a little higher up. Moreover, the kind of
curvature in the two cases is different. The squares
attached above the apex cause the radicle to bend
abruptly, the part above and beneath remaining nearly
straight; so that here there is little or no transmitted
effect. On the other hand, the squares attached to
the apex affect the radicle for a length of from about
4 to even 8 mm., inducing in most cases a symmetrical curvature; so that here some influence is
transmitted from the apex for this distance along the
radicle.
Pisum sativum (var. Yorkshire Hero): Sensitiveness of
the apex of the Badicle.—Little squares of the same cardlike paper were affixed (April 24th) with shellac to
one side of the apex of 10 vertically suspended radicles:
the temperature of the water in the bottom of the jars
was 60°-61° F. Most of these radicles were acted on
in 8 h. 30 m.; and eight of them became in the course
of 24 h. conspicuously, and the remaining two slightly,
deflected from the perpendicular and from the side
bearing the attached squares. Thus all were acted on;
but it will suffice to describe two conspicuous cases.
In one the terminal portion of the radicle was bent at
right angles (A, Fig. 66) after 24 h.; and in the other
(B) it had by this time become hooked, with the apex
pointing to the zenith. The two bits of card here used
were "07 inch in length and "04 inch in breadth. Two
other radicles, which after 8 h. 30 m. were moderately
deflected, became straight again after 24 h. Another
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trial was made in the same manner with 15 radicles;
but from circumstances, not worth explaining, they
were only once and briefly examined after the short
Fig 63.

A.

B.

Pisum sativum: deflection produced within 24 hours in the growth of
vertically dependent radicles, by little squares of card affixed with
shellac to one side of apex: A, bent at right angles ; 13, hooked.
1

interval of 5 h. 30 m.; and we merely record in our
notes " almost all bent slightly from the perpendicular,
and away from the squares; the deflection amounting
in one or two instances to nearly a rectangle." These
two sets of cases, especially the first one, prove that
the apex of the radicle is sensitive to slight contact
and that the upper part bends from the touching
object. Nevertheless, on June 1st and 4th, 8 other
radicles were tried in the same manner at a temperature of 58°-60° F., and after 24 h. only 1 was decidedly
bent from the card, 4 slightly, 2 doubtfully, and 1 not
in the least. The amount of curvature was unaccountably small; but all the radicles which were at all bent,
were bent away from the cards.
We now tried the effects of widely different temperatures on the sensitiveness of these radicles with squares
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of card attached to their tips. Firstly, 13 peas, most
of them having very short and young radicles, were
placed in an ice-box, in which the temperature rose
during three days from 44° to 47° F. They grew slowly,
but 10 out of the 13 became in the course of the three
days very slightly curved from the squares; the other
3 were not affected; so that this temperature was too
low for any high degree of sensitiveness or for much
movement. Jars with 13 other radicles were next
placed on a chimney-piece, where they were subjected
to a temperature of between 68° and 72° F., and
after 24 h., 4 were conspicuously curved from the
cards, 2 slightly, and 7 not at all; so that this temperature was rather too high. Lastly, 12 radicles
were subjected to a temperature varying between
72° and 85° F., and none of them were in the least
affected by the squares. The above several trials,
especially the first recorded one, indicate that the
most favourable temperature for the sensitiveness of
the radicle of the pea is about 60° F.
The tips of 6 vertically dependent radicles were
touched once with dry caustic, in the manner described
under Vicia faba. After 24 h. four of them were bent
from the side bearing a minute black mark; and the
curvature increased in one case after 38 h., and in
another case after 48 h., until the terminal part pro->
jected almost horizontally. The two remaining radicles were not affected.
With radicles of the bean, when extended horizontally
in damp air, geotropism always conquered the effects
of the irritation caused by squares of card attached to
the lower sides of their tips. A similar experiment
was tried on 13 radicles of the pea; the squares being
attached with shellac, and the temperature between
58°-60° F. The result was somewhat different; for
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these radicles are either less strongly acted on by
geotropism, or, what is more probable, are more sensitive to contact. After a time geotropism always
prevailed, but its action was often delayed; and in
three instances there was a most curious struggle
between geotropism and the irritation caused by the
cards. Tour of the 13 radicles were a little curved
downwards within 6 or 8 h., always reckoning from
the time when the squares were first attached, and
after 23 h. three of them pointed vertically downwards, and the fourth at an angle of 45° beneath the
horizon. These four radicles therefore did not seem
Fig. 67.

A.

E.

Pkum sativum: a radicle extended horizontally in damp air with a little
square of card affixed to the lower side of its tip, causing it to bend
upwards in opposition to geotropism. The deflection of the radicle
after 21 hours is shown at A, and of the same radicle after 45 hours at
B, now forming a loop.

to have been at all affected by the attached squares.
Four others were not acted on by geotropism within
the first 6 or 8 h., but after 23 h. were much bowed
down. Two others remained almost horizontal for
23 h., but afterwards were acted on. So that in these
latter six cases the action of geotropism was much
delayed. The eleventh radicle was slightly curved
down after 8 h., but when looked at again after 23 h.
the terminal portion was curved upwards; if it had
M
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been longer observed, the tip no doubt would have
been found again curved down, and it would have
formed a loop as in the following case. The twelfth
radicle after 6 h. was slightly curved downwards; but
when looked at again after 21 h., this curvature had
disappeared and the apex pointed upwards; after 30 h.
the radicle formed a hook, as shown at A (Fig. 67);
which hook after 45 h. was converted into a loop (B).
The thirteenth radicle after 6 h. was slightly curved
downwards, but within 21 h. had curved considerably
up, and then down again at an angle of 45° beneath
the horizon, afterwards becoming perpendicular. In
these three last cases geotropism and the irritation
caused by the attached squares alternately prevailed
in a highly remarkable manner; geotropism being
ultimately victorious.
Similar experiments were not always quite so successful as in the above cases. Thus 6 radicles, horizontally extended with attached squares, were tried on
June 8th at a proper temperature, and after 7 h. 30 m.
none were in the least curved upwards and none were
distinctly geotropic; whereas of 6 radicles without any
attached squares, which served as standards of comparison or controls, 3 became slightly and 3 almost
rectangularly geotropic within the 7 h. 30 m.; but
after 23 h. the two lots were equally geotropic. On
July 10th another trial was made with 6 horizontally
extended radicles, with squares attached in the same
manner beneath their tips; and after 7 h. 30 m., 4 were
slightly geotropic, 1 remained horizontal, and 1 was
curved upwards in opposition to gravity or geotropism.
This latter radicle after 48 h. formed a loop, like that
at B (Fig. 67).
An analogous trial was now made, but instead of
attaching squares of card to the lower sides of the
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tips, these were touched with dry caustic. The details
of the experiment will he given in the chapter on
Geotropism, and it will suffice here to say that 10
peas, with radicles extended horizontally and not cauterised, were laid on and under damp friable peat;
these, which served as standards or controls, as well as
10 others which had been touched on the upper side
with the caustic, all became strongly geotropic in 24 h.
Nine radicles, similarly placed, had their tips touched
on the lower side with the caustic; and after 24 h.,
3 were slightly geotropic, 2 remained horizontal, and
4 were bowed upwards in opposition to gravity and to
geotropism. This upward curvature was distinctly
visible in 8 h. 45 m. after the lower sides of the tips
had been cauterised.
Little squares of card were affixed with shellac on
two occasions to the tips of 22 young and short
secondary radicles, which had been emitted from the
primary radicle whilst growing in water, but were now
suspended in damp air. Besides the difficulty of
attaching the squares to such finely pointed objects
as were these radicles, the temperature was too high,
—varying on the first occasion from 72° to 77° F., anil
on the second being almost steadily 78° F.; and this
probably lessened the sensitiveness of the tips. The
result was that after an interval of 8 h. 30 m., 6 of the
22 radicles were bowed upwards (one of them greatly)
in opposition to gravity, and 2 laterally; the remaining 14 were not affected. Considering the unfavourable circumstances, and bearing in mind the case of
the bean, the evidence appears sufficient to show that
the tips of the secondary radicles of the pea are
sensitive to slight contact.
Phaseolus multiform: Sensitiveness of the apex of the
Radicle.—Fifty-nine radicles were tried with squares
M 2
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of various sizes of the same card-like paper, also with
bits of thin glass and rough cinders, affixed with shellac
to one side of the apex. Bather large drops of the
dissolved shellac were also placed on them and allowed
to set into hard beads. The specimens were subjected
to various temperatures between 60° and 72° F., more
commonly at about the latter. But out of this considerable number of trials only 5 radicles were plainly
bent, and 8 others slightly or even doubtfully, from
the attached objects; the remaining 46 not being at
all affected. It is therefore clear that the tips of the
radicles of this Phaseolus are much less sensitive to
contact than are those of the bean or pea. W e
thought that they might be sensitive to harder
pressure, but after several trials we could not devise
any method for pressing harder on one side of the
apex than on the other, without at the same time
offering mechanical resistance to its growth. W e
therefore tried other irritants.
The tips of 13 radicles, dried with blotting-paper,
were thrice touched or just rubbed on one side
with dry nitrate of silver. They were rubbed thrice,
because we supposed from the foregoing trials, that
the tips were not highly sensitive. After 24 h. the
tips were found greatly blackened; 6 were blackened
equally all round, so that no curvature to any one
side could be expected; 6 were much blackened on
one side for a length of about-j^th of an inch, and
this length became curved at right angles towards the
blackened surface, the curvature afterwards increasing
in several instances until little hooks were formed.
It was manifest that the blackened side was so much
injured that it could not grow, whilst the opposite
side continued to grow. One alone out of these 13
radicles became curved from the blackened side, the
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curvature extending for some little distance above
the apex.
After the experience thus gained, the tips of six
almost dry radicles were once touched with the dry
caustic on one side; and after an interval of 10 m.
were allowed to enter water, which was kept at a'
temperature of 65°-67° F. The result was that after
an interval of 8 h. a minute blackish speck .could
just be distinguished on one side of the apex of five
of these radicles, all of which became curved towards
the opposite side—in two cases at about an angle
of 45°—in two other cases at nearly a rectangle—and
in the fifth case at above a rectangle, so that the apex
was a little hooked; in this latter case the black mark
was rather larger than in the others. After 24 h.
from the application of the caustic, the curvature of
three of these radicles (including the hooked one) had
diminished; in the fourth it remained the same, and
in the fifth it had increased, the tip being now hooked.
It has been said that after 8 h. black specks could
be seen on one side of the apex of five of the six
radicles ; on the sixth the speck, which was extremely
minute, was on the actual apex and therefore central;
and this radicle alone did not become curved. It was'
therefore again touched on one side with caustic, and
after 15 h. 30 m. was found curved from the perpendicular and from the blackened side at an angle of 34°,
which increased in nine additional hours to 54°.
It is therefore certain that the apex of the radicle
of this Phaseolus is extremely sensitive to caustic,
more so than that of the bean, though the latter is
far more sensitive to pressure. In the experiments
just given, the curvature from the slightly cauterised
side of the tip, extended along the radicle for a
length of nearly 10 mm.; whereas in the first set
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of experiments, when the tips of several were greatly
blackened and injured on one side, so that their growth
was arrested, a length of less than 3 mm. became
curved towards the much blackened side, owing to the
continued growth of the opposite side. This difference in the results is interesting, for it shows that too
strong an irritant does not induce any transmitted
effect, and does not cause the adjoining, upper and
growing part of the radicle to bend. We have analogous cases with Drosera, for a strong solution of carbonate of ammonia when absorbed by the glands, or
too great heat suddenly applied to them, or crushing
them, does not cause the basal part of the tentacles
to bend, whilst a weak solution of the carbonate, or a
moderate heat, or slight pressure always induces such
bending. Similar results were observed with Dionsea
and Pinguicula.
The effect of cutting off with a razor a thin slice
from one side of the conical apex of 14 young and
short radicles was next tried. Six of them after being
operated on were suspended in damp air; the tips of
the other eight, similarly suspended, were allowed to
enter water at a temperature of about 65° F. It was
recorded in each case which side of the apex had
been sliced off, and when they were afterwards
examined the direction of the curvature was noted,
before the record was consulted. Of the six radicles
in damp air, three had their tips curved after an
interval of 10 h. 15 m. directly away from the sliced
surface, whilst the other three were not affected and
remained straight; nevertheless, one of them after
13 additional hours became slightly curved from the
sliced surface. Of the. eight radicles with their tips
immersed in water, seven were plainly curved away
from the sliced surfaces after 10 h. 15 m.; and with
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respect to the eighth which remained quite straight,
too thick a slice had been accidentally removed, so
that it hardly formed a real exception to the general
result. When the seven radicles were looked at
again, after an interval of 23 h. from the time of
slicing, two had become distorted; four were deflected
at an angle of about 70° from the perpendicular and
from the cut surface; and one was deflected at nearly
90°, so that it projected almost horizontally, but with
the extreme tip now beginning to bend downwards
through the action of geotropism. It is therefore
manifest that a thin slice cut -off one side of the conical
apex, causes the upper growing part of the radicle of
this Phaseolus to bend, through the transmitted effects
of the irritation, away from the sliced surface.
Tropseolum majus: Sensitiveness of the apex of the
Radicle to contact.—Little squares of card were attached
with shellac to one side of the tips of 19 radicles, some
of which were subjected to 78° F., and others to a
much lower temperature. Only 3 became plainly
curved from the squares, 5 slightly, 4 doubtfully,
and 7 not at all. These seeds were, as we believed,
old, so we procured a fresh lot, and now the results
were widely different. Twenty-three were tried in
the same manner; five of the squares produced no
effect, but three of these cases were no real exceptions,
for in two of them the squares had slipped and were
parallel to the apex, and in the third the shellac was
in excess and had spread equally all round the apex.
One radicle was deflected only slightly from the
perpendicular and from the card; whilst seventeen
were plainly deflected. The angles in several of these
latter cases varied between 40° and 65° from the
perpendicular; and in two of them it amounted after
15 h. or 16 h. to about 90°. In one instance a loop
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was nearly completed in 16 h. There can, therefore,
be no doubt that the apex is highly sensitive to slight
contact, and that the upper part of the radicle bends
away from the touching object.
Gossypium herbaceum: Sensitiveness of the apex of the
Badicle.—Radicles were experimented on in the same
manner as before, but they proved ill-fitted for our
purpose, as they soon became unhealthy when suspended in damp air. Of 38 radicles thus suspended,
at temperatures varying from 66° to 69° F., with
squares of card attached to their tips, 9 were plainly
and 7 slightly or even doubtfully deflected from the
squares and from the perpendicular; 22 not being
affected. We thought that perhaps the above temperature was not high enough, so 19 radicles with attached
squares, likewise suspended in damp air, were subjected
to a temperature of from 74° to 79° F., but not one of
them was acted on, and they soon became unhealthy.
Lastly, 19 radicles were suspended in water at a temperature from 70° to 75° F., with bits of glass or
squares of the card attached to their tips by means of
Canada-balsam or asphalte, which adhered rather better
than shellac beneath the water. The radicles did not
keep healthy for long. The result was that 6 were
plainly and 2 doubtfully deflected from the attached
objects and the perpendicular; 11 not being affected.
The evidence consequently is hardly conclusive,
though from the two sets of cases tried under a
moderate temperature, it is probable that the radicles
are sensitive to contact; and would be more so under
favourable conditions.
Fifteen radicles which had germinated in friable peat
were suspended vertically over water. Seven of them
served as controls, and they remained quite straight
during 24 h. The tips of the other eight radicles
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were just touched with dry caustic on one side. After
only 5 h. 10 m. five of them were slightly curved
from the perpendicular and from the side hearing -the
little blackish marks. After 8 h. 40 m., 4 out of
these 5 were deflected at angles between 15° and 65°
from the perpendicular. On the other hand, one
which had been slightly curved after 5 h. 10 m., now
became straight. After 24 h. the curvature in two
cases had considerably increased; also in four other
cases, but these latter radicles had now become so
contorted, some being turned upwards, that it could no
longer be ascertained whether they were still curved
from the cauterised side. The control specimens exhibited no such irregular growth, and the two sets
presented a striking contrast. Out of the 8 radicles
which had been touched with caustic, two alone were
not affected, and the marks left on their tips by the
caustic were extremely minute. These marks in all
cases were oval or elongated; they were measured in
three instances, and found to be of nearly the same
size, viz. § of a mm. in length. Bearing this fact in
mind, it should be observed that the length of the
curved part of the radicle, which had become deflected
from the cauterised side in the course of 8 h. 40 m.,
was found to be in three cases 6, 7, and 9 mm.
Oucurbita ovifera: Sensitiveness of the apex of the Radicle.—The tips proved ill-fitted for the attachment of
cards, as they are extremely fine and flexible. Moreover, owing to the hypocotyls being soon developed
and becoming arched, the whole radicle is quickly
displaced and confusion is thus caused. A large
number of trials were made, but without any definite
result, excepting on two occasions, when out of 23
radicles 10 were deflected from the attached squares

IRIS - LILLIAD - Université Lille 1

of card, and 13 were not acted on. Rather large
squares, though difficult to affix, seemed more efficient
than very small ones.
We were much more successful with caustic ; but in
our first trial, 15 radicles were too much cauterised,
and only two became curved from the blackened side;
the others being either killed on one side, or blackened
equally all round. In our next trial the dried tips
of 11 radicles were touched momentarily with dry
caustic, and after a few minutes were immersed in
water. The elongated marks thus caused were never
black, only brown, and about \ mm. in length, or
even less. In 4 h. 30 m. after the cauterisation, 6 of
them were plainly curved from the side with the
brown mark, 4 slightly, and 1 not at all. The latter
proved unhealthy, and never grew; and the marks on
2 of the 4 slightly curved radicles were excessively
minute, one being distinguishable only with the aid
of a lens. Of 10 control specimens tried in the same
jars at the same time, not one was in the least curved.
In 8 h. 40 m. after the cauterisation, 5 of the radicles
out of the 10 (the one unhealthy one being omitted)
were deflected at about 90°, and 3 at about 45° from
the perpendicular and from the side bearing the
brown mark. After 24 h. all 10 radicles had increased immensely in length ; in 5 of them the curvature was nearly the same, in 2 it had increased, and
in 3 it had decreased. The contrast presented by the
10 controls, after both the 8 h. 40 m. and the 24 h.
intervals, was very great; for they had continued to
grow vertically downwards, excepting two which, from
some unknown cause, had become somewhat tortuous.
In the chapter on Geotropism we shall see that
10 radicles of this plant were extended horizontally on
and beneath damp friable peat, under which conditions
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they grow better and more naturally than in damp
air; and their tips were slightly cauterised on the
lower side, brown marks about ^ mm. in length
being thus caused. Uncauterised specimens similarly
placed became much bent downwards through geotropism in the course of 5 or 6 hours. After 8 h.
only 3 of the cauterised ones were bowed downwards,
and this in a slight degree; 4 remained horizontal;
and 3 were curved upwards in opposition to geotropism and from the side bearing the brown mark.
Ten other specimens had their tips cauterised at the
same time and in the same degree, on the upper
side; and this, if it produced any effect, would tend
to increase the power of geotropism; and all these
radicles were strongly bowed downwards after 8 h.
Prom the several foregoing facts, there can be no
doubt that the cauterisation of the tip of the radicle
of this Cucurbita on one side, if done lightly enough,
causes the whole growing part to bend to the opposite
side.
Raphanus sativus: Sensitiveness of the apex of the
Radicle.—We here encountered many difficulties in
our trials, both with squares of card and with caustic ;
for when seeds were pinned to a cork-lid, many of the
radicles, to which nothing had been done, grew irregularly, often curving upwards, as if attracted by the
damp surface above; and when they were immersed
in water they likewise often grew irregularly. We
did not therefore dare to trust our experiments with
attached squares of card; nevertheless some of them
seemed to indicate that the tips were sensitive to
contact. Our trials with caustic generally failed from
the difficulty of not injuring too greatly the extremely
fine tips. Out of 7 radicles thus tried, one became
bowed after 22 h. at an angle of 60°, a second at 40°,
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and a third very slightly from the perpendicular and
from the cauterised side.
JEsculus hippocastanum: Sensitiveness of the apex of
the Radicle.—Bits of glass and squares of card were
affixed with shellac or gum-water to the tips of 12
radicles of the horse-chestnut; and when these objects
fell off, they were refixed ; but not in a single instance
was any curvature thus caused.
These massive
radicles, one of which was above 2 inches in length
and *3 inch in diameter at its base, seemed insensible
to so slight a stimulus as any small attached object.
Nevertheless, when the apex encountered an obstacle
in its downward course, the growing part became so
uniformly and symmetrically curved, that its appearance indicated not mere mechanical bending, but
increased growth along the whole convex side, due to
the irritation of the apex.
That this is the correct view may be inferred from
the effects of the more powerful stimulus of caustic.
The bending from the cauterised side occurred much
slower than in the previously described species, and it
will perhaps be worth while to give our trials in
detail.

(

The seeds germinated in sawdust, and one side of the tips of
the radicles were slightly rubbed once with dry nitrate of silver;
and after a few minutes were allowed to dip into water. They
were subjected to a rather varying temperature, generally
between 52° and 58° F. A few cases have not been thought
worth recording, in which the whole tip was blackened, or in
which the seedling soon became unhealthy.
(1.) The radicle was slightly deflected from the cauterised
side in one day (i.e. 24 h.); in three days it stood at 60° from
the perpendicular; in four days at 90° ; on the fifth day it was
curved up about 40° above the horizon; so that it had passed
through an angle of 130° in the five days, and this was the
greatest amount of curvature observed.
(2.) In two days radicle slightly deflected; after seven days
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deflected 69° from the perpendicular and from the cauterised
side; after eight days the angle amounted to nearly 90°.
(3.) After one day slight deflection, but the cauterised mark
•was so faint that the same side was again touched with caustic.
I n four days from the first touch deflection amounted to 78°,
which in an additional day increased to 90°.
(4.) After two days slight deflection, which during the next
three days certainly increased but never became great; the
radicle did not grow well and died on the eighth day.
(5.) After two days very slight deflection; but this on the
fourth day amounted to 56° from the perpendicular and from
the cauterised side.
(6.) After three days doubtfully, but after four days certainly
deflected from the cauterised side. On the fifth day deflection
amounted to 45° from the perpendicular, and this on the seventh
day increased to about 90°.
(7.) After two days slightly deflected; on the third day the
deflection amounted to 25° from the perpendicular, and this
did not afterwards increase.
(8.) After one day deflection distinct; on the third day it
amounted to 44°, and on the fourth day to 72° from the perpendicular and the cauterised side.
(9.) After two days deflection slight, yet distinct; on the
third day the tip was again touched on the same side with
caustic and thus killed.
(10.) After one day slight deflection, which after six days
increased to 50° from the perpendicular and the cauterised side:
(11.) After one day decided deflection, which after six days
increased to 62° from the perpendicular and from the cauterised
side.
(12.) After one day slight deflection, which on the second day
amounted to 35°, on the fourth day to 50°, and the sixth day
to 63° from the perpendicular and the cauterised side.
(13.) Whole tip blackened, but more on one side than the
other; on the fourth day slightly, and on the sixth day greatly
deflected from the more blackened side; the deflection on the
ninth day amounted to 90° from the perpendicular.
(14.) Whole tip blackened in the same manner as in the last
case; on the second day decided deflection from the more
blackened side, which increased on the seventh day to nearly
90°; on the following day the radicle appeared unhealthy.
(15.) Here we had the anomalous case of a radicle bending
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slightly towards the cauterised side on tlie first day, and continuing to do so for the next three days, when the deflection
amounted to about 90° from the perpendicular. The cause
appeared to lie in the tendril-like sensitiveness of the upper part
of the radicle, against -which the point of a large triangular flap
of the seed-coats pressed with considerable force; and this
irritation apparently conquered that from the cauterised apex.

These several cases show beyond doubt that the
irritation of one side of the apex, excites the upper
part of the radicle to bend slowly towards the opposite
side. This fact was well exhibited in one lot of five
seeds pinned to the cork-lid of a jar; for when after
6 days the lid was turned upside down and viewed
from directly above, the little black marks made by the
caustic were now all distinctly visible on the upper
sides of the tips of the laterally bowed radicles.
A thin slice was shaved off with a razor from one
side of the tips of 22 radicles, in the manner described
under the common bean; but this kind of irritation
did not prove very effective. Only 7 out of the 22
radicles became moderately deflected in from 3 to 5
days from the sliced surface, and several of the others
grew irregularly. The evidence, therefore, is far from
conclusive.
Quercus rdbur: Sensitiveness of the apex of the Radicle.
—The tips of the radicles of the common oak are fully
as sensitive to slight contact as are those of any plant
examined by us. They remained healthy in damp air
for 10 days, but grew slowly. Squares of the cardlike paper were fixed with shellac to the tips of 15
radicles, and ten of these became conspicuously bowed
from the perpendicular and from the squares; two
slightly, and three not at all. But two of the latter
were not real exceptions, as they were at first very
short, and hardly grew afterwards. Some of the more
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remarkable cases are worth describing. The radicles
were examined on each successive morning, at nearly
the same hour, that is, after intervals of 24 h.
No. 1. This radicle suffered from a series of accidents, and
acted in an anomalous manner, for the apex appeared at first
insensible and afterwards sensitive to contact. The first square
was attached on Oct. 19th; on the 21st the
Fig. 68.
radicle was not at all curved, and the square
was accidentally knocked off; it was refixed
on the 22nd, and the radicle became slightly
curved from the square, but the curvature
disappeared on the 23rd, when the square
was removed and refixed. No curvature ensued, and the square was again accidentally
knocked off, and refixed. On the morning of
the 27 th it was washed off by having reached
the water in the bottom of the jar. The
square was refixed, and on the 29th, that
is, ten days after the first square had been
attached, and two days after the attachment
of the last square, the radicle had grown to
the great length of 3-2 inches, and now Quercus robur: radicle
the terminal growing part had become bent
with square of card
away from-the square into a hook (see attached to one side
of apex, causing it
Fig. 68).
to become hooked.

No. 2. Square attachod on the 19th; on Drawing
one-half
the 20th radicle slightly deflected from it natural scale.
and from the perpendicular; on the 21st
deflected at nearly right angles; it remained during the next
two days in this position, but on the 25th the upward curvature was lessened through the action of geotropism, and still
more so on the 26th.
No. 3. Square attached on the 19th; on the 21st a trace of
curvature from the square, which amounted on the 22nd to
about 40°, and on the 23rd to 53° from the perpendicular.
No. 4. Square attached on the 21st; on the 22nd trace of
curvature from the square; on the 23rd completely hooked
with the point turned up to the zenith. Three days afterwards
(i.e. 26th) the curvature had wholly disappeared and the apex
pointed perpendicularly downwards.
No. 5. Square attached on the 21st; on the 22nd decided
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though slight curvature from the square; on the 23rd the tip
had curved up above the horizon, and on the 24th was hooked
with the apex pointing almost to the zenith, as in Pig. 68.
No. 6. Square attached on the 21st; on the 22nd slightly
curved from the square; 23rd more curved; 25th considerably curved; 27th all curvature lost, and the radicle was now
directed perpendicularly downwards.
No. "7. Square attached on the 21st; on the 22nd a trace of
curvature from the square, which increased next day, and o n
the 24th amounted to a right angle.

It is, therefore, manifest that the apex of the radicle
of the oak is highly sensitive to contact, and retains
its sensitiveness during several days. The movement
thus induced was, however, slower than in any of the
previous cases, with the exception of that of iEsculus.
As with the bean, the terminal growing part, after
bending, sometimes straightened itself through the
action of geotropism, although the object still remained
attached to the tip.
The same remarkable experiment was next tried,
as in the case of the bean; namely, little squares of
exactly the same size of the card-like sanded paper
and of very thin paper (the thicknesses of which have
been given, under Vicia faba) were attached with
shellac on opposite sides (as accurately as could be
done) of the tips of 13 radicles, suspended in damp
air, at a temperature of 65°-66° F. The result was
striking, for 9 out of these 13 radicles became plainly,
and 1 very slightly, curved from the thick paper
towards the side bearing the thin paper. In two of
these cases the apex became completely hooked after
two days; in four cases the deflection from the perpendicular and from the side bearing the thick paper,
amounted in from two to four days to angles of 90°,
72°, 60°, and 49°, but in two other cases to only 18°
and 15°. It should, however, be stated that in the
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case in which the deflection was 49°, the two squares
had accidentally come into contact on one side of the
apex, and thus formed a lateral gable; and the deflection was directed in part from this gable and in part
from the thick paper. In three cases alone the radicles
were not affected by the difference in thickness of the
squares of paper attached to their tips, and consequently did not bend away from the side bearing the
stiffer paper.
Zea mays: Sensitiveness of the apex of the Radicle to
contact.—A large number of trials were made on this
plant, as it was the only monocotyledon on which we
experimented. An abstract of the results will suffice.
In the first place, 22 germinating seeds were pinned to
cork-lids without any object being attached to their
radicles, some being exposed to a temperature of 65°66° F., and others to between 74° and 79°; and none of
them became curved, though some were a little inclined
to one side. • A few were selected, which from having
germinated on sand were crooked, but when suspended
in damp air the terminal part grew straight downwards. This fact having been ascertained, little squares
of the card-like paper were affixed with shellac, on
several occasions, to the tips of 68 radicles. Of these
the terminal growing part'of 39 became within 24 h.
conspicuously curved away from the attached squares
and from the perpendicular; 13 out of the 39 forming
hooks with their points directed towards the zenith,
and 8 forming loops. Moreover, 7 other radicles out
of the 68, were slightly and two doubtfully deflected
from the cards. There remain 20 which were not
affected; but 10 of these ought not to be counted;
for one was diseased, two had their tips quite surrounded by shellac, and the squares on 7 had slipped
so as to stand parallel to the apex, instead of obliquely
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on it. There were therefore only 10 out of the 68
which certainly were not acted on. Some of the
radicles which were experimented on were young and
short, most of them of moderate length, and two or
three exceeded three inches in length. The curvature in the above cases occurred within 24 h., but it
was often conspicuous within a much shorter period.
For instance, the terminal growing part of one radicle
was bent upwards into a rectangle in 8 h. 15 m., and
of another in 9 h. On one occasion a hook was
formed in 9 h. Six of the radicles in a jar containing
nine seeds, which stood on a sand-bath, raised to
a temperature varying from 76° to 82° F., became
hooked, and a seventh formed a complete loop, when
first looked at after 15 hours.
The accompanying figures of four germinating seeds
(Fig. 69) show, firstly, a radicle (A) the apex of which
has become so much bent away from the attached
square as to form a hook. Secondly (B), a hook
converted through the continued irritation of the
card, aided perhaps by geotropism, into an almost
complete circle or loop. The tip in the act of forming
a loop generally rubs against the upper part of the
radicle, and pushes off the attached square; the loop
then contracts or closes, but never disappears; and
the apex afterwards grows vertically downwards, being
no longer irritated by' any attached object. This
frequently occurred, and is represented at C. The
jar above mentioned with the six hooked radicles and
another jar were kept for two additional days, for the
sake of observing how the hooks would be modified.
Most of them became converted into simple loops,
like that figured at 0 ; but in one case the apex did
not rub against the upper part of the radicle and thus
remove the card; and it consequently made, owing
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to the continued irritation from the card, two complete
loops, that is, a helix of two spires; which afterwards.
became pressed closely together. Then geotropisni
prevailed and caused the apex to grow perpendicularly
downwards. In another case, shown at (D), the apex
A

Fig. 69

B.

.C
D.
Zea mays: radicles excited to bend away from the little squares of card
attached to one side of their tips.

in making a second turn or spire, passed through the
first loop, which was at first widely open, and in
doing so knocked off the card; it then grew perpendicularly downwards, and thus tied itself into a knot,
which soon became tight!
Secondary Radicles of Zea.—A short time after the
first radicle has appeared, others protrude from the
N 2
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seed, but not laterally from the primary one. Ten of
these secondary radicles, which were directed obliquely
downwards, were experimented on with very small
squares of card attached with shellac to the lower
sides of their tips. If therefore the squares acted, the
radicles would bend upwards in opposition to gravity.
The jar stood (protected from light) on a sand-bath,
which varied between 76° and 82° F. After only
5- h. one appeared to be a little deflected from the
square, and after 20 h. formed a loop. Four others
were considerably curved from the squares after 20 h.,
and three of them became hooked, with their tips
pointing to the zenith,—one after 29 h. and the.
two others after 44 h. By this latter time a sixth
radicle had become bent at a right angle from the side
bearing the square. Thus altogether six out of the
ten secondary radicles were acted on, four not being
affected. There can, therefore, be no doubt that the
tips of these secondary radicles are sensitive to slight
contact, and that when thus excited they cause the
upper part to bend from the touching object; but
generally, as it appears, not in so short a time as in
the case of the first-formed radicle.
SENSITIVENESS OF THE TIP OP THE RADICLE TO
MOIST AIK.

• Sachs made the interesting discovery, a few years
ago, that the radicles of many seedling plants bend
towards an adjoining damp surface.* We shall here
endeavour to show that this peculiar form of sensitiveness resides in their tips. The movement is directly
the reverse of that excited by the irritants hitherto
considered, which cause the growing part of the
* ' Arbeiten des Bot. Institut., in Würzburg,' vol. i. 1872, p. 209.
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radicle to bend away from the source of irritation.
In our experiments we followed Sachs' plan, and sieves
with seeds germinating in damp sawdust were suspended so that the bottom was generally inclined at
40° with the horizon. If the radicles had been acted
on solely by geotropism, they would have grown out
of the bottom of the sieve perpendicularly downwards; but as they were attracted by the adjoining
damp surface they bent towards it and were deflected
50° from the perpendicular. For the sake of ascertaining whether the tip or the whole growing part of the
radicle was sensitive to the moist air, a length of from
1 to 2 mm. was coated in a certain number of cases
with a mixture of olive-oil and lamp-black. This
mixture was made in order to give consistence to the
oil, so that a thick layer could be applied, which
would exclude, at least to a large extent, the moist air,
and would be easily visible. A greater number of
experiments than those which were actually tried
would have been necessary, had not it been clearly
established that the tip of the radicle is the part which
is sensitive to various other irritants.
Phasedlus mvMiflorus.—Twenty-nine radicles, • to which, nothing had been done, growing out of a sieve, were observed
at the same time with those which had their tips greased,
and for an equal length of time. Of the 29, 24 curved themselves so as to come into close contact with the bottom of the
sieve. The place of chief curvature was generally at a distance
of 5 or 6 mm. from the apex. Eight radicles had their tips
greased for a length of 2 mm., and two others for a length of
1 j mm.; they were kept at a temperature of 15°-16° C. After
intervals of from 19 h. to 24 h. all were still vertically or
almost vertically dependent, for some of them had moved
towards the adjoining damp surface by about 10°. They had
therefore not been acted on, or only slightly acted on, by the
damper air on one side, although the whole upper part was
freely exposed. After 48 h. three of these radicles became
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considerably curved towards the sieve; and the absence of curvature in some of the others might perhaps be accounted for b y
their not having grown very well. But it should be observed
that during the first 19 h. to 24 h. all grew well; two of them
having increased 2 and 3 nun. in length in 11 h . ; five others
increased 5 to 8 mm. in 19 h.; and two, which had been at first
4 and 6 mm. in length, increased in 24 h. to 15 and 20 mm.
The tips of 10 radicles, which likewise grew well, were coated
with the grease for a length of only 1 mm., and now the result
was somewhat different; for of these 4 curved themselves to
the sieve in from 21 h. to 24 h., whilst 6 did not do so.
Five of the latter were observed for an additional day, and now
all excepting one became curved to the sieve.
• The tips of 5 radicles were cauterised with nitrate of silver,
and about 1 mm. in length was thus destroyed. They were
observed for periods varying between 11 h. and 24 h., and were
found to have grown well. One of them had curved Until it
came into contact with the sieve; another was curving towards
i t ; whilst the remaining three were still vertically dependent.
Of 7 not cauterised radicles observed at the same time, all had
come into contact with the sieve.
The tips of 11 radicles were protected by moistened goldbeaters' skin, which adheres closely, for a length varying from
l i to 2£ mm. After 22 h. to 24 h., 6 of these radicles were
clearly bent towards or had come into contact with the sieve;
2 were slightly curved in this direction, and 3 not at all. All
had grown well. Of 14 control specimens observed at the same
time, all excepting one had closely approached the sieve. I t
appears from these cases that a cap of goldbeaters' skin checks,
though only to a slight degree, the bending of the radicles to
an adjoining damp surface. Whether an extremely thin sheet
of this substance when moistened allows moisture from the air
to pass through it, we do not know. One case indicated that
the caps were sometimes more efficient than appears from the
above results; for a radicle, which after 23 h. had only
slightly approached the sieve, had its cap (li mm. in length)
removed, and during the next 15J h. it curved itself abruptly
towards the source of moisture, the chief seat of curvature
being at a distance of 2 to 3 mm. from the apex.
Vida faba.—The tips of 13 radicles were coated with the
grease for a length of 2 m m . ; and it should be remembered
that with these radicles the seat of chief curvature is about
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4 or 5 mm. from the apex. Four of them were examined after
22 h., three after 26 h., and six after 36 h., and none had
been attracted towards the damp lower surface of the sieve.
I n another trial 7 radicles were similarly treated, and 5 of them
still pointed perpendicularly downwards after 11 h., whilst
2 were a little curved towards the sieve; by an accident they
were not subsequently observed. In both these trials the
radicles grew well; 7 of them, which were at first from 4 to
11 mm. in length, were after 11 h. between 7 and 16 mm.;
3 which were at first from 6 to 8 mm. after 26 h. were l l 5
to 18 mm. in length; and lastly, 4 radicles which were at first
5 to 8 mm. after 46 h. were 18 to 23 mm. in length. The
control or ungreased radicles were not invariably attracted
towards the bottom of the sieve. But on one occasion 12 out of
13, which were observed for periods between 22 h. and 36 h.,
were thus attracted. On two other occasions taken together,
38 out of 40 were similarly attracted. On another occasion
only 7 but of 14 behaved in this manner, but after two more
days the proportion of the curved increased to 17 out of 23.
On a last occasion only 11 out of 20 were thus attracted. If
we add up these numbers, we find that 78 out of 96 of the
control specimens curved themselves towards the bottom of the
sieve. Of the specimens with greased tips, 2 alone put of the
20 (but 7 of these were not observed for a sufficiently long
time) thus curved themselves. We can, therefore, hardly doubt
that the tip for a length of 2 mm. is the part which is sensitive
to a moist atmosphere, and causes the upper part to bend
towards its source.
The tips of 15 radicles were cauterised with nitrate of silver,
and they grew as well as those above described with greased
tips. After an interval of 24 h., 9 of them were not at all
curved towards the bottom of the sieve; 2 were curved towards
it at angles of 20° and 12° from their former vertical position,
and 4 had come into close contact with it. Thus the destruction of the tip for a length of about 1 mm. prevented the curvature of the greater number of these radicles to the adjoining
damp surface. Of 24 control specimens, 23 were bent to the
sieve, and on a second occasion 15 out of 16 were similarly
curved in a greater or less degree. These control trials are
included in those given in the foregoing paragraph.
Avena sativa.—The tips of 13 radicles, which projected
between 2 and 4 mm. from the bottom of the sieve, many of
-
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them not quite perpendicularly downwards, were coated with
the black grease for a length of from 1 to 1£ mm. The sieves
were inclined at 30° with the horizon. The greater number of
these radicles were examined after 22 h., and a few after 25 h.,
and within these intervals they had grown so quickly as to have
nearly doubled their lengths. With the ungreased radicles the
chief seat of curvature is at a distance of not less than between
3 5 and 5"5 mm., and not more than between 7 and 10 mm. from
the apex. Out of the 13 radicles with greased tips, 4 had not
moved at all towards the s i e v e 6 were deflected towards it and
from the perpendicular by angles varying between 10° and 35° ;
and 3 had come into close contact with it. It appears, therefore,
at first'sight that greasing the tips of these radicles had checked
but little their bending to the adjoining damp surface. But the
inspection of the sieves on two occasions produced a widely
different impression on the mind; for it was impossible to
behold the radicles with the black greased tips projecting from
the bottom, and all those with ungreased tips, at least 40 to 50
in number, clinging closely to it, and feel any doubt that the
greasing had produced a great effect. On close examination
only a single ungreased radicle could be found which had not
become curved towards the sieve. It is probable that if the
tips had been protected by grease for a length of 2 mm. instead
of from 1 to lh mm., they would not have been affected by the
moist air and none would have become curved.
Triticum vulgare.—Analogous trials were made on 8 radicles
of the common wheat; and greasing their tips produced much
less effect than in the case of the oats. After 22 h., 5 of them
had come into contact with the bottom of the sieve; 2 had
moved towards it 10° and 15°, and one alone remained perpendicular. Not one of the very numerous ungreased radicles
failed to come into close contact with the sieve. These trials
were made on Nov. 28th, when the temperature was only 4° 8 C.
at 10 A.M. We should hardly have thought this case worth
notice, had it not been for the following circumstance. In the
beginning of October, when the temperature was considerably
higher, viz., 12° to 13° C , we found that only a few of the
ungreased radicles became bent towards the sieve; and this
indicates that sensitiveness to moisture in the air is increased
by a low temperature, as we have seen with the radicles of
Vicia faha relatively to objects attached to their tips. But i n
the present instance it is possible that a difference in the dryness
-

-
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of the air may have caused the difference in the results at the
two periods.

Finally, the facts just given with respect to Phaseolus
multijlorus, Vieia faba, and Avena mtiva show, as it
seems to us, that a layer of grease spread for a length
of 1£ to 2 mm. over the tip of the radicle, or the
destruction of the tip by caustic, greatly lessens or
quite annuls in the upper and exposed part the power
of bending towards a neighbouring source of moisture.
We should bear in mind that the part which bends
most, lies at some little distance above the greased or
cauterised tip; and that the rapid growth of this part,
proves that it has not been injured by the tips having
been thus treated. In those cases in which the radicles
with greased tips became curved, it is possible that the
layer of grease was not sufficiently thick wholly to exclude moisture, or that a sufficient length was not thus
protected, or, in the case of the caustic, not destroyed.
When radicles with greased tips are left to grow for
several days in damp air, the grease is drawn out into
the finest reticulated threads and dots, with narrow
portions of the surface left clean. Such portions
would, it is probable, be able to absorb moisture, and
thus we can account for several of the radicles with
greased tips having become curved towards the sieve
after an interval of one or two days. On the whole,
we may infer that sensitiveness to a difference in the
amount of moisture in the air on the two sides of a
radicle resides in the tip, which transmits some influence to the upper part, causing it to bend towards the
source of moisture. Consequently, the movement is
the reverse of that caused by objects attached to one
side of the tip, or by a thin slice being cut off, or by
being slightly cauterised. In a future chapter it
will be shown that sensitiveness to the attraction of
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gravity likewise resides in the tip; so that it is the
tip which excites the adjoining parts of a horizontally
extended radicle to bend towards the centre of the
earth.
SECONDARY RADICLES BECOMING VERTICALLY GEOTROPIC BY THE DESTRUCTION OR INJURY OF THE
TERMINAL PART OP THE PRIMARY RADICLE.

Sachs has shown that the lateral or secondaryradicles of the bean, and probably of other plants, are
acted on by geotropism in so peculiar a manner, that
they grow out horizontally or a little inclined downwards ; and he has further shown* the interesting fact,
that if the end of the primary radicle be cut off, one
of the nearest secondary radicles changes its nature
and grows perpendicularly downwards, thus replacing
the primary radicle. We repeated this experiment,and planted beans with amputated radicles in friable
peat, and saw the result described by Sachs; but
generally two or three of the secondary radicles grew
perpendicularly downwards. We also modified the
experiment, by pinching young radicles a little way
above their tips, between the arms of a U-shaped
piece of thick leaden wire. The part pinched was
thus flattened, and was afterwards prevented from
growing thicker. Five radicles had their ends cut
off, and served as controls or standards. Bight were
pinched; of these 2 were pinched too severely and
their ends died and dropped off; 2 were not pinched
enough and were not sensibly affected ; the remaining
4 were pinched sufficiently to check the growth of
the terminal part, but did not appear otherwise injured.
When the U-shaped wires were removed, after an.
* ' Arbeiten Bot. Institut., "Würzburg,' Heft iv. 1874, p. 622.
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interval of 15 days, the part beneath the wire was
found to be very thin and easily broken, whilst the
part above was thickened. Now in these four cases,
one or more of the secondary radicles, arising from
the thickened part just above the wire, had grown
perpendicularly downwards. In the best case the
primary radicle (the part below the wire being 1£ inch
in length) was somewhat distorted, and was not half
as long as three adjoining secondary radicles, which
had grown vertically, or almost vertically, downwards.
Some of these secondary radicles adhered together or
had become confluent. We learn from these four cases
that it is not necessary, in order that a secondary
radicle should assume the nature of a primary one,
that the latter should be actually amputated; it is
sufficient that the flow of sap into it should be
checked, and consequently should be directed into the
adjoining secondary radicles; for this seems to be
the most obvious result of the primary radicle being
pinched between the arms of a U-shaped wire.
This change in the nature of secondary radicles is
clearly analogous, as Sachs has remarked, to that
which occurs with the shoots of trees, when the leading
one is destroyed and is afterwards replaced by one or
more of the lateral shoots ; for these now grow upright
instead of sub-horizontally. But in this latter case
the lateral shoots are rendered apogeotropic, whereas
with radicles the lateral ones are rendered geotropic.
We are naturally led to suspect that the same cause
acts with shoots as with roots, namely, an increased flow
of sap into the lateral ones. We made some trials with
Abies communis and pectinata, by pinching with wire
the leading and all the lateral shoots excepting one.
But we believe that they were too old when experimented on ; and some were pinched too severely, and
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some not enough. Only one case succeeded, namely,
with the spruce-fir. The leading shoot was not killed,
but its growth was checked; at its base there were
three lateral shoots in a whorl, two of which were
pinched, one being thus killed; the third was left
untouched. These lateral shoots, when operated on
(July 14th) stood at an angle of 8° above the horizon;
by Sept. 8th the unpinched one had risen 35°; by
Oct. 4th it had risen 46°, and by Jan. 26th 48°, and
it had now become a little curved inwards. Part
of this rise of 48° may be attributed to ordinary
growth, for the pinched shoot rose 12° within the same
period. It thus follows that the unpinched shoot
stood, on Jan. 26th, 56° above the horizon, or 34°
from the vertical; and it was thus obviously almost
ready to replace the slowly growing, pinched, leading shoot. Nevertheless, we feel some doubt about
this experiment, for we have since observed with
spruce-firs growing rather unhealthily, that the lateral
shoots near the summit sometimes become highly
inclined, whilst the leading shoot remains apparently
sound.
A widely different agency not rarely causes shoots
which naturally would have grown out horizontally to
grow up vertically. The lateral branches of the Silver
Fir (A. pectinata) are often affected by a fungus,
Mcidium elatinum, which causes the branch to enlarge
into an oval knob formed of hard wood, in one of
which we counted 24 rings of growth. According to
De Bary,* when the mycelium penetrates a bud beginning to elongate, the shoot developed from it
grows vertically upwards. Such upright shoots after* See his valuable article in
' Bot. Zeitung,' 1867, p. 257, on
these monstrous growths, whioh

are called in German " H e x e n *
boson," or " witch-brooms."
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wards produce lateral and horizontal branches; and
they then present a curious appearance, as if a young
fir-tree had grown out of a ball of clay surrounding
the branch. These upright shoots have manifestly
changed their nature and become apogeotropic; for if
they had not been affected by the ^Ecidium, they
would have grown out horizontally like all the other
twigs on the same branches. This change can hardly
be due to an increased flow of sap into the part; but
•the, presence of the mycelium will have greatly disturbed its natural constitution. •
According to Mr. Meehan,* the stems of three
species of Euphorbia and of Portulaca oleracea are
" normally prostrate or procumbent;" but when they
are attacked by an iEcidium, they " assume an erect
habit." Dr. Stahl informs us that he knows of several
analogous cases; and these seem to be closely related
to that of the Abies. The rhizomes of Sparganiwm
ramosum grow out horizontally in the soil to a considerable length, or are diageotropic; but F. Elfving
found that when they were cultivated in water
their tips turned upwards, and they became apogeotropic. The same result followed when the stem of the
plant was bent until it cracked or was merely much
bowed.f
No explanation has hitherto been attempted of such
cases as the foregoing,—namely, of secondary radicles
growing vertically downwards, and of lateral shoots
growing vertically upwards, after the amputation of
* ' Proo. Acad. Nat. So. Philadelphia,' June 16th, 1874, and
July 23rd, 1875.
t See F. Elfving's interesting
paper in ' Arbeiten Bot. Institut.,
in Wiirzburg,' vol. ii. 1880, p. 489.
Carl Kraus (Triesdorf) had pre-

viously observed (' Flora,' 1878,
p. 324) that the underground
shoots of Triticum repens bend
vertically up when the parts above
ground are removed, and when
the rhizomes are kept partly immersed in water.
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the primary radicle or of the leading shoot. The
following considerations give us, as we believe, the
clue. Firstly, any cause which disturbs the constitution* is apt to induce reversion; such as the
crossing of two distinct races, or a change of conditions, as when domestic animals become feral.
But the case which most concerns us, is the frequent
appearance of peloric flowers on the summit of a stem,
or in the centre of the inflorescence,—parts which, it is
believed, receive the most sap; for when an irregular
flower becomes perfectly regular or peloric, this may
be attributed, at least partly, to reversion to a primitive and normal type. Even the position of a seed at
the end of the capsule sometimes gives to the seedling
developed from it a tendency to revert. Secondly,
reversions often occur by means of buds, independently
of reproduction by seed ; so that a bud may revert to
the character of a former state many bud-generations
ago. In the case of animals, reversions may occur in
the individual with advancing age. Thirdly and
lastly, radicles when they first protrude from the seed
are always geotropic, and plumules or shoots almost
always apogeotropic. If then any cause, such as an
increased flow of sap or the presence of mycelium,
disturbs the constitution of a lateral shoot or of a
secondary radicle, it is apt to revert to its primordial
state; and it becomes either apogeotropic or geotropic,
as the case may be, and consequently grows either
vertically upwards or downwards. It is indeed pos* T h e facts on which the following conclusions are founded
are given in ' T h e Variation of
Animals and Plants under Domestication,' 2nd edit. 1875. On the
oauses leading to reversion see
chap. xii. vol. ii. and p. 59, chap.

xiv. On peloric flowers, chap,
xiii. p. 32 ; and see p. 337 on their
position on the plant.
With
respect to seeds, p. 340. On reversion by means of buds, p. 4 3 8 ,
chap. xi. vol. i.
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sible, or even probable, that this tendency to reversion
may have been increased, as it is manifestly of service
to the plant.
SUMMARY OF CHAPTER.

A part or organ may be called sensitive, when its
irritation excites movement in an adjoining part. Now
it has been shown in this chapter, that the tip of the
radicle of the bean is in this sense sensitive to the
contact of any small object attached to one side by
shellac or gum-water; also to a slight touch with dry
caustic, and to a thin slice cut off one side. The
radicles of the pea were tried with attached objects
and caustic, both of which acted. With Phaseolus
multiflorus the tip was hardly sensitive to small squares
of attached card, but was sensitive to caustic and to
slicing. The radicles of Tropseolum were highly sensitive to contact; and so, as far as we could judge,
were those of Gossypium herbaceum, and they were
certainly sensitive to caustic. The tips of the radicles
of Qucurbita ovifera were likewise highly sensitive to
caustic, though only moderately so to contact. Eaphanus sativus' offered a somewhat doubtful case.
With iEsculus the tips were quite indifferent to
bodies attached to them, though sensitive to caustic.
Those of Quercus rohur and Zea mays were highly sensitive to contact, as were the radicles of the latter
to caustic. In several of these cases the difference in
sensitiveness of the tip to contact and to caustic was,
as we believe, merely apparent; for with Gossypium,
Raphanus, and Cucurbita, the tip was so fine and
flexible that it was very difficult to attach any object
to one of its sides. With the radicles of .ZEsculus,
the tips were not at all sensitive to small bodies
attached to them; but it does not follow from this
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fact that they would not have been sensitive to somewhat greater continued pressure, if this could have
been applied.
The peculiar form of sensitiveness which we are
here considering, is confined to the tip of the radicle
for a length of from 1 mm; to 1 · 5 mm. When this
part is irritated by contact with any object, by caustic,
or by a thin slice being cut off, the upper adjoining
part of ;the radicle, for a length of from 6 or 7 to
even 12 mm., is excited to bend away from the side
which has been irritated. Some influence must therefore be transmitted from the tip along the radicle for
this length. The curvature thus caused is generally
symmetrical. The part which bends most apparently
coincides with that of the most rapid growth. The
tip and the basal part grow very slowly and they
.bend very little.
Considering the widely separated position in the
vegetable series of the several above-named genera,
we may conclude that the tips of the Radicles of all, or
almost all, plants are similarly sensitive, and transmit,
an influence causing the upper part to bend. With
respect to the tips of the secondary radicles, those of
Vicia fdba, Pisum sativum, and Zea mays were alone
observed,,and they were found similarly sensitive.
In order that these movements should be properly
displayed, it appears necessary that the radicles
should grow at their normal rate. If subjected to a
high temperature and made to grow rapidly, the
tips seem either to lose their sensitiveness, or the
upper part to lose the power of bending. So it
appears to be if they grow very slowly from not being
vigorous, or from being kept at too low a temperature;
also when they are forced to germinate in the middle
of the winter.
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The curvature of the radicle sometimes occurs
within from 6 to 8 hours after the tip has been irritated,
and almost always within 24 h., excepting in the
case of the massive radicles of iEsculus. The curvature often amounts to a rectangle,—that is, the terminal part bends upwards until the tip, which is but
little curved, projects almost horizontally. Occasionally the tip, from the continued irritation of the
attached object, continues to bend up until it forms a
hook with the point directed towards the zenith, or
a loop, or even a spire. After a time the radicle
apparently becomes accustomed to the irritation, as
occurs in the case of tendrils, for it again grows downwards, although the bit of card or other object may
remain attached to the tip.
It is evident that a small object attached to the free
point of a vertically suspended radicle can offer no
mechanical resistance to its growth as a whole, for the
object is carried downwards as the radicle elongates,
or upwards as the radicle curves upwards. Nor can
the growth of the tip itself be mechanically checked
by an object attached to it by gum-water, which
remains all the time perfectly soft. The weight of
the object, though quite insignificant, is opposed
to the upward curvature. We may therefore conclude
that it is the irritation due to contact which excites
the movement. The contact, however, must be prolonged, for the tips of 15 radicles were rubbed for a
short time, and this did not cause them to bend. Here
then we have a case of specialised sensibility, like
that of the glands of Drosera; for these are exquisitely sensitive to the slightest pressure if prolonged,
but not to two or three rough touches.
When the tip of a radicle is lightly touched on one
side with dry nitrate of silver, the injury caused is
o
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very slight, and the adjoining upper part bends away
from the cauterised point, with more certainty in most
cases than from an object attached on one side. Here
it obviously is not the mere touch, but the effect
produced by the caustic, which induces the tip to
transmit some influence to the adjoining part, causing
it to bend away. If one side of the tip is badly
injured or killed by the caustic, it ceases to grow,
whilst the opposite side continues growing; and the
result is that the tip itself bends towards the injured
side and often becomes completely hooked; and it is
remarkable that in this case the adjoining upper part
does not bend. The stimulus is too powerful or the
shock too great for the proper influence to be transmitted from the tip. We have strictly analogous cases
with Drosera, Dionaea and Pinguicula, with which
plants a too powerful stimulus does not excite the
tentacles to become incurved, or the lobes to close, or
the margin to be folded inwards.
With respect to the degree of sensitiveness of the
apex to contact under favourable conditions, we have
seen that with Vicia faba a little square of writingpaper affixed with shellac sufficed to cause movement; as did on one occasion a square of merely
damped goldbeaters' skin, but it acted very slowly.
Short bits of moderately thick bristle (of which measurements have been given) affixed with gum-water
acted in only three out of eleven trials, and beads of
dried shellac under ^ t h of a grain in weight acted
only twice in nine cases; so that here we have
nearly reached the minimum of necessary irritation. The apex, therefore, is much less sensitive to
pressure than the glands of Drosera, for these are
affected by far thinner objects than bits of bristle,
and by a very much less weight than g ^ t h of a grain.
5
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But the most interesting evidence of the delicate
sensitiveness of the tip of the radicle, was afforded by
its power of discriminating between equal-sized squares
of card-like and very thin paper, when these were
attached on opposite sides, as was observed with the
radicles of the bean and oak.
When radicles of the bean are extended horizontally with squares of card attached to the lower sides of
their tips, the irritation thus caused was always conquered by geotropism, which then acts under the most
favourable conditions at right angles to the radicle.
But when objects were attached to the radicles of any
of the above-named genera, suspended vertically, the
irritation conquered geotropism, which latter power
at first acted obliquely on the radicle; so that the
immediate irritation from the attached object, aided
by its after-effects, prevailed and caused the radicle
to bend upwards, until sometimes the point was
directed to the zenith. We must, however, assume
that the after-effects of the irritation of the tip by an
attached object come into play, only after movement
has been excited. The tips of the radicles of the pea
seem to be more sensitive to contact than those of the
bean, for when they were extended horizontally with
squares of card adhering to their lower sides, a most
curious struggle occasionally arose, sometimes one
and sometimes the other force prevailing, but ultimately geotropism was always victorious; nevertheless, in two instances the terminal part became so
much curved upwards that loops were subsequently
formed. With the pea, therefore, the irritation from
an attached object, and from geotropism when acting
at right angles to the radicle, are nearly balanced
forces. Closely similar results were observed with the
horizontally extended radicles of Cuaurlita ovifera,
0 2
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when their tips were slightly cauterised on the lower
side. .
Finally, the several co-ordinated movements by
which radicles are enabled to perform their proper
functions are admirably perfect. In whatever direction the primary radicle first protrudes from the seed,
geotropism guides it perpendicularly downwards; and
the capacity to be acted on by the attraction of
gravity resides in the tip. But Sachs has proved*
that the secondary radicles, or those emitted by the
primary one, are acted on by geotropism in such a
manner that they tend to bend only obliquely downwards. If they had been acted on like the primary
radicle, all the radicles would have penetrated the
ground in a close bundle. We have seen that if
the end of the primary radicle is cut off or injured, the adjoining secondary radicles become geotropic and grow vertically downwards. This power
must often be of great service to the plant, when the
primary radicle has been destroyed by the larvae of
insects, burrowing animals, or any other accident. The
tertiary radicles, or those emitted by the secondary
ones, are not influenced, at least in the case of the
bean, by geotropism; so they grow out freely in all
directions. From this manner of growth of the various
kinds of radicles, they are distributed, together with
their absorbent hairs, throughout the surrounding soil,
as Sachs has remarked, in the most advantageous
manner; for the whole soil is thus closely searched.
Geotropism, as was shown in the last chapter,
excites the primary radicle to bend downwards with
very little force, quite insufficient to penetrate the
- ground. Such penetration is effected by the pointed
* 'Arbeiten Bot. Institut., Wiirzburg,' Heft iv. 1874, pp. 6 0 5 - 6 3 1 .
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apex (protected by the root-cap) being pressed down
by the longitudinal expansion or growth of the terminal rigid portion, aided by its transverse expansion, both of which forces' act powerfully. It is,
however, indispensable that the seeds should be at
first held down in some manner. When they lie
on the bare surface they are held down by the attachment of the root-hairs to any adjoining objects; and
this apparently is effected by the conversion of
their outer surfaces into a cement. But many seeds
get covered up by various accidents, or they fall into
crevices or holes. With some seeds their own weight
suffices.
The circumnutating movement of the terminal growing part both of the primary and secondary radicles
is so feeble that it can aid them very little in penetrating the ground, excepting when the superficial
layer is very soft and damp. But it must aid them
materially when they happen to break obliquely into
cracks, or into burrows made by earth-worms or larvae.
This movement, moreover, combined with the sensitiveness of the tip to contact, can hardly fail to be
of the highest importance; for as the tip is always
endeavouring to bend to all sides it will press on all
sides, and will thus be able to* discriminate between
the harder and softer adjoining surfaces, in the same
manner as it discriminated between the attached
squares of card-like and thin paper. Consequently it
will tend to bend from the harder soil, and will thus
follow the lines of least resistance. So it will be if it
meets with a stone or the root of another plant in the
soil, as must incessantly occur. If the tip were not
sensitive, and if it did not excite the upper part of the
root to bend away, whenever it encountered at right
angles some obstacle in the ground, it would be liable
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to be doubled up into a contorted mass. But we have
seen with radicles growing down inclined plates of
glass, that as soon as the tip merely touched a slip of
wood cemented across the plate, the whole terminal
growing part curved away, so that the tip soon stood
at right angles to its former direction ; and thus it
would be with an obstacle encountered in the ground,
as far as the pressure of the surrounding soil would
permit. We can also understand why thick and strong
radicles, like those of J3ESCU1US, should be endowed
with less sensitiveness than more delicate ones ; for
the former would be able by the force of their growth
to overcome any slight obstacle.
After a radicle, which has been deflected by some
stone or root from its natural downward course,
reaches the edge of the obstacle, geotropism will direct
it to grow again straight downward ; but we know that
geotropism acts with very little force, and here another
excellent adaptation, as Sachs has remarked,* comes
into play. For the upper part of the radicle, a little
above the apex, is, as we have seen, likewise sensitive ;
and this sensitiveness causes the radicle to bend like a
tendril towards the touching object, so that as it rubs
over the edge of an obstacle, it will bend downwards ;
and the curvature thus induced is abrupt, in which
respect it differs from that caused by the irritation of
one side of the tip. This downward bending coincides
with that due to geotropism, and both will cause the
root to resume its original course.
As radicles perceive an excess of moisture in the air
on one side and bend towards this side, we may infer
that they will act in the same manner with respect to
moisture in the earth. The sensitiveness to moisture
* ' Arbeitcn Bot. Inst., Wurzburg,' Heft iii. p. 456.
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resides in the tip, which determines the bending of
the upper part. This capacity perhaps partly accounts
for the extent to which drain-pipes often become
choked with roots.
Considering the several facts given in this chapter,
we see that the course followed by a root through
the soil is governed by extraordinarily complex and
diversified agencies,—by geotropism acting in a
different manner on the primary, secondary, and tertiary radicles,—by sensitiveness to contact, different in
kind in the apex and in the part immediately above
the apex, and apparently by sensitiveness to the
varying dampness of different parts of the soil.
These several stimuli to movement are all more
powerful than geotropism, when this acts obliquely
on a radicle, which has been deflected from its perpendicular downward course. The roots, moreover, of
most plants are excited by light to bend either to or
from it; but as roots are not naturally exposed to the
light it is doubtful whether this sensitiveness, which is
perhaps only the indirect result of the radicles being
highly sensitive to other stimuli, is of any service to
the plant. The direction which the apex takes at each
successive period of the growth of a root, ultimately
determines its whole course; it is therefore highly
important that the apex should pursue from the first
the most advantageous direction; and we can thus
understand why sensitiveness to geotropism, to contact
and to moisture, all reside in the tip, and why the tip
determines the upper growing part to bend either
from or to the exciting cause. A radicle may be
compared with a burrowing animal such as a mole,
which wishes to penetrate perpendicularly down into
the ground. By continually moving his head from
side to side, or circumnutating, he will feel any stone
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or other obstacle, as well as any difference in the
hardness of the soil, and he will turn from that side ;
if the earth is damper on one than on the other side
he will turn thitherward as a better hunting-ground.
Nevertheless, after each interruption, guided by the
sense of gravity, he will be able to recover his downward course and to burrow to a greater depth.

IRIS - LILLIAD - Université Lille 1

CHAP.

IY.

CIRCTJMNTJTATION.

201

CHAPTEE IV.
THE CiEcroMNUTATiNa MOVEMENTS OP THE SEVERAL PARTS OP

MATURE PLANTS.
Circumnutation of stems: concluding remarks on—Circumnutation of
stolons: aid thus afforded in winding amongst the stems of surrounding plants—Circumnutation of
flower-stems—Circumnutation
of Dicotyledonous leaves—Singular oscillatory movement of leaves
of Dionsea—Leaves of Cannabis sink at night—Leaves of Gymnosperms—Of Monocotyledons—Cryptogams—Concluding
remarks
on the circumnutation of leaves: generally rise in the evening and
sink in the morning.

W E have seen in the first chapter that the stems of all
seedlings, whether hypocotyls or epicotyls, as well as
the cotyledons and the radicles, are continually circumnutating—that is, they grow first on one side and
then on another, such growth being probably preceded
by increased turgescence of the cells. As it was
unlikely that plants should change their manner of
growth with advancing age, it seemed probable that
the various organs of all plants at all ages, as long as
they continued to grow, would be found to circumnutate, though perhaps to an extremely small extent.
As it was important for us to discover whether this
was the case, we determined to observe carefully a
oertain number of plants which were growing vigorously, and which were not known to move in any
manner. We commenced with stems. Observations
of this kind are tedious, and it appeared to us that it
would be sufficient to observe the stems in about a
score of genera, belonging to widely distinct families
and inhabitants of various countries. Several plants
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were selected which, from being woody, or for other
reasons, seemed the least likely to circumnutate. The
observations and the diagrams were made in the
manner described in the Introduction. Plants in pots
were subjected to a proper temperature, and whilst
being observed, were kept either in darkness or were
feebly illuminated from above. They are arranged
in the order adopted by Hooker in Le Maout and
Decaisne's ' System of Botany.' The number of the
family to which each genus belongs is appended, as
this serves to show the place of each in the series.
(1.) fberis timbellata (Cruciferse, Fam. 14).—The movement of
the stem of a young plant, 4 inches in height, consisting of
four internodes (the hypocotyl included) besides a large bud
Fig. 70.

Iberis wnbellata: circumnutation of stem of young plant, traced from
8.30 A.M. Sept. 13th to same hour on following morning. Distance of
summit of stem beneath the horizontal glass 7*6 inches. Diagram
reduced to half of original size. Movement as here shown magnified
between 4 and 5 times.

on the summit, was traced, as here shown, during 2 4 h.
(Fig. 70). A s far as we could judge the uppermost inch alone
of the stem circumnutated, and this in a simple manner. T h e
movement was slow, and the rate very unequal at different
times. I n part of its course an irregular ellipse, or rather
triangle, was completed in 6 h. 30 m.
(2.) Brassica olerácea (Cruciferas).—A very young plant, bearing
three leaves, of which the longest was only three-quarters of an
inch in length, was placed under a microscope, furnished w i t h
an eye-piece micrometer, and the tip of the largest leaf w a s
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found to be in constant movement. It crossed five divisions of
the micrometer, that is, T & o t h of an inch, in 6 m. 20 s. There
could hardly be a doubt that it was the stem which chiefly
moved, for the tip did not get quickly out of focus; and this
would have occurred had the movement been confined to the
leaf, which moves up or down in nearly the same vertical plane.
(3.) Linum usitatissimum (Lineae, Fam. 39).—The stems of this
plant, shortly before the flowering period, are stated by Fritz
Miiller (' Jenaische Zeitschrift,' B. v. p. 137) to revolve, or
circumnutate.
(4.) Pelargonium zonale (Geraniacese, Fam. 47).—A young
plant, 7i inches in height, was observed in the usual manner;
but, in order to see the bead at the end of the glass filament
Fig. 71.

Pelargonium zonale: circumnutation of stem of young plant, feebly illuminated from above. Movement of bead magnified about 11 times ;
traced on a horizontal glass from noon on March 9th to 8 A . M . on
the 11th.

and at the same time the mark beneath, it was necessary to cut
off three leaves on one side. We do not know whether it was
owing to this cause, or to the plant having previously become
bent to one side through heliotropism, but from the morning of
the 7th of March to 10.30 P.M. on the 8th, the stem moved
a considerable distance in a zigzag line in the same general
direction. During the night of the 8th it moved to some
distance at right angles to its former course, and next morning
(9th) stood for a time almost still. At noon on the 9th a new
tracing was begun (see Fig. 71), which was continued till 8 A.M.
on the 11th. Between noon on the 9th and 5 P.M. on the 10th
(i.e. in the course of 29 h.), the stem described a circle. This
plant therefore circumnutates, but at a very slow rate, and to a
small extent.
(5.) Tropasolum majus (?) (dwarfed var. called Tom Thumb);
(Geraniacese, Fam. 47).—The species of this genus climb by the
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aid of their sensitive petioles, but some of them also twine
round supports; but even these latter species do not begin to
circumnutate in a conspicuous 'manner whilst young.
The
Fig. 72.

Tropceolum majus (?): circumnutation of stem of young plant, traced on a
horizontal glass from 9 A.M. Dec. 26th to 10 A.M. on 27th. Movement
of bead magnified about 5 times, and here reduced to half of original
scale.

variety here treated of has a rather thick stem, and is so dwarf
that apparently it does not climb in any manner. "We therefore wished to ascertain whether the stem of a young plant,
consisting of two i n S- :
ternodes, together 3*2
inches in height, circumnutated.
It was
observed during 25 h.,
and we see in Fig. 72
that the stem moved in
a zigzag course, indicating circumnutation.
(6.) Trifolium
resupinatum
(Leguminosse,
Fam. 75). — When w e
treat of the sleep of
plants, we shall see t h a t
the stems in several
Leguminous genera, for
Trifolium resupinatum : circumnutation of instance, those of H e d y stem, traced on vertical glass from 9.30
A.M. to 4.30 P.M. Nov. 3rd. Tracing not sarnm, Mimosa, Meligreatly magnified, reduced to half of lotus, & c , which are not
original size. Plant feebly illuminated climbers, circumnutate
from above.
in a conspicuousmanner.
We will here give only a single instance (Fig. 73), showing
the circumnutation of the stem of a large plant of a clover,
Trifolium resupinatum.
In the course of 7 h. · the stem changed
F i

7 3
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its course greatly eight times and completed three irregular
circles or ellipses. It therefore circumnutated rapidly. Some
of the lines run at right angles to one another.
Fig. 74.

Subus (hybrid) : circumnutation of stem, traced on horizontal glass, from
4 P.M. March 14th to 8.30 A.M. 16th. Tracing much magnified, reduced to half of original size. Plant illuminated feebly from above.

(7.) Euhus idcem (hybrid) (Rosacese, Earn. 76).—As we happened to have a young plant, 11 inches
Fig. 75.
in height and growing vigorously,
which had been raised from a cross
between the raspberry (Rubus idceus)
and a North American Rubus, it was
observed in the usual manner. During
the morning of March Mth the stom
almost: completed a circle, and then
moved far to the right. At 4 P.M. it
reversed its course, and now a fresh
tracing was begun, which was continued during 40z h., and is given in
Tig. 74. We here have well-marked
circumnutation.
• (8.) Deutzia gracilis
(Saxifrageae,
Earn.. 77).—A shoot on a bush about
18 inches in height was observed. The
bead changed its course greatly eleven
circumnutimes in the course, of 10 h. 30 m.
tation of stem, kept in
(Fig. 75), and there could be no
darkness, traced ou horizontal glass, from 8.30
doubt about the circumnutation of the
A.M. to 7 P.M. March 20th.
stem.
Movement of bead originally magnified about 20
(9.) Fuchsia (greenhouse var., with
times, here reduocd to
large flowers, probably a hybrid) (Onahalf scale.
grariese, Fam. 100).—A young plant,
15 inches in height, was observed during nearly 48 h, The
D

IRIS - LILLIAD - Université Lille 1

m

U

{

a

&

accompanying figure (Fig. 76) gives the necessary particulars,
and shows that the stem circumnutated, though rather
slowly.
Fig. 76.

Fuchsia (garden rar.) : circumnutation of stem, kept in darkness, traced on
horizontal glass, from 8.30 A.M. to 7 P.M. March 20th. Movement of
bead originally magnified about 40 times, here reduced to half scale.

(10.) Oereus speciocissimus (garden var., sometimes called
Phyllocactus multiflorus) (Cacteee, Fam. 109). — This plant,
which was growing vigorously from having been removed a
few days before from the greenhouse to the hot-house, was
observed with especial interest, as it seemed so little probable
that the stem would circumnutate. The branches are flat, or
flabelliform; but some of them are triangular in section, with
the three sides hollowed out. A branch of this latter shape,
9 inches in length and l i in diameter, was chosen for observation, as less likely to circumnutate than a flabelliform branch.
The movement of the bead at the end of the glass filament,
affixed to the summit of the branch, was traced (A, Fig. 77)
from 9.23 A.M. to 4.30 P.M. on Nov. 23rd, during which time i t
changed its course greatly six times. On the 24th another
tracing was made (see B), and the bead on this day changed its
course oftener, making in 8 h. what may be considered as four
ellipses, with their longer axes differently directed. The position
of the stem and its commencing course on the following
morning are likewise shown. There can be no doubt that this
branch, though appearing quite rigid, circumnutated; but t h e
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extreme amount of movement during the time was very small,
probably rather less than the ^ t h of an inch.
Fig. 77.

B.
Cereus speciocissimus: circumnutation of stem, illuminated from above,
traced on a horizontal glass, in A from 9 A.M. to 4.30 P.M. on Nov.
23rd; and in B from 8.30 A.M. on the 24th to 8 A.M. on the 25th.
Movement of the bead in B magnified about 38 times.

(11.) Hedtra xelix (Araliaceas, Earn. 114).—The stem is known
to be apheliotropic, and several seedlings growing in a pot in
the greenhouse became bent in the middle of the summer at
right angles from the light. On Sept. 2nd some of these stems
were tied up so as to stand vertically, and were placed before
a north-east window; but to our surprise they were now
decidedly heliotropic, for during 4 days they curved themselves towards the light, and their course being traced on a
horizontal glass, was strongly zigzag. During the 6 succeeding days they circumnutated over the same small space at a
slow rate, but there could be no doubt about their circumnutation. The plants were kept exactly in the same place before the
iwindow, and after an interval of 15 days the stems were
again observed during 2 days and their movements traced, and

IRIS - LILLIAD - Université Lille 1

they were found to be still circumnutating, but on a yet smalle*
scale.
(12.) Gazania ringens (Composite, Fam. 122).—The circumnutation of the stem of a young plant, 7 inches in height, a s
measured to the tip of the highest leaf, was traced during
33 h., and is shown in the accompanying figure (Fig. 78). T w o
Fig. 78.

Gazania ringens: circumnutation of stem traced from 9 A.M. March 21st
to 6 P.M. on 22nd; plant kept in darkness. Movement of head at the
close of the observations magnified 34 times, here reduced to half tha
original scale.

main lines may be observed running at nearly right angles t o
two other main hues; but these are interrupted by small
loops.
(13.) Azalea Jndica (Ericineas, Fam. 128).—A bush 21 inches
in height was selected for observation, and the circtrmnutation
of its leading shoot was traced during 26 h. 40 m., as s h o w n
in the following figure (Fig. 79).
(14.) Plumbago Cupensis (Plumbagineaj, Fam. 134).—A small
lateral branch which projected from a tall freely growing b u s h ,
at an angle of 35° above the horizon, was selected for observation. For the first 11 h. it moved to a considerable distance
in a nearly straight line to one side, owing probably to i t s
having been previously deflected by the light whilst standing i n
the greenhouse. At 7.20 P.M. on March 7th a fresh tracing w a s
begun and continued for the next 43 h. 40 m. (see Fig. 8 0 ) .
During the first 2 h. it followed nearly the same direction a s
before, and then changed it a little; during the night i t
moved at nearly right angles to its previous course. N e x t
]
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day (8th) it zigzagged greatly, and on the 9th moved irregularly round and round a small circular space. By 3 P.M. on
the 9th the figure had become so complicated that no more dots
could be made; but the shoot continued during the evening of
the 9th, the whole of the 10th, and the morning of the 11th to
Fig. 79.

Fig. 80.

Azalea Indica: cireumnutation
of stem, illuminated from
above, traced on horizontal
glass, from 9.30 A.M. March
9th to 12.10 P.M. on the 10th.
But on the morning of the
10th only four dots were
made between 8.30 A.M.
and 12.10 P.M., both hours
included, so that the circumnutation is not fairly represented in this part of the
diagram. Movement of the
bead here magnified about
30 times.

Plumbago Capensis: circumnutation of tip of a lateral
branch, traced on horizontal
glass, from 7.20 P.M. on
March 7th to 3 P.M. on the
9th.
Movement of bead
magnified 13 times. Plant
feebly illuminated
from
above.

circumnutate over the same small space, which was only about
the ^ t h of an inch ("97 mm.) in diameter. Although this
branch circumnutated to a very small extent, yet it changed its
course frequently. The movements ought to have been more
magnified.
£15.) Aloysia citriodora (Yerbenacesa, Fam. 173).—The following figure (Fig. 81) gives the movements of a shoot during
P
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31 li. 40 m., and shows that it circunmutated.
15 inches in height,

The bush w a s

Fig. 81.

Aloysia citriodora: circumnutation of stem, traced from 8.20 A.M. on March
22nd to 4 P.M. on 23rd. Plant kept in darkness. Movement magnified
about 40 times.

(16.) Verbena melindres (?) (a scarlet-flowered herbaceous Tar.)
(Verbenáceas).—A shoot 8 inches in height had been laid horizontally, for the sake of observing its apogeotropism, and t h e
terminal portion had grown vertically upwards for a length of
l i inches. A glass filament, with a bead at the end, was fixed
Fig. 8 2 .

Verbena melindres: circumnutation of stem in darkness, traced on vertical
glass, from 5.30 P.M. on June 5th to 11 A.M. June 7th. 'Movement of
bead magnified 9 times.

upright to the tip, and its movements were traced during
41 h. 30 m. on a vertical glass ( K g . 82). Under these circumstances the lateral movements were chiefly shown; but as t h e
lines from side to side are not on the same level, the shoot
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must have moved in a plane at right angles to that of the lateral
movement, that is, it must have cireumnutated. On the next day
(6th) the shoot moved in the course of 16 h. four times to the right,
and four times to the left ; and this apparently represents the
formation of four ellipses, so that each was completed in 4 h.
(17.) Ceratophyllum demersum (Ceratophylleas, Fam. 220).—An
interesting account of the movements of the stem of this waterplant has been published by M. E. Eodier.* The movements are
confined to the young internodes, becoming less and less lower
down the stem ; and they are extraordinary from their amplitude.
The stems sometimes moved through an angle of above 200° in
6 h., and in one instance through 220° in 3 h. They generally
bent from right to left in the morning, and in an opposite direction in the afternoon ; but the movement was sometimes temporarily reversed or quite arrested. It was not affected by light.
It does not appear that M. Eodier made any diagram on a horizontal plane representing the actual course pursued by the
apex, but he speaks of the "branches executing round their
axes of growth a movement of torsion." From the particulars
above given, and remembering in the case of twining plants and
of tendrils, how difficult it is not to mistake their bending to all
points of the compass for true torsion, we are led to believe that
the stems of this Ceratophyllum circumnutate, probably in the
shape of narrow ellipses, each' completed in about 26 h. The
following statement, however, seems to indicate something
different from ordinary circumnutation, but we cannot fully
understand it. M. Eodier says : " Il est alors facile de voir que
le mouvement de flexion se produit d'abord dans les mérithalles
supérieurs, qu'il se propage ensuite, en s'amoindrissant du haut
en bas; tandis qu'au contraire le mouvement de redressement
commence par la partie inférieure pour se terminer a la partie
supérieure qui, quelquefois, peu de temps avant de se relever
tout à fait, forme avec l'axe un angle très aigu."
(18.) Conifères.—Dr. Maxwell Masters states (' Journal Linn.
Soc.,' Dec. 2nd, 1879) that the leading shoots of many Ooinferre
during the season of their active growth exhibit very remarkable movements of revolving nutation, that is, they circumnutate. We may feel sure that the lateral shoots whilst growing
would exhibit the same movement if carefully observed.
* 'Comptes Kendus,' April 30th, 1877. Also a second notice
published separately in Bourdeaux, Nov. 12th, 1877.
p 2
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• (19.) Lilium

auratum (Fam. Liliacea).—The circumnutation

LUium auratum: circumnutation of a stem in darkness, traced on a horizontal
glass, from 8 A.M. on March 14th to 8.35 A.M. on 16th. But it should
be noted that our observations were interrupted between 6 P.M. on the
14th and 12.15 P.M. on 15th, and the movements during this interval
of 18 h. 15 m. are represented by a long broken line. Diagram reduced
to half original scale.
of the stem of a plant 24 inches in height is represented in the
above figure (Fig. 83).
.

Fig. 48.

V

Cyperus alternifoKus: circumnutation of stem, illuminated from above,
traced on horizontal glass, from 9.45 A.M. March 9th to 9 P.M. on 10th.
The stem grew so rapidly whilst being observed, that it was not possible
to estimate how much its movements were magnified in the tracing.
(20.)

Cyperus

altermfolius

(Fam.
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Cyperacese.) — A

glass

filament, with a bead at the end, was fixed across the summit
of a young stem 10 inches in height, close beneath the crown of
elongated leaves. On March 8th, between 12.20 and 7.20 P.M.,
the stem described an ellipse, open at one end. On the following day a new tracing was begun (Fig. 84), which plainly shows
that the stem completed three irregular figures in the course of
35 h. 15 m.

Concluding Jtemarks on the Circumnutation of Stems.—
Any one who will inspect the diagrams now given, and
will bear in mind the widely separated position of the
plants described in the series, —remembering that we
have good grounds for the belief that the hypocotyls
and epicotyls of all seedlings circumnutate,—not
forgetting the number of plants distributed in the
most distinct families which climb by a similar movement,—will probably admit that the growing stems
of all plants, if carefully observed, would be found
to circumnutate to a greater or less extent. When
we treat of the sleep and other movements of plants,
many other cases of circumnutating stems will be
incidentally given. In looking at the diagrams, we
should remember that the stems were always growing,
so that in each case the circumnutating apex as it
rose will have described a spire of some kind. The
dots were made on the glasses generally at intervals
of an hour, or hour and a half, and were then joined
by straight lines. If they had been made at intervals
of 2 or 3 minutes, the lines would have been more
curvilinear, as in the case of the tracks left on the
smoked glass-plates by the tips of the circumnutating
radicles of seedling plants. The diagrams generally
approach in form to a succession of more or less
irregular ellipses or ovals, with their longer axes
directed to different points of the compass during the
game day or on succeeding days. The stems there-
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fore, sooner or later, bend to all sides; but after a
stem has bent in any one direction, it commonly
bends back at first in nearly, though not quite, the
opposite direction; and this gives the tendency to
the formation of ellipses, which are generally narrow,
but not so narrow as those described by stolons and
leaves. On the other hand, the figures sometimes
approach in shape to circles. Whatever the figure
may be, the course pursued is often interrupted by
zigzags, small triangles, loops, or ellipses. A stem
may describe a single large ellipse one day, and
two on the next. With different plants the complexity, rate, and amount of movement differs
much. The stems, for instance, of Iberis and Azalea
described only a single large ellipse in 24 h.;
whereas those of the Deutzia made four or five deep
zigzags or narrow ellipses in 11£ h., and those of the
Trifolium three triangular or quadrilateral figures
in 7 h.
ClRCUMNUTATION OF STOLONS OR EuNNERS.

Stolons consist of much elongated, flexible branches,
which run along the surface of the ground and form
roots at a distance from the parent-plant. They are
therefore of the same homological nature as stems;
and the three following cases may be added to the
twenty previously given cases.
Ipragaria (cultivated garden var.): Rosacea.—A plant growing
in a pot had emitted a long stolon; this was supported by a
stick, so that it projected for the length of several inches hori-'
zontally. A glass filament bearing two minute triangles of
paper was affixed to the terminal bud, which was a little upturned ; and its movements were traced during 21 h., as shown
in K g . 85. In the course of the first 12 h. it moved twice up •
and twice down in somewhat zigzag lines, and no doubt travelled in the same manner during the night. On the following
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morning after an interval of 20 h. the apex stood a little higher
than it did at first, and this shows that the stolon had not been
Fig. 85.

Fragaria: circumnutation of stolon, kept in darkness, traced on vertical
glass, from 10.45 A.M. May 18th to 7.45 A.M. on 19th.

acted on within this time by geotropism;* nor had its own
weight caused it to bend downwards.
On the following morning (19th) the glass filament was
detached and refixed close behind the bud, as it appeared pos-'
sible that the circumnutation of the terminal bud and of the
adjoining part of the stolon might be different. The movement
was now traced during two consecutive days (Fig. 86). During
the first day the filament travelled in the course of 14 h. 30 m.
five times up and four times down, besides some lateral movement. On the 20th the course was even more complicated, and
can hardly be followed in the figure; but the filament moved in
16 h. at least five times up and five times down, with very little
* Dr. A. B . Prank states ( ' D i e
acted on by geotropism, but only
Naturliche wagerechte Richtung • after a considerable interval of
von Pflanzentheilen,' 1870, p. 20)
time,
that the stolons of this plant are
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lateral deflection. The first and last dots made on this second
day, viz., at 7 A.M. and 11 P.M., were close together, showing
that the stolon had not fallen or risen. Nevertheless, by comparing its position on
S- the morning of the 19th
and 21st, it is obvious
that the stolon had sunk;
and this may be attributed to slow bending
down either from its own
weight or from geotropism.
During a part of the 20th
an orthogonal tracing was
made by applying a cube
of wood to the vertical
glass and bringing the
apex of the stolon at successive periods into a line
with one edge; a dot
being made each time on
the glass. This tracing
therefore represented very
nearly the actual amount
of movement of the apex;
and in the course of 9 h.
• the distance of the extreme dots from one another was "45 inch. By
the same method it was
ascertained that the apex
moved between 7 A.M. on
^a.m.Sii'
the 20th and 8 A.M. on the
Fragaria: circumnutation of the same stolon 21st a distance of '82 inch,
FI

8 6

as ia the last figure, observed in the same
manner, and traced from 8 A.M. May 19th

to 8 A.M. 21st.
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stolon was supported so
that it projected at about
45° above the horizon, and its movement was traced by the
same orthogonal method. On the first day the apex soon
rose above the field of vision. By the next morning it had
sunk, and the course pursued was now traced during 14 h.
30 m. (Fig. 87). The amount of movement was almost the same,
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from side to side as tip and down; and differed in this respect
remarkably from the movement in the previous cases. During
the latter part of the day, viz., between 3 and 10.30 P.M., the
Fig. 87.

4(Rcan

S'a.m
*~

*»'a.m.

Fragaria: circumnutation of another and younger stolon, traced from
8 A.M. to 10.30 P.M. Figure reduced to one-half of original scale.

actual distance travelled by the apex amounted to 1*15 inch;
and in the course of the whole day to at least 2"67 inch. This
is an amount of movement almost comparable with that of
some climbing plants. The same stolon was observed on the
following day, and now it moved in a somewhat less complex
manner, in a plane not far from vertical. The extreme amount
of actual movement was 1*55 inch in one direction, and 6 inch
in another direction at right angles. During neither of these
days did the stolon bend downwards through geotropism or its
own weight.
Four stolons still attached to the plant were laid on damp
sand in the back of a room, with their tips facing the north-east
windows. They were thus placed because De Vries says * that
they are apheliotropic when exposed to the light of the sun; but
we could not perceive any effect from the above feeble degree of
illumination. We may add that on another occasion, late in the
summer, some stolons, placed upright before a south-west window
-

* < Arbeiten Bot. Inst., Wiirzburg,' 1872, p. 434.
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on a cloudy day, became distinctly curved towards the light, and
were therefore heliotropic. Close in front of the tips of the
prostrate stolons, a crowd of very thin sticks and the dried
haulms of grasses were driven into the sand, to represent the
crowded stems of surrounding plants in a state of nature. This
was done for the sake of observing how the growing stolons
would pass through them. They did so easily in the course of
6 days, and their circumnutation apparently facilitated their
passage. When the tips encountered sticks so close together
that they could not pass between them, they rose up and passed
over them. The sticks and haulms were removed after the
passage of the four stolons, two of which were found to have
assumed a permanently sinuous shape, and two were still
straight. But to this subject we shall recur under Saxífraga.
Saxífraga sarmentosa (Saxifragese).—A plant in a suspended
pot had emitted long branched stolons, which depended like
Fig. 88.

Is

Saxífraga sarmentosa: circumnutation of an inclined -stolon, traced in
darkness on a horizontal glass, from 7.45 A.M. April 18th to 9 A.M. on
19th. Movement of end of stolon magnified 2-2 times.

threads on all sides. Two were tied up so as to stand vertically,
and their upper ends became gradually bent downwards, but so
slowly in the course of several days, that the bending was probably due to their weight and not to geotropism. A glass filament with little triangles of paper was fixed to the end of one of
these stolons, which was 17£ inches in length, and had already
become much bent down, but still projected at a considerable
angle above the horizon. I t moved only slightly three times
from side to side and then upwards; on the following day
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the movement -was even less. As this stolon was so long we
thought that its growth was nearly completed, so we tried
another which was thicker and shorter, viz., 10J inches in length,
It moved greatly, chiefly upwards, and changed its course five
times in the course of the day. During the night it curved so
much upwards in opposition to gravity, that the movement
could no longer be traced on the vertical glass, and a horizontal
one had to be used. The movement was followed during the
next 25 h., as shown in Fig. 88. Three irregular ellipses, with
their longer axes somewhat differently directed, were almost
completed in the first 15 h. The extreme actual amount of
movement of the tip during the 25 h. was "75 inch.
Several stolons were laid on a fiat surface of damp sand, in the
same manner as with those of the strawberry. The friction of
the sand did not interfere with their circumnutation; nor could
we detect any evidence of their being sensitive to contact. In
order to see how in a state of nature they would act, when
encountering a stone or .other obstacle on the ground, short
pieces of smoked glass, an inch in height, were stuck upright
into the sand in front of two thin lateral branches. Their tips
scratched the smoked surface in various directions; one made
three upward and two downward lines, besides a nearly horizontal one; the other curled quite away from the glass; but
ultimately both surmounted the glass and pursued their original
course. The apex of a third thick stolon swept up the glass in a
curved line, recoiled and again came into contact with i t ; it then
moved to the right, and after ascending, descended vertically;
ultimately it passed round one end of the glass instead of over it.
Many long pins were next driven rather close together into
the sand, so as to form a crowd in front of the same two thin
lateral branches; but these easily wound their way through
the crowd. A thick stolon was much delayed in its passage;
at one place it was forced to turn at right angles to its former
course; at another place it could not pass through the pins,
and the hinder part became bowed; it then curved upwards
and passed through an opening between the upper part of some
pins which happened to diverge; it then descended and finally
emerged through the crowd. This stolon was rendered permanently sinuous to a slight degree, and was thicker where sinuous
than elsewhere, apparently from its longitudinal growth having
been checked.
Cotyledon umbilicus (Crassulacese).—A plant growing in a pan.
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of damp moss had emitted 2 stolons, 22 and 20 inches in length.
One of these was supported, so that a length of 41 inches projected in a straight and horizontal line, and the movement
of the apex was traced. The first dot was made at 9.10 A.M. ;
Fig. 89.

Cotyledon umbilicus: circumnutation of stolon, traced from 11.15 A.M.
Aug. 25th to 11 A.M. 27th. Plant illuminated from above. The
terminal internode was "25 inch in length, the penultimate 2 "25, and
the third 3"0 inches in length. Apex of stolon stood at a distance of
5*75 inches from the vertical glass ; but it was not possible to ascertain
how much the tracing was magnified, as it was not known how great
a length of the internode circumnutated.

the terminal portion soon began to bend downwards and continued to do so until noon. Therefore a straight line, very
nearly as long as the whole figure here given (Pig. 89), was first
traced on the glass; but the upper part of this line has not been
copied in the diagram. The curvature occurred in the middle
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of the penultimate internode; and its chief seat was at the
distance of l i inch from the apex; it appeared due to the
weight of the terminal portion, acting on the more flexible
part of the internode, and not to geotropism. The apex after
thus sinking down from 9.10 A.M. to noon, moved a little to the
left; it then rose up and circumnutated in a nearly vertical
plane until 10.35 P.M. On the following day (26th) it was obFig. 90,

10°#S' p.m£&
:

Cotyledon umbilicus: circumnutation and downward movement of another
stolon, traced on vertical glass, from 9.11 A.M. Aug. 25th to 11 A.M. 27th.
Apex close to glass, so that figure but little magnified, and here reduced
to two-thirds of original size.

served from 6.40 A.M. to 5.20 P.M., and within this time it moved
twice up and twice down. On the morning of the 27th the apex
stood as high as it did at 11.30 A.M. on the 25th. Nor did it
sink down during the 28th, but continued to circumnutate about
the same place.
Another stolon, which resembled the last in almost every
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respect, was observed during the same two days, but only two
inches of the terminal portion was allowed to project freely and
horizontally. On the 25th it continued from 9.10 A.M. to 1.30 P.M.
to bend straight downwards, apparently owing t o its weight
(Fig. 90); but after this hour until 10.35 P.M. i t zigzagged.
This fact deserves notice, for we here probably see the combined
effects of the bending down from weight and of circumnutation.
The stolon, however, did not circumnutate when i t first began
to bend down, as may be observed in the present diagram, and
as was still more evident in the last case, when a longer portion
of the stolon was left unsupported. On the following day
(26th) the stolon moved twice up and twice down, but still continued to fall; in the evening and during the night it travelled
from some unknown cause in an oblique direction.

We see from these three cases that stolons or
runners circumnutate in a very complex manner. The
lines generally extend in a vertical plane, and this
may probably be attributed to the effect of the weight
of the unsupported end of the stolon; but there is
always some, and occasionally a considerable, amount
of lateral movement. The circumnutation is so great
in amplitude that it may almost be compared with
that of climbing plants. That the stolons are thus
aided in passing over obstacles and in winding between
the stems of the surrounding plants, the observations
above given render almost certain. If they had not
circumnutated, their tips would have been liable to
have been doubled up, as often as they met with
obstacles in their path ; but as it is, they easily avoid
them. This must be a considerable advantage to the
plant in spreading from its parent-stock; but we are
far from supposing that the power has been gained
by the stolons for this purpose, for circumnutation
seems to be of universal occurrence with all growing
parts; but it is not improbable that the amplitude
of the movement may have been specially increased
for this purpose.
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FLOWER-STEMS.

We did not think it necessary to make any special
observations on the circumnutation of flower-stems,
these being axial in their nature, like stems or stolons;'
but some were incidentally made whilst attending
to other subjects, and these we will here briefly give.
A few observations have also been made by other
botanists. These taken together suffice to render it
probable that all peduncles and sub-peduncles circumnutate whilst growing.
Oxalis carnosa.—The peduncle which springs from the thick
and woody stem of this plant bears three or four sub-peduncles.
Tig. 91.

Oxalis carnosa: flower-stem,,feebly illuminated from above, its circumnutation traced from 9 A.M. April" 13th to 9 A.M. 15th. Summit of flower
8 inches beneath the horizontal glass. Movement probably magnified
about 6 times.

A filament with little triangles of paper was fixed within the
calyx of a flower which stood upright. Its movements wereobserved for 48 h.; during the first half of this time the flower
was fully expanded, and during the second half withered. The
figure here given (Fig. 91) represents 8 or 9 ellipses. Although
the main peduncle circumnutated, and described one large and
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two smaller ellipses in the course of 24 h., yet the chief seat of
movement lies in the sub-peduncles, which ultimately bend
vertically downwards, as will be described in a future chapter.
The peduncles of Oxalis acetosella likewise bend downwards, and
afterwards, when the pods are nearly mature, upwards; and this
is effected by a circumnutating movement.
It may be seen in the above figure that the flower-stem of
0. carnosa circumnutated during two days about the same spot.
On the other hand, the flower-stem of 0. sensitiva undergoes a
strongly marked, daily, periodical change of position, when kept
at a proper temperature. I n the middle of the day it stands
vertically up, or at a high angle; in the afternoon it sinks, and
in the evening projects horizontally, or almost horizontally,
rising again during the night. This movement continues from
the period when the flowers are in bud to when, as we believe,
the pods are mature: and it ought perhaps to have been included
amongst the so-called sleep-movements of plants. A tracing
was not made, but the angles were measured at successive periods
during one whole day; and these showed that the movement
was not continuous, but that the peduncle oscillated up and
down. We may therefore conclude that it circumnutated. At
the base of the peduncle there is a mass of small cells, forming
a well-developed pulvinus, which is exteriorly coloured purple
and hairy. In no other genus, as far as we know, is the peduncle
furnished with a pulvinus. The peduncle of 0. Ortegesii behaved
differently from that of 0. sensitiva, for it stood at a less angle
above the horizon in the middle of the day, than in the morning
or evening. By 10.20 P.M. it had risen greatly. During the
middle of the day it oscillated much up and down.
Tri/olium subterraneum.—A filament was fixed vertically to
the uppermost part of the peduncle of a young and upright
flower-head (the stem of the plant having been secured to a
stick); and its movements were traced during 36 h. Within
this time it described (see Fig. 92) a figure which represents four
ellipses; but during the latter part of the time the peduncle
began to bend downwards, and after 10.30 P.M. on the 24th it
curved so rapidly down, that by 6.45 A.M. on the 25th it stood
only 19° above the horizon. It went on circumnutating in nearly
the same position for two days. Even after the flower-heads
have buried themselves in the ground they continue, as will
hereafter be shown, to circumnutate. It will also be seen in the
next chapter that the sub-peduncles of the separate flowers of
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Trifolium repens circumnutate in a complicated course during
several days. I may add that the gynophore of Aroxhis hypogoea,

Trifolium sulterraneum: main flower-peduncle, illuminated from above,
circumnutation traced on horizontal glass, from 8.40 A.M. July 23rd
to 10.30 P.M. 24th.
•which looks exactly like a peduncle, circumnutates whilst growing
vertically downwards, in order to bury the young pod in the
ground.
The movements of the flowers of Cyclamen Persicum were not
observed; but the peduncle, whilst the pod is forming, increases
much in length, and bows itself down by a circumnutating
movement. A young peduncle of Haurandia semperflorens,
1$ inch in length, was carefully observed during a whole day,
and it made 4 i narrow, vertical, irregular and short ellipses,
each at an average rate of about 2 h. 25 m. An adjoining
peduncle described during the same time similar, though fewer,
ellipses.* According to Sachs \ the flower-stems, whilst growing,
* ' The Movements and Habits
of Climbing Plants,' 2nd edit.,

1875, p. 68.
t ' Text-Book of Botany,' 1875,
Q
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of many plants, for instance, those of Brassica napus, revolve or
circumnutate; those of Allium porrum bend from, side to side,
and, if this movement had been traced on a horizontal glass,
no doubt ellipses would have been formed. Fritz Miiller has
described * the spontaneous revolving movements of the flowerstems of an Alisma, which he compares with those of a climbing
plant.
We made no observations on the movements of the different
parts of flowers. Morren, however, has observed f in the
stamens of Sparmannia and Cereus a " fremissement spontané,"
which, it may be suspected, is a circumnutating movement.
The circumnutation of the gynostemium, of StyHdium, as described by Gad,t is highly remarkable, and apparently aids in
the fertilisation of the flowers. The gynostemium, whilst spontaneously moving, comes into contact with the viscid labellum,
to which it adheres, until freed by the increasing tension of the
parts or by being touched.

We have now seen that the flower-stems of plants
belonging to such widely different families as the
Cruciferse, Oxalidse, Leguminosas, Primulacese, Scrophularineae, Alismaceae, and Liliáceas, circumnutate;
and that there are indications of this movement in
many other families. With these facts before us,
bearing also in mind that the tendrils of not a few
plants consist of modified peduncles, we may admit
without much doubt that all growing flower-stems
circumnutate.
CIRCUMNUTATION OF LEAVES : DICOTYLEDONS.

Several distinguished botanists, Hofmeister, Sachs,
Pfeffer, De Vries, Batalin, Millardet, &c, have obp. 766. Lmnreus and Treviranus
(according to Pfeffer, ' D i e Periodischen Bewegungen,' &&, p.
162) state that the flower-stalks
of many plants occupy different
positions by night and day, and
we shall ate in the chapter on
,the Sleep of Plants that this im-

plies circumnutation.
* 'Jenaische Zeitsch.,'

B. v.

p. 133.
t ' N . Mem. de l'Acad. R. de
Bruxelles,' tom. xiv. 1841, p. 3.
% ' Sitzungbericht des bot. V e reins der P. Brandenburg,' xxi.
p. 84.
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served, and some of them with the greatest care, the
periodical movements of leaves; but their attention
has been chiefly, though not exclusively, directed to
those which move largely and are commonly said to
sleep at night. From considerations hereafter to be
given, plants of this nature are here excluded, and
will be treated of separately. As we wished to ascertain whether all young and growing leaves circumnutated, we thought that it would be sufficient if we
observed between 30 and 40 genera, widely distributed
throughout the vegetable series, selecting some unusual forms and others on woody plants. All the
plants were healthy and grew in pots. They were
illuminated from above, but the light perhaps was not
always sufficiently bright, as many of them were observed under a skylight of ground-glass. Except in a
few specified cases, a fine glass filament with two minute
triangles of paper was fixed to the leaves, and their
movements were traced on a
Fig. 93,
vertical glass (when not stated
to the contrary) in the manner
already described. I may repeat
that the broken lines represent
the nocturnal course. The stem
was always secured to a stick,
close to the base of the leaf
under observation. The arrangement of the species, with Sarraceniapurpurea: cireumthe number of the Family ap- nutation of young pitcher,
from H A.M. July 3rd
pended, is the same as in the traced
to 10.15 A.M. 4th. Temp.
17°-18° C. Apex of pitcher
case of stems.
20 inches from glass,' so
movement greatly magnified.

(1.) Sarracenia purpurea
(Sarracenese, Fam. 11).—A young leaf, or
pitcher, 8£ inches in height, with the bladder swollen, but with
the hood not as yet open, had a filament fixed transversely
Q

IRIS - LILLIAD - Université Lille 1

2

across its apex; it was observed for 48 h., and during the whole
of this time it circumnutated in a nearly similar manner, but
to a very small extent. The tracing given (Fig. 93) relates
only to the movements during the first 26 h.
(2.) Glaucium luteum (PapaveFig. 94.
racese, Fam. 12).—A young plant,
bearing only 8 leaves, had a filament attached to the youngest leaf
but one, which was 3 inches in
length, including the petiole. The
circumnutating
movement was
traced during 47 h. On both days
the leaf descended from before 7 A.M.
until about 11 A.M., and then
ascended slightly during the rest
of the day and the early part of
the night. During the latter part
of the night it fell greatly. It did
not ascend so much during the
second as during the first day, and
it descended considerably lower on
the second night than on the first.
This difference was probably due
to the illumination _ from above
having been insufficient during the
two days of observation. Its course
during the two days is shown in
Fig. 94.
(3.) Crartibe maritime/, (Crueifene,
Fam. 14).—A leaf 91 inches in length
on a plant not growing vigorously
was first obsorved. Its apex was
in constant movement, but this
could hardly be traced, from being
Glaucium luteum: circumnuta- so small in extent. The apex, howtion of young leaf, traced
from 9.30 A.M. June 14th ever, certainly changed its course at
to 8.30 A.M. 16th. Tracing least 6 times in the course of 14 h.
not much magnified, as apex A more vigorous young plant, bearof leaf stood only 5J inches
ing only 4 leaves, was then selected,
from the glass.
and a filament was affixed to the
midrib of the third leaf from the base, which, with the petiole, was
5 inches in length. The leaf stood up almost vertically, but the tip
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was deflected, so that the filament projected almost horizontally,
and its movements were traced during 48 h. on a vertical glass,
as shown in the accompanying figure (Fig. 95). We here plainly
see that the leaf was conFig. 95.
tinually circumnutating;
but the proper periodicity
of its movements was dis8°.a.m.
turbed by its being only
dimly illuminated from
above through a double
lO'.SOp.m.S-ify
skylight. We infer that
this was the case, because
two leaves on plants growing out of doors, had their
angles above the horizon
measured in the middle
of the day and at 9 to
about 10 P.M. on successive nights, and they
were found at this latter
7°. 50''ajm.83&
hour to have risen by an
average angle of 9° above
their mid-day position:
On the following morning
they fell to their former
e.°5»'«.m.&rf
position. Now it may be
observed in the diagram
that the leaf rose during
the second night, so that
it stood at 6.40 A.M. higher
3tja.tn.S
than at 10.20 P.M. on the Crambe maritima: circumnutation of leaf,
preceding night; and this
disturbed by being insufficiently illuminated from above, traced from 7.50 A.M.
may be attributed to the
' June 23rd to 8 A.M. 25th. Apex of leaf
leaf adjusting itself to the
15J inches from the vertical glass, so that
dim light, coming excluthe tracing was much magnified, but is
here reduced to one-fourth of ori ginal scale.
sively from above.
(4.) Brassica oleracea (Cruciferaa).—Hofmeister and Batalin *
state that the leaves of the cabbage rise at night, and fall by
day. Wo covered a young plant, bearing 8 leaves, under a large
bell-glass, placing it in the same position with respect to the
* 'Flora,' 1873, p . 4 3 7 .
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light in which it had long remained, and a filament was fixed
at the distance of 4 of an inch from the apex of a young leaf
nearly 4 inches in length. Its movements were then traced
during three days, but the tracing is not worth giving. The
leaf fell during the whole morning, and rose in the evening and
during the early part of the night. The ascending and descending lines did not coincide, so that an irregular ellipse was formed
each 24 h. The basal part of the midrib did not move, as was
ascertained by measuring at successive periods the angle which
it formed with the horizon, so that the movement was confined
to the terminal portion of the leaf, which moved through an
angle of 11° in the course of 24 h., and the distance travelled by
the apex, up and down, was between *8 and "9 of an inch.
In order to ascertain the effect of darkness, a filament was
fixed to a leaf 5J inches in length, borne by a plant which after
forming a head had produced a stem. The leaf was inclined
44° above the horizon, and its movements were traced on a
vertical glass every hour by the aid of a taper. During the
first day the leaf rose from 8 A.M. to 10.40 P.M. in a slightly
zigzag course, the actual distance travelled by the apex being
•67 of an inch. During the night the leaf fell, whereas it ought
to have risen; and by 7 A.M. on the following morning it had
fallen 2 3 of an inch, and it continued falling until 9.40 A.M. I t
then rose until 10.50 P.M., but the rise was interrupted by one
considerable oscillation, that is, by a fall and re-ascent During
the second night it again fell, but only to a very short distance,
and on the following morning re-ascended to a very short
distance.
Thus the normal course of the leaf was greatly
disturbed, or rather completely inverted, by the absence of
light; and the movements were likewise greatly diminished in
amplitude.
We may add that, according to Mr. A. Stephen Wilson,* the
young leaves of the Swedish turnip, which is a hybrid between
B. oleracea and rapa, draw together in the evening so much
"that the horizontal breadth diminishes about 30 per cent, of
the daylight breadth." Therefore the leaves must rise considerably at night.
(5.) Dianthus caryophyllus (Caryophyllese, Fam. 26). — The
-

-

* ' Trans. Bot. Soc. Edinburgh,'
vol. xiii. p. 32. With respect to
the origin of the Swedish turnip,

see D a r w i n , ' Animals and Plants
under Domestication,' 2nd edit,
vol. i. p. 344.
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terminal shoot of a young plant, growing very vigorously, was
selected for observation. The young leaves at first stand up
vertically and close together, but they soon bend outwards and
downwards, so as to become horizontal, and often at the same
time a little to one side. A filament was fixed to the tip of a
young leaf whilst still highly inclined, and the first dot was
made on the vertical glass at 8.30 A.M. June 13th, but it curved
downwards so quickly that by 6.40 A.M. on the following
morning it stood only a little above the horizon. I n Fig. 96
Fig. 96.

/

Dianthus caryophyllus: circumnutation of young leaf, traced from 10.15
P.M. June 13th to 10.35 P.M. 16th. Apex of leaf stood, at the close of
our observations, 8f inches from the vertical glass, so tracing not
greatly magnified. The leaf was 5J inches long. Temp. 15J°-17J° C.

the long, slightly zigzag line representing this rapid downward
course, which was somewhat inclined to the left, is not given;
but the figure shows the highly tortuous and zigzag course,
together with some loops, pursued during the next 2 J days.
As the leaf continued to move all the time to the left, i t is
evident that the zigzag line represents many circumnutations.
(6.) Camellia Japónica (Camelliacese, Fam. 32).—A youngish
leaf, which together with its petiole was 21 inches in length and
which arose from a side branch on a tall bush, had a filament
attached to its apex. This leaf sloped downwards at an angle
of á0° beneath the horizon. As it was thick and rigid, and its
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petiole very short, much movement could not be expected.
Nevertheless, the apex changed its course
Fig. 97.
completely seven times in the course of
H i h., but moved to only a very small
distance. On the next day the movement
of the apex wag traced during 26 h. 20 m.
(as shown in Pig. 97), and was nearly of
Camellia Japonica: circumnutation of leaf, the same nature, but rather less complex.
traced from 6.40 The movement seems to be periodical, for
A.M. June 14th to on both days the leaf circumnutated in the
6.50 A.M. 15th.
forenoon, fell in the afternoon (on the first
Apex of leaf 12
inches from the ver- day until between 3 and 4 P.M., and on the
tical glass, so figure second day until 6 P.M.), and then rose,
considerably mag- falling again during the night or early
nified. Temp. 1 6 ° morning.
161° C.
In the chapter on the Sleep of Plants
we shall see that the leaves in several Malvaceous genera sink
Fig. 98.
H9°. SO'a.m.lAth

M°45'.p.m.

6'.S0'p.m..ie4^

"^Y^f

io'.ss'p.m.iaH'

Pelargonium zonale: circumnutation and downward movement of young
leaf, traced from 9.30 A.M. June 14th to 6.30 P.M. 16th. Apex of leaf
9J inches from the vertical glass, so figure moderately magnified.
Temp. 15°-16i° C.

at night; and as they often do not then occupy a vertical
position, especially if they have not been well illuminated during
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the day, it is doubtful whether some of these cases ought not
to have been included in the present chapter.
(7.) Pelargonium zonale (Geraniaceze, Fam. 47). — A young
leaf, l i inch in breadth, with its petiole 1 inch long, borne on
a young plant, was observed in the usual manner during 61 h.;
and its course is shown in the preceding figure (Fig. 98).
During the first day and night the leaf moved downwards, but
circumnutated between 10 A.M. and 4.30 P.M. On the second
day it sank and rose again, but between 10 A.M. and 6 P.M. it
circumnutated on an extremely small scale. On the third day
the circumnutation was more plainly marked.
(8.) Oissus discolor (Ampelidesa, Fam. 67).—A leaf, not nearly
full-grown, the third from the apex of
Fig. 99.
a shoot on a cut-down plant, was
observed during 31 h. 30 m. (see Fig.
99). The day was cold (15°-16° C ) ,
and if the plant had been observed in
the hot-house, the circumnutation,
though plain enough as it was, would
probably have been far more conspicuous.
(9.) Vicia fdba (Leguminosse, Fam.
75).—A young leaf, 3 l inches in
length, measured from base of petiole to
end of leaflets, had a filament affixed
to the midrib of one of the two terminal leaflets, and its movements were
traced during 51£ h. The filament fell
all morning (July 2nd) till 3 P.M., and Cissus discolor: circumnuthen rose greatly till 10.35 P.M. ; but
tation of leaf, traced
from 10.35 A.M. May
the rise this day was so great, com28th to 6 P.M. 29th.
pared with that which subsequently
Apex of leaf 8 | inches
occurred, that it was probably due in
from the vertical glass,
part to the plant being illiuninated
from above. The latter part of the course on July 2nd is alone
given in the following figure (Fig. 100). On the next day
(July 3rd) the leaf again fell in the morning, then circumnutated in a conspicuous manner, and rose till late at night; but
the movement was not traced after 7.15 P.M., as by that time the
filament pointed towards the upper edge of the glass. During
the latter part of the night or early morning it again fell in the
same manner as before.
-
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As the evening rise and the early morning fall were unusually
large, the angle of the petiole above the horizon was measured
at the two periods, and the leaf was found to have risen 19°
Pig. 100.
*}

Vicia faba: circumnutation of leaf, traced from 7.15 P.M. July 2nd to
10.15 A.M. 4th. Apex of the two terminal leaflets 7 | inches from the
vertical glass. Figure here reduced to two-thirds of original scale.
Temp. 17°-18° C.

between 12.20 P.M. and 10.45 P.M., and to have fallen 23° 30'
between the latter hour and 10.20 A.M. on the following morning."
The main petiole was now secured to a stick close to the base
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of the two terminal leaflets, which were 1 'i inch in length; and
the movements of one of them were traced during 48 h. (see
Fig. 101). The course pursued is closely analogous to that of
the whole leaf. The zigzag line between 8.30 A.M. and 3.30 P.M.
on the second day represents 5 very small ellipses, with their
K g . 101.

Vicia faba: circumnutation of one of the two terminal leaflets, the main
petiole having been secured, traced from 10.40 A.M. July 4th to 10.30 A.M.
6th. Apex of leaflet 6f inches from the vertical glass. Tracing here
reduced to one-half of original scale. Temp. 16°-18° C.

longer axes differently directed. From these observations it
follows that both the whole leaf and the terminal leaflets undergo
a well-marked daily periodical movement, rising in the evening
and falling during the latter part of the night or early morning;
whilst in the middle of the day they generally circumnutate
round the same small space.
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(10.) Acacia retinoides (Leguminosas).—The movement of a
young phyllode, 2 | inches in length, and inclined at a considerable angle above the horizon, was traced
Fig. 102.
during 45 h. 30 m.; but in the figure here
given (Fig. 102), its circumnutation is shown
during only 21 h. 30 m. During part of
this time (viz., 14 h. 30 m.) the phyllode
described a figure reFig. 103.
presenting 5 or 6
small ellipses. The
actual amount of
movement in a vertical direction was "3
inch. The phyllode
Acacia retinoides: cir- rose considerably becumnutation of a tween 1.30 P.M. and
young
phyllode, 4 P.M., but there was
traced from 10.45 no evidence on either
A.M. July 18th to
8.15 A.M. 19th. day of a regular peApex of phyllode 9 riodic movement.
inches from the
(11.) Lupinus spevertical glass; temp.
ciosvs (Leguminosas).
16i°-17J° C.
—Plants were raised
from seed purchased under this name.
This is one of the species in this large
genus, the leaves of which do not sleep
at night. The petioles rise direct from
the ground, and are from 5 to 7 inches
in length. A filament was fixed to the
midrib of one of the longer leaflets, and
the movement of the whole leaf was traced,
as shown in Fig. 103. In the course of
6 h. 30 m. the filament went four times up
and three times down. A new tracing
was then begun (not here given), and
during 121 h. the leaf moved eight times Lupinus speciostts: circumnutation of leaf,
up and seven times down; so that it
traced on vertical
glass, from 10.15 A.M.
described 71 ellipses in this time, and
to 5.45 P.M.; i.e.,
this is an extraordinary rate of movement.
during 6 h. 30 m.
The summit of the petiole was then secured
to a stick, and the separate leaflets were found to be continually
circumnutating.
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(12.) Echeveria stolonifera (Crassulaceaa, Earn. 84),—The older
leaves of this plant are so thick and fleshy, and the young ones
so short and broad, that it seemed
very improbable that any circumFig. 104.
nutation could be detected. A filament was fixed to a young upwardly
inclined leaf, 75 inch in length and
•28 in breadth, which stood on the
outside of a terminal rosette of leaves,
produced by a plant growing very
vigorously. Its movement was traced
during 3 days, as here shown (Pig.
104). Tho course was chiefly in an
upward direction, and this may be
attributed to the elongation of the
leaf through growth; but we see that
the lines are strongly zigzag, and that
occasionally there was distinct circumnutation, though on a very small Echeceria stolonifera : circumscale.
nutation of leaf, traced

,f

-

from 8.20 A.M. June 25th

(13.) Bryophyllum (vel Calanchce)
to 8.45 A.M. 28th. Apex
of leaf 12J inches from the
calycinum
(Crassulacese). — Duvalglass, so that the movement
Jouve ('Bull. Soc. Bot. de Erance,'
was much magnified ; temp.
Feb. 14th, 1868) measured the dis23°-24J° C.
tance between the tips of the upper
pair of leaves on this plant, with the result shown in the following
Table. It should be noted that the measurements on Dec. 2nd
were made on a different pair of leaves:—
Nov. 16
„ 19
Dec. 2

8 A.M.
15 mm.
48 „
22 „

2 P.M.
25 mm.
60 „
43 „

7 P.M.
(?)
48 mm.
28 „

We see from this Table that the leaves stood considerably
further apart at 2 P.M. than at either 8 A.M. or 7 P.M.; and this
shows that they rise a little in the evening and fall or open
in the forenoon.
(14.) Drosera rotundifolia (Droseracese, Earn. 85).—The movements of a young leaf, having a long petiole but with its tentacles
(or gland-bearing hairs) as yet unfolded, were traced during
47 h. 15 m. The figure (Fig. 105) shows that it circumnutated
largely, chiefly in a vertical direction, making two ellipses each
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day. On both days the leaf began to descend after 12 or
1 o'clock, and continued to do so all niglnV though to a
very unequal distance on the
two occasions. We therefore
thought that the movement
was periodic; but on observing three other leaves during
several successive days and
nights, we found this to be an
error; and the case is given
merely as a caution. On the
third morning the above leaf
occupied almost exactly the
same position as on the first
morning; and the tentacles
by this time had unfolded
sufficiently to project at right
angles to the blade or disc.
The leaves as they grow
older generally sink more
and more downwards. The
movement of an oldish leaf,
the glands of which were
still secreting freely, was
traced for 24 h., during which
time it continued to sink a
little in a slightly zigzag line.
On the following morning, at
circumnutation
7 A.M., a drop of a solution
of young leaf, with filament fixed
to back of blade, traced from 9.15 of carbonate of ammonia (2
A.M. June 7th to 8.30 A.M. June gr. to 1 oz. of water) was
9th. Figure here reduced to one- placed on the disc, and this
half original scale.
blackened the glands and induced inflection of many of the tentacles. The weight of the
drop caused the leaf at first to sink a little; but immediately
afterwards it began to rise in a somewhat zigzag course, and
continued to do so till 3 P.M. It then circumnutated about
the same spot on a very small scale for 21 h.; and during the
next 21 h. it sank in a zigzag line to nearly the same level
which it had held when the ammonia was first administered.
By this time the tentacles had re-expanded, and the glands had
recovered their proper colour. We thus learn that an old leaf

^iO'dO'jp.mJB*?
Drosera rotundifulia:
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ciroumnutates on a small scale, at least whilst absorbing carbonate of ammonia; for it is probable that this absorption may
stimulate growth and thus re-excite circumnutation. "Whether
the rising of the glass filament which was attached to the back
of the leaf, resulted from its margin becoming slightly inflected
(as generally occurs), or from the rising of the petiole, was not
ascertained.
In order to learn whether the tentacles or gland-bearing hairs
circumnutate, the back of a young leaf, with the innermost
tentacles as yet incurved, was firmly cemented with shellac
to a flat stick driven into compact damp argillaceous sand.
The plant was placed under a microscope with the stage removed and with an eye-piece micrometer, of which each
division equalled
of an inch. It should be stated that as
the leaves grow older the tentacles of the exterior rows bend
outwards and downwards, so as ultimately to become deflected
considerably beneath the horizon. A tentacle in the second
row from the margin was selected for observation, and was
found to be moving outwards at a rate of
of an inch in
20 m., or £<j of inch in 1 h. 40 m.; but as it likewise moved
from side to side to an extent of above
of inch, the movement was probably one of modified circumnutation. A tentacle
on an old leaf was next observed in the same manner. In
15 m. after being placed under the microscope it had moved
about
of an inch. During the next 71 h. it was looked at
repeatedly, and during this whole time it moved only another
T^OS of an inch j and this small movement may have been due
to the settling of the damp sand (on which the plant rested),
though the sand had been firmly pressed down. We may therefore conclude that the tentacles when old do not circumnutate;
yet this tentacle was so sensitive, that in 23 seconds after its
gland had been merely touched with a bit of raw meat, it began
to curl inwards. This fact is of some importance, as it apparently shows that the inflection of the tentacles from the stimulus
of absorbed animal matter (and no doubt from that of contact
with any object) is not due to modified circumnutation.
T

(15.) Dioncea muscipula (Droseracess).—It should be premised
that the leaves at an early stage of their development have the
two lobes pressed closely together. These are at first directed
back towards the centre of the plant; but they gradually rise up
and soon stand at right angles to the petiole, and ultimately in
nearly a straight line with it. A young leaf, which with the
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petiole was only 1/2 incli in length, had a filament fixed externally along the midrib of the still closed lobes, which projected
at right angles to the petiole. In the evening this leaf completed an ellipse in the course of 2 h. On
Fig. 106.
the following day (Sept. 25th) its movements were traced during 22 h.; and we
see in Fig. 106 that it moved in the same
general direction, due to the straightening
of the leaf, but in an extremely zigzag line.
This line represents several drawn-out or
modified ellipses. There can therefore be
no doubt that this young leaf circumnutated.
/
A rather old, horizontally extended
leaf, with a filament attached along the
under side of the midrib, was next
observed during 7 h. It hardly moved,
but when one of its sensitive hairs
was touched, the blades closed, though
not very quickly. A new dot was now
made on the glass, but in the course of
14 h. 20 m. there was hardly any change
in the position of the filament. We may
therefore infer that an old and only
moderately sensitive leaf does not circumnutate plainly; but we shall soon see
musapula:
cir- that it by no means follows that such
cumnutation
of a
young and expanding a leaf is absolutely motionless. We may
leaf, traced on a hori- further infer that the stimulus from a
zontal glass in dark- touch does not re-excite plain circumnuness, from noon Sept,
24th to 10 A.M. 25th. tation.
Another full-grown leaf had a filament
Apex of leaf 13§
inches from the glass, attached externally along one side of the
so tracing considermidrib and parallel to it, so that the filaably magnified.
ment would move if the lobes closed. I t
should be first stated that, although a touch on one of the sensitive hairs of a vigorous leaf causes it to close quickly, often
almost instantly, yet when a bit of damp meat or some solution
of carbonate of ammonia is placed on the lobes, they close so
slowly that generally 24 h. is required for the completion of the
act. The above leaf was first observed for 2 h. 30 m., and did ·
not circumnutate, but it ought to have been observed for a
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longer period; although, as we have seen, a young leaf completed a fairly large ellipse in 2 h. A drop of an infusion of
raw meat was then placed on the leaf, and within 2 h. the glass
filament rose a little; and this implies that the lobes had begun
to close, and perhaps the petiole to rise. It continued to rise
with extreme slowness for the next 8 h. 30 m. The position of
the pot was then (7.15 P.M., Sept. 24th) slightly changed and
an additional drop of the infusion given, and a new tracing
was begun (Fig. 107). By 10.60 P.M. the filament had risen
only a little more, and it fell during the night. On the following morning the lobes were closing more quickly, and by 5 P.M.
it was evident to the eye that they had closed considerably ; by
8.48 P.M. this was still plainer, and by 10.45 P.M. the marginal
spikes were interlocked. The leaf fell a little during the night,
and next morning (25th) at 7 A.M. the lobes were completely
shut. The course pursued, as may be seen in the figure, was

er4Skm.S5"
Dumaa muscipula: closure of the lobes and circumnutation of a full-grown
leaf, whilst absorbing an infusion of raw meat, traced in darkness, from
7.15 P.M. Sept. 24th to 9 A.M. 26th. Apex of leaf 8 J inches from the
vertical glass. Figure here reduced to two-thirds of original scale.
strongly zigzag, and this indicates that the closing of the lobes
was combined with the circumnutation of the whole leaf;
and there cannot be much doubt, considering how motionless
the leaf was during 2 h. 30 m. before it received the infusion,
that the absorption of the animal matter had excited it to
circumnutate. The leaf was occasionally observed for the next
four days, but was kept in rather too cool a place; nevertheless,
it continued to circumnutate to a small extent, and the lobes
remained closed.
It is sometimes stated in botanical works that the lobes close
or sleep at night; but this is an error. To test the statement,
very long glass filaments were fixed inside the two lobes of
three leaves, and the distances between their tips were measured
in the middle of the day and at night; but no difference could
be detected.
The previous observations relate to the movements of the
whole leaf, but the lobes move independently of the petiole, and
K
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seem to be continually opening and shutting to a very small
extent. A nearly full-grown leaf (afterwards proved to be
highly sensitive to contact) stood almost horizontally, so that
by driving a long thin pin through the foliaceous petiole close
to the blade, it was rendered motionless. The plant, with
a little triangle of paper attached to one of the marginal spikes,
was placed under a microscope with an eye-piece micrometer,
each division of which equalled
of an inch. The apex of
the paper-triangle was now seen to be in constant slight movement ; for in 4 h. it crossed nine divisions, or
of an inch,
and after ten additional hours it moved back and had crossed
in an opposite direction. The plant was kept in rather
too cool a place, and on the following day it moved rather less,
namely,
in 3 h., and -gfo in an opposite direction during the
next 6 h. The two lobes, therefore, seem to be constantly
closing or opening, though to a very small distance; for we must
remember that the little triangle of paper affixed to the marginal
spike increased its length, and thus exaggerated somewhat the
movement. Similar observations, with the important difference
that the petiole was left free and the plant kept under a high
temperature, were made on a leaf, which was healthy, but so old
that it did not close when its sensitive hairs wore repeatedly
touched, though judging from other cases it would have slowly
closed if it had been stimulated by animal matter. The apex of
the triangle was in almost, though not quite, constant movement,
sometimes in one direction and sometimes in an opposite one;
and it thrice crossed five divisions of the micrometer (i.e.
of
an inch) in 30 m. This movement on so small a scale is hardly
comparable with ordinary circumnutation; but it may perhaps
be compared with the zigzag lines and little loops, by which the
larger ellipses made by other plants are often interrupted.
• In the first chapter of this volume, the remarkable oscillatory
movements of the circumnutating hypocotyl of the cabbage
have been described. The leaves of Dion sea present the same
phenomenon, which is a wonderful one, as viewed under a low
power (2-inch object-glass), with an eye-piece micrometer of
which each division (jfo of an inch) appeared as a rather wide
space. The young unexpanded leaf, of which the circumnutating
movements were traced ( K g . 106), had a glass filament fixed
perpendicularly to i t ; and the movement of the apex was
observed' in the hot-house (temp. 84° to 86° P.), with light
admitted only from above, and with any lateral currents of air
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excluded. The apex sometimes crossed one or two divisions of
the micrometer at an imperceptibly slow rate, but generally it
moved onwards by rapid starts or jerks of
or
- , and in
one instance of
of an inch. After each jerk forwards, the
apex drew itself backwards with comparative slowness for part
of the distance which had just been gained; and then after a
very short time made another jerk forwards. Four conspicuous jerks forwards, with slower retreats, were seen on one
occasion to occur in exactly one minute, besides some minor
oscillations. As far as we could judge, the advancing and
retreating lines did not coincide, and if so, extremely minute
ellipses were each time described. Sometimes the apex remained
quite motionless for a short period. Its general course during
the several hours of observation was in two opposite directions,
so that the leaf was probably circmnnutating.
An older leaf with the lobes fully expanded, and which was
afterwards proved to be highly sensitive to contact, was next
observed in a similar manner, except that the plant was exposed
to a lower temperature in a room. The apex oscillated forwards
and backwards in the same manner as before; but the jerks forward were less in extent, viz. about x^jo inch; and there were
longer motionless periods. As it appeared possible that the
movements might be due to currents of air, a wax taper was
held close to the leaf during one of the motionless periods, but
no oscillations were thus caused. After 10 m., however, vigorous
oscillations commenced, perhaps owing to the plant having been
warmed and thus stimulated. The candle was then removed and
before long the oscillations ceased; nevertheless, when looked at
again after an interval of 1 h. 30 m., it was again oscillating.
The plant was taken back into the hot-house, and on the
following morning was seen to be oscillating, though not very
vigorously. Another old but healthy leaf, which was not in the
least sensitive to a touch, was likewise observed during two
days in the hot-house, and the attached filament made many
little jerks forwards of about y ^ or only
of an inch.
Finally, to ascertain whether the lobes independently of the
petiole oscillated, the petiole of an old leaf was cemented close
to the blade with shellac to the top of a little stick driven into
the soil. But before this was done the leaf was observed, and
found to be vigorously oscillating or jerking; and after it had
been cemented to the stick, the oscillations of about
of
an inch still continued. On the following day a little infusion
B 2
?

10
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of raw meat was placed on the leaf, which caused the lobes to
close together very slowly in the course of two days; and the
oscillations continued during this whole time and for the next
two days. After nine additional days the leaf began to open
and the margins were a little everted, and now the apex of the
glass filament remained for long periods motionless, and then
moved backwards and forwards for a distance of about ' of
an inch slowly, without any jerks. Nevertheless, after warming
the leaf with a taper held close to it, the jerking movement
recommenced.
This same leaf had been observed 2 J months previously, and
was then found to be oscillating or jerking. We may therefore
infer that this kind of movement goes on night and day for a
very long period; and it is common to young unexpanded leaves
and to leaves so old as to have lost their sensitiveness to a
touch, but which were still capable of absorbing nitrogenous
matter. The phenomenon when well displayed, as in the young
leaf just described, is a very interesting one. It often brought
before our minds the idea of effort, or of a small animal
struggling to escape from some constraint.
(16.) Eucalyptus resinifera (Myrtacese, Tarn. 94).—A young leaf,
two inches in length together with
S'
the petiole, produced by a lateral
^
*
shoot from a cut-down tree, was
I
observed in the usual manner.
The blade had not as yet assumed its vertical position. On
June 7th only a few observations
were made, and the tracing merely
showed that the leaf had moved
three times upwards and three
downwards. On the following
day it was observed more freEucalyptus resinifera : circumnu- quently; and two tracings were
tation of a leaf, traced, A, from
6.40 A.M. to 1 P.M. June 8th ; made (see A and B, Pig. 108), as
B, from 1 P.M. 8th to 8.30 A.M. a single one would have been too
9th. Apex of leaf 14J inches complicated. The apex changed
from the horizontal glass, so
figures considerably magnified. its course 13 times in the course
of 16 h., chiefly up and down, but
with some lateral movement. The actual amount of movement
in any one direction was small.
(17.) Dahlia (garden var.) (Compositse, Tarn. 122).—A fine young
1 0

Fi

1 0 8
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leaf 5ï inches in length, produced by a young plant 2 feet high,
growing vigorously in a large pot, was directed at an angle of
about 45° beneath the horizon. On June 18th the leaf descended
from 10 A.M. till 11.35 A.M. (see Fig. 109); it then ascended
greatly till 6 P.M., this ascent being probably due to the light
Fig. 109. ·

Dahlia: circumnutation of leaf, traced from 10 A.M. June 18th to 8.10 A.M.
20th, but with a break of I n . 4 0 m . on the morning of the 19th, as,,
owing to the glass filament pointing too much to one side, the pot had
to be slightly moved ; therefore the relative position of the two tracings
is somewhat arbitrary. The figure here given is reduced to one-fifth of
the original scale. Apex of leaf 9 inches from the glass in the line
of its inclination, and 4f in a horizontal line.

coming only from above. It zigzagged between 6 P.M. and
10.35 P.M., and ascended a little during the night. It should be
remarked that the vertical distances in the lower part of the
diagram are much exaggerated, as the leaf was at first deflected
beneath the horizon, and after it had sunk downwards, the
filament pointed in a very oblique line towards the glass. Next
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day the leaf descended from 8.20 A.M. till 7.15 P.M., then zigzagged
and ascended greatly during the night. On the morning of the
20th the leaf was probably beginning to descend, though the
short line in the diagram is horizontal. The actual distances
travelled by the apex of the leaf were considerable, but could
not be calculated with safety. From the course pursued on the
second day, when the plant had accommodated itself to the light
from above, there cannot be much doubt that the leaves undergo
a daily periodic movement, sinking during the day and rising
at night.
(18.) Mutisia clematis (Composite).—The leaves terminate in
tendrils and circumnutate like those of other tendril-bearers;
but this plant is here mentioned, on account of an erroneous
statement * which has been published, namely, that the leaves
sink at night and rise during the day. The leaves which
behaved in this manner had been kept for some days in a
northern room and had not been sufficiently illuminated. A
plant therefore was left undisturbed in the hot-house, and three
leaves had their angles measured at noon and at 10 P.M. All
three were inclined a little beneath the horizon at noon, but one
stood at night 2°, the second 21°, and the third 10° higher than
in the middle of the day; so that instead of sinking they rise
a little at night.
(19.) Cyclamen Persicum (Primulacese, Fam. 135).—A young
leaf, T8 of an inch in length, petiole included, produced by an
old root-stock, was observed during three days in the usual
manner (Fig. 110). On the first day the leaf fell more than afterwards, apparently from adjusting itself to the light from above.
On all three days it fell from the early morning to about 7 P.M.,
and from that hour rose during the night, the course being
slightly zigzag. The movement therefore is strictly periodic.
It should be noted that the leaf would have sunk each evening
a little lower down than it did, had not the glass filament rested
between 5 and 6 P.M. on the rim of the pot. The amount of
movement was considerable; for if we assume that the whole
leaf to the base of the petiole became bent, the tracing would
be magnified rather less than five times, and this would give
to the apex a rise and fall of half an inch, with some lateral
movement. This amount, however, would not attract attention
without the aid of a tracing or measurement of some kind.
* ' The Movements and Habits of Climbing Plants,' 1875, p. 118.
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(20.) AUamanda Schottii (Apocynese, Fam. 144).—The young
leaves of this shrub are elongated, with the blade bowed so much
Fig. 110.

Cyclamen Persicum: circumnutation of leaf, traced from 6.45 A.M. June 2nd
to 6.40 A.M. 5th. Apex of leaf 7 inches from the vertical glass.

downwards as almost to form a semicircle. The chord—that
is, a line drawn from the apex of the blade to the base of the
petiole—of a young leaf, 41 inches in length, stood at 2.50 P.M. on
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3ath the

horizon, but by 9.30 P.M.
the blade had straightened itself
Fig. 111.
so much, which implies the
raising of the apex, that the
chord now stood at 37° above the
horizon, and had therefore risen
50°. On the next day similar
angular measurements of the
same leaf were made; and at
noon the chord stood 36° beneath the horizon, and 9.30 P.M.
3J° above it, so had risen 391°.
The chief cause of the rising
movement lies in the straightening of the blade, but the short
petiole rises between 4° and 5°.
On the third night the chord
stood at 35° above the horizon,
and if the leaf occupied the
same position at noon, as on
the previous day, it had risen
71°. With older leaves no such
change of curvature could be
detected. The plant was then
brought into the house and
kept in a north-east room, but
at night there was no change
in the curvature of the young
leaves; so that previous exposure to a strong light is apparently requisite for the periodical change of curvature in the
blade, and for the slight rising
Petunia violacea: downward move- of the petiole.
ment and ciroumnutation of a
very young leaf, traced from 10
A.M. June 2nd to 9.20 A.M. June
6th. N.B.—At 6.40 A.M. on the
5th it was necessary to move the
pot a little, and a new tracing
was begun at the point where
two dots are not joined in the
diagram. Apex of leaf 7 inches
from the vertical glass. Temp,
generally 17J° C.

(21.) Wigandia (Hydroleacese,
Fam. 149).—Professor Pfeffer
informs us that the leaves of this
plant rise in the evening; but as
we do not know whether or not
the rising is great, this species
ought perhaps to be classed
amongst sleeping plants.
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(22.) Petunia violacea (Solanese, Fam. 157).—A very young
leaf, only I inch in length, highly inclined upwards, was observed
for four days. During the whole of this time it bent outwards
and downwards, so as to become more and more nearly horizontal. The strongly marked zigzag line in the figure on p. 248
(Fig. I l l ) , shows that this was effected by modified circumnutation; and during the latter part of the time there was much
ordinary circumnutation on a small scale. The movement in
the diagram is magnified between 10 and 11 times. I t exhibits
a clear trace of periodicity, as the leaf rose a little each evening;
but this upward tendency appeared to be almost conquered by
the leaf striving to become more and
Fig. 112.
more horizontal as it grew older. The
angles which two older leaves formed
together, were measured in the evening and about noon on 3 successive
days, and each night the angle decreased a little, though irregularly.
(23.) Acanthus mollis (Acanthacese,
Fam. 168). — The younger of two
leaves, 2J inches in length, petiole
included, produced by a seedling
plant, was observed during 47 h.
Early on each of the three mornings, the apex of the leaf fell; and
it continued to fall till 3 P.M., on
the two afternoons when observed.
' After 3 P.M. it rose considerably, and
continued to rise on the second night
until the early morning. But on
the first night it fell instead of rising,
and we have little doubt that this Acanthus mollis: circumnutawas owing to the leaf being very tion of young leaf, traced
young and becoming through epi- from 9.20 A.M. June 14th
to 8.30 A.M. 16th. Apex
nastic growth more and more hori- of leaf 11 inches from the
zontal; for it may be seen in the vertical glass, so movement
magnified.
diagram (Fig. 112), that the leaf stood considerably
here reduced to oneon a higher level on the first than on Figure
half of original
the second day. The leaves of an Temp. 15°-16£° C.
allied species (A. spinosus) certainly
rose every n i g h t ; and the rise between noon and 10.15 P.M.,
when measured on one occasion, was 10°. This rise was chiefly
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or exclusively due to the straightening of the blade, and not to
the movement of the petiole. We may therefore conclude that
the leaves of Acanthus circumnutate periodically, falling in the
morning and rising in the afternoon and night.
(24.) Cannabis sativa (Cannabinese, Fam. 195).—We have
here the rare case of leaves moving downwards in the evening,
but not to a sufficient degree to be called sleep.* I n the early
morning, or in the latter part of the night, they move upwards.
For instance, all the young leaves near the summits of several
stems stood almost horizontally at 8 A.M. May 29th, and at
10.30 P.M. were considerably declined. On a subsequent day two
leaves stood at 2 P.M. at 21° and 12° beneath the horizon, and at
10 P.M. at 38° beneath it. Two other leaves on a younger plant
were horizontal at 2 P.M., and at 10 P.M. had sunk to 36° beneath
the horizon. With respect to this downward movement of the
leaves, Kraus believes that it is due to their epinastic growth.
He adds, that the leaves are relaxed during the day, and tense
at night, both in sunny and rainy weather.
(25.) Pinus pinaster (Coniferse, Fam. 223).—The leaves on the
summits of the terminal shoots stand at first in a bundle almost
upright, but they soon diverge and ultimately become almost
horizontal. The movements of a young leaf, nearly one inch in
length, on the summit of a seedling plant only 3 inches high,
were traced from the early morning of June 2nd to the evening
of the 7th. During these five days the leaf diverged, and its apex
descended at first in an almost straight line; but during the two
latter days it zigzagged so much that it was evidently circumnutating. The same little plant, when grown to a height of 5 inches,
was again observed during four days. A filament was fixed
transversely to the apex of a leaf, one inch in length, and which
had already diverged considerably from its originally upright
position. It continued to diverge (see A, Fig. 113), and to
descend from 11.45 A.M. July 31st to 6.40 A.M. Aug. 1st. On
August 1st it circumnutated about the same small space, and
again descended at night. Next morning the pot was moved
nearly one inch to the right, and a new tracing was begun (B).
From this time, viz., 7 A.M. August 2nd to 8.20 A.M. on the 4th,
* We were led to observe this
plant by Dr. Carl Kraus' paper,
' Beiträge zur Kentniss der Bewegungen Wachsender Laubblätter,'

Flora, 1879, p. 66. We regret that
we cannot fully understand parts
of this paper.
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the leaf manifestly circumnutated. It does not appear from the
diagram that the leaves move periodically, for the descending
course during the first two nights, was clearly due to epinastic

Fig. 113.

Y
A.

B.

Finns pinaster! circumnutation of young leaf, traced from 11.45 A.M.
July 31st to 8.20 A.M. Aug. 4th. At 7 A.M. Aug. 2nd the pot w a 3
moved aft inch to one side, so that the tracing consists of two figures.
Apex of leaf 14J inches from the vertical glass, so movements much
magnified.

growth, and at the close of our observations the leaf was not
nearly so horizontal as it would ultimately become.
Pinus austriaca.—Two leaves, 3 inches in length, but not
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quite fully grown, produced by a lateral shoot, on a young tree
3 feet in height, were observed during 29 h. (July 31st), in the
same manner as the leaves of the previous species. Both these
leaves certainly circumnutated, making
S-1 within the above period two, or two and
a half, small, irregular ellipses.
(26.) Cycas pectinata (Cycadese, Fam.
224). — A young leaf, Hi inches i n
length, of which the leaflets had only
recently become uncurled, was observed
during 47 h. 30 m. The main petiole
was secured to a stick at the base of the
two terminal leaflets. To one of the
latter, 3 t inches in length, a filament
was fixed; the leaflet was much bowed
downward, but as the terminal part was
upturned, the filament projected almost
horizontally. The leaflet moved (see
Fig. 114) largely and periodically, for i t
fell until about 7 P.M. and rose during
the night, falling again next morning
after 6.40 A.M. The descending bines
are in a marked manner zigzag, and so
probably would have been the ascending
lines, if they had been traced throughout
the night.
F i

1 4

Cycas pectinata: circumnatation of one of the
terminal leaflets, traced
from 8.30 A.M. June
22nd to 8 A.M. June
24th. Apex of leaflet
7 | inches from the vertical glass, so tracing
not greatly magnified,
and here reduced to
one-third of original
scale; temp. 19°-21°C.

CLBCUMNU'TATION OP LEAVES!
MONOCOTYLEDONS.

(27.) Carina Warscewiczii (Cannacese,
Fam. 2).—The movements of a young
leaf, 8 inches in length and 3 i in
breadth, produced by a vigorous young
plant, were observed during 45 h.
50 m., as shown in Fig. 115. The pot
was slided about an inch to the right on the morning of the
11th, as a single figure would have been too complicated; but
the two figures are continuous i n time. The movement i s
periodical, as the leaf descended from the early morning until
about 5 P.M., and ascended during the rest of the evening and
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part of the night. On the evening of the 11th it cireumnutated
on a small scale for some time about the same spot.
Fig. 115.

A.
B.
Cimna Warscewiczii: circumnutation of leaf, traced (A) from 11.30 A.M.
June 10th to 6.40 A.M. 11th; and (B) from 6.40 A.M. 11th to 8.40 A.M.
12th. Apex of leaf 9 inches from the vertical glass.

(28.) Iris pseudo-acorns (Irideaa, Fam. 10).—The movements
of a young leaf, rising 13 inches above the water in which the
plant grew, were traced as shown in the
Fig. 116.
figure (Fig. 116), during 27 h. 30 m.
i t manifestly cireumnutated, though
only to a small extent. On the second
morning, between 6.40 A.M. and 2 P.M.
(at which latter hour the figure here
given ends), the apex changed its course
five times. D u r i n g t h e n e x t 8 h . 4 0 m . i t
zigzagged much, and descended as far
as the lowest dot in the figure, making
in its course two very small ellipses; Iris pseudo-acorns: circumnutation of leaf, traced
but if these lines had been added to
from 10.30 A.M. May 28th
\he diagram it would have been too
to 2 P.M. 29th. Tracing
complex.
continued to 11 P.M., but
(29.) Orinum Oapense (Amaryllidese,
not here copied. Apex
of leaf 12 inches beneath
Fam. 11).—The leaves of this plant
the horizontal glass, so
are remarkable for their great length
figure considerably magand narrowness: one was measured
nified. Temp. 15°-16° C.
and found to be 53 inches long and
only 1-4 broad at the base. Whilst quite young they stand up
almost vertically to the height of about a foot; afterwards
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their tips begin to bend over, and subsequently hang vertically
down, and thus continue to grow. A rather young leaf was
selected, of which the dependent tapering point was as yet only
5 i inches in length, the upright basal part being 20 inches high,
though this part would ultimately become shorter by being
more bent over. A large bell-glass was placed over the plant,
with a black dot on one side; and by bringing the dependent
apex of the leaf into a line with this dot, the accompanying
figure (Fig. 117) was traced on the other side of the bell, during
2± days.' During the first day (22nd) the tip travelled laterally
far to the left, perhaps in consequence of the plant having been
Fig. 117.

Crinum capeme: circumnutation of dependent tip of young leaf, traced on
a bell-glass, from 10.30 P.M. May 22nd to 10.15 A.M. 25th. Figure not
greatly magnified.

disturbed; and the last dot made at 10.30 P.M. on this day is
alone here given. As we see in the figure, there can be no
doubt that the apex of this leaf circumnutated.
A glass filament with little triangles of paper was at the
same time fixed obliquely across the tip of a still younger leaf,
which stood vertically up and was as yet straight. Its movements were traced from 3 P.M. May 22nd to 10.15 A.M. 25th.
The leaf was growing rapidly, so that the apex ascended greatly
during this period; as it zigzagged much it was clearly circumnutating, and it apparently tended to form one ellipse each
day. The lines traced during the night were much more vertical
than those traced during the day; and this indicates that the
tracing would have exhibited a nocturnal rise and a diurnal
fall, if the leaf had not grown so quickly. The movement of
this samo leaf after an interval of six days (May 31st), by which
.time the tip had curved outwards into a horizontal position,
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and had thus made the first step towards becoming dependent,
was traced orthogonically by the aid of a cube of wood (in t h e
manner before explained); and it was thus ascertained that t h e
actual distance travelled by the apex, and due to circumnutation,
was
inches in the course of 201 h. During the next 24 h. i t
travelled 2s inches. The circumnutating movement, therefore,
of this young leaf was strongly marked.
(30.) Pancratium littorale (Amaryllideas).—The movements,
much magnified, of a leaf, 9 inches in length and inclined a t
about 45° above the horizon, were traced during two days. O n
the first day it changed its course completely, upwards a n d
downwards and laterally, 9 times in 12 h.; and the figure traced
apparently represented five ellipses. On the second day it w a s
observed seldomer, and was therefore not seen to change i t s
course so often, viz., only 6 times, but in the same complex
manner as before. The movements were small in extent, b u t
there could be no doubt about the circumnutation of the leaf.
. (31.) Imatophyllum, vel Clivia (sp. ?) (Amaryllideae).—A long
glass filament was fixed to a leaf, and the angle formed by i t
with the horizon was measured occasionally during three s u c cessive days. It fell each morning until between 3 and 4 P.M.,
and rose at night. The smallest angle at any time above t h e
horizon was 48°, and the largest 50°; so that it rose only 2 °
at night; but as this was observed each day, and as similar
observations were nightly made on another leaf on a distinct
plant, there can be no doubt that the leaves move periodically,
though to a very small extent. The position of the apex w h e n
it stood highest was '8 of an inch above its lowest point.
(32.) Pistia stratiotes (Aroidese, Fam. 30). — Hofmeister
remarks that the leaves of this floating water-plant are more
highly inclined at night than by day.* We therefore fastened
a fine glass filament to the midrib of a moderately young
leaf, and on Sept. 19th measured the angle which it formed
with the horizon 14 times between 9 A.M. and 11.50 P.M. T h e
temperature of the hot-house varied during the two days of
observation between 18i° and 2 3 ° C. At 9 A.M. the filament
stood at 32° above the horizon; at 3.34 P.M. at 10° and at
11.50 P.M. at 55°; these two latter angles being the highest and
the lowest observed during the day, showing a difference of 4 5 ^
The rising did not become strongly marked until between
5

* ' D i e Lehre von der Pfianzenzelle,' 1867, p. 327,'
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5. and 6 P.M. On the next day the leaf stood at only 10° above
the horizon at 8.25 A.M., and it remained at about 15° till past
3 P.M.; at 5.40 P.M. it was 23°, and at 9.30 P.M. 58°; so that
the rise was more sudden this evening than on the previous
one, and the difference in the angle amounted to 48°. The
movement is obviously periodical, and as the leaf stood on the
first night at 55°, and on the second night at 58° above the
horizon, it appeared very steeply inclined. This case, as we
shall see in a future chapter, ought perhaps to have been
included under the head of sleeping plants.
(33.) Pontederia (sp. ?) (from the highlands of St. Catharina,
Fig. 118.

Pontederia (sp. ?) : circumnutation of leaf, traced from 4.50 P.M. July 2nd
to 10.15 A.M. 4th. Apex of leaf 16J inches from the vertical glass, so
tracing greatly magnified. Temp, about 17° C , and therefore rather
too low.

Brazil) (Pontederiaeeze, Fam. 46).—A filament was fixed across
the apex of a moderately young leaf, 7h inches in height, and
its movements were traced during 42£ h. (see Fig. 118). On
the first evening, when the tracing was begun, and during the
night, the leaf descended considerably. On the next morning
it ascended in a strongly marked zigzag line, and descended
again in the evening and during the night. The. movement,
therefore, seems to be periodic, but some doubt is thrown on
this conclusion, because another leaf, 8 inches in height,
appearing older and standing more highly inclined, behaved
differently. During the first 12 h. it circumnutated over a
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small space, but during the night and the whole following day
it ascended i n the same general direction; the ascent being
effected by repeated up and down well-pronounced oscillations.
CEYPTOGAMS.

(34.) Nephrodium molle (Filices, Fam. 1 ) . — A filament was
fixed near the apex of a young frond of this Fern, 17 inches
in height, which was not as yet fully uncurled; and its movements were traced during 24 h. We see in Fig. 119 that it
Fig. 119.

A

Nephrodium molle: cireumnutation of rachis, traced from 9.15 A.M. May
28th to 9 A.M. 29th. Figure here given two-thirds of original scale.

plainly circumnutated. The movement was not greatly magnified
as the frond was placed near to the vertical glass, and would
probably have been greater and more rapid had the day been
warmer. For the plant was brought out of a warm greenhouse
and observed under a skylight, where the temperature was
between 15° and 16° C. We have seen in Chap. I. that a frond of
this Fern, as yet only slightly lobed and with a rachis only "23
inch in height, plainly circumnutated*
* Mr. Loomis and Prof. A s a
Gray have described (' Botanical
Gazette,' 1880, pp. 27, 4 3 ) , an
extremely curious case of movement in the fronds, but only i n
the fruiting fronds, of Asplenium
tricliomanes. They move almost
as rapidly as the little leaflets

of Vesmndium gyrann, alternately
backwards and forwards through
from 2 0 1 0 4 0 degrees, in a plane at
right angles to that of the frond.
The apex of the frond describes " a
long and very narrow ellipse," so
that it circumnutates. B u t t h e
movement differs from ordinary
S
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In the chapter on the Sleep of Plants the "conspicuous circumnutation of Marsilea quadrifoliata (Marsileacese, Fam. 4) will be
described.
It has also been shown in Chap. I. that a very young Selaginella (Lycopodiacese, Fam. 6), only 4 inch in height, plainly
circumnutated; we may therefore conclude that older plants,
whilst growing, would do the same.
(35.) Lunularia vulgaris (Hepaticse, Fam. 11, Muscales).—
The earth in an old flower-pot was
Fig. 120.
coated, with this plant, bearing
gemma?. A highly inclined frond,
.which projected -3 inch above the
soil and was 4 inoh in breadth, was
selected for observation. A glass
hair of extreme tenuity, '75 inch
in length, with its end whitened,
was cemented with shellac to the
frond at right angles to its breadth;
and a white stick with a minute
black spot was driven into the soil
close behind the end of the hair.
The white end could be accurately
brought into a line with the black
spot, and dots could thus be successively made, on the vertical
glass-plate in front. Any movement of the frond would of course
be exhibited and increased by the
long glass hair; and the black spot
was placed so close behind the end
of the hair, relatively to the distance of the glass-plate in front,
that the movement of the end was
magnified about 40 times. NeverLunularia vulgaris: circumnnta- theless, we are convinced that our
tion of a frond, traced from
•0 A.M. Oct 25th to 8 A.M. 27th. tracing gives a fairly faithful representation of the movements of
the frond. In the intervals between each observation, the plant
was covered by a small bell-glass. The frond, as already stated,
-

-

circumnutation as it occurs only
when the plant is exposed to the
light; even artificial light " i s

sufficient to excite motion for a
few minutes."
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was highly inclined, and the pot stood in front of a north-east
window. During the five first days the frond moved downwards
or became less inclined; and the long line which was traced
was strongly zigzag, with loops occasionally formed or nearly
formed; and this indicated circumnutation. Whether the sinking was due to epinastic growth, or apheliotropism, we do not
know. As the sinking was slight on the fifth day, a new tracing
was begun on the sixth day (Oct. 25th), and was continued
for 47 h.; it is here given (Fig. 120). Another tracing was made
on the next day (27th) and the frond was found to be still circumnutating, for during 14 h. 30 m. it changed its course completely (besides minor changes) 10 times. It was casually
observed for two more days, and was seen to be continually
moving.
The lowest members of the vegetable series, the Thallogens,
apparently circumnutate. If an Oscillaria be watched under
the microscope, it may be seen to describe circles about every
40 seconds. After it has bent to one side, the tip first begins
to bend back to the opposite side and then the whole filament
curves over in the same direction. Hofmeister* has given a
minute account of the curious, but less regular though constant,
movements of Spirogyra: during 2J h. the filament moved 4
times to the left and 3 times to the right, and he refers to a
movement at right angles to the above. The tip moved at the
rate of about 0 l mm. in five minutes. He compares the movement with the nutation of the higher plants.f We shall hereafter
see that heliotropic movements result from modified circumnutation, and as unicellular Moulds bend to the light we may
infer that they also chcumnutate.
-

CONCLUDING REMARKS ON THE CIRCUMNUTATION
OF LEAVES.

The circumnutating movements of young leaves in
33 genera, belonging to 25 families, widely distributed
* ' Ueber die Bewegungen der
Faden der Spirogyra prinoepe:
Jahreshefte des Vereins für vaterländische Naturkunde in Württemberg,' 1874, p. 211.
f Zukal also remarks (as quoted
in 'Journal B. Mieroscop. Soc.,'

1880, vol. iii. p. 820) that the
movements of Spirulina, a member of the Osoillatoriese, are closely
analogous "to the well-known
rotation of growing shoots and
tendrils."

s 2
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amongst ordinary and gymnospermous Dicotyledons
and amongst Monocotyledons, together with several
Cryptogams, have now been described. It would,
therefore, not be rash to assume that the growing
leaves of all plants circumnutate, as .we have seen
reason to conclude is the case with cotyledons. The
seat of movement generally lies in the petiole, but
sometimes both in the petiole and blade, or in the
blade alone. The extent of the movement differed much
in different plants; but the distance passed over was
never great, except with Pistia, which ought perhaps
to have been included amongst sleeping plants. The
angular movement of the leaves was only occasionally
measured; it commonly varied from only 2° (and probably even less in some instances) to about 10°; but
it amounted to 23° in the common bean. The movement is chiefly in a vertical plane, but as the ascending
and descending lines never coincided, there was always
some lateral movement, and thus irregular ellipses
were formed. The movement, therefore, deserves to.
be called one of circumnutation; for all circumnutating organs tend to describe ellipses,—that is, growth
on one side is succeeded by growth on nearly but not
quite the opposite side. The ellipses, or the zigzag
lines representing drawn-out ellipses, are generally
very narrow; yet with the Camellia, their minor axes
were half as long, and with the Eucalyptus more than
half as long as their major axes. In the case of Cissus,
parts of the figure more nearly represented circles than
ellipses. The amount of lateral movement is therefore
sometimes considerable. Moreover, the longer axes
of the successively formed ellipses (as with the Bean,
Cissus, and Sea-kale), and in several instances the
zigzag lines representing ellipses, were extended in
very different directions • during the same day or on
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the next day. The course followed was curvilinear or
straight, or slightly or strongly zigzag, and little loops
or triangles were often formed. A single large irregular
ellipse may be described on one day, and two smaller
ones by the same plant on the next day. With Drosera
two, and with Lupinus, Eucalyptus and Pancratium,
several were formed each day.
The oscillatory and jerking movements of the leaves
of Dionasa, which resemble those of the hypocotyl of
the cabbage, are highly remarkable, as seen under the
microscope. They continue night and day for some
months, and are displayed by young unexpanded leaves,
and by old ones which have lost their sensibility to a
touch, but which, after absorbing animal matter, close
their lobes. We shall hereafter meet with the same
kind of movement in the joints of certain Gramineas,
and it is probably common to many plants while circumnutating. It is, therefore, a strange fact that no
such movement could be detected in the tentacles of
Drosera rotundifolia, though a member of the same
family with Dionasa ; yet the tentacle which was observed was so sensitive, that it began to curl inwards
in 23 seconds after being touched by a bit of raw meat.
One of the most interesting facts with respect to
the circumnutation of leaves is the periodicity of their
movements; for they often, or even generally, rise alittle in the evening and early part of the night, and
sink again on the following morning. Exactly the
same phenomenon was observed in the case • of cotyledons. The leaves in 16 genera out of the 33 which
were observed behaved in this manner, as did probably
2 others. Nor must it be supposed that in the remaining 15 genera there was no periodicity in their movements ; for 6 of them were observed during too short
a period for any judgment to be formed on this head,
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and 3 were so young that their epinastic growth,
• which serves to bring them down into a horizontal
position, overpowered every other kind of movement.
In only one genus, Cannabis, did the leaves sink in
the evening, and Eraus attributes this movement to
the prepotency of their epinastic growth. That the
periodicity is determined by the daily alternations
of light, and darkness there can hardly be a doubt, as
will hereafter be shown. Insectivorous plants are
very little affected, as far as their movements are concerned, by light; and hence probably it is that their
leaves, at least in the cases of Sarracenia, Drosera, and
Dionsea, do not move periodically. The upward movement in the evening is at first slow, and with different
plants begins at very different hours;—with Glaucium
,as early as 11 A.M., commonly between 3 and 5 P.M.,
but sometimes as late as 7 P.M. It should be observed
that none of the leaves described in this chapter
(except, as we believe, those of Lupinus speciosus)
possess a pulvinus; for the periodical movements of
leaves thus provided have generally been amplified
into so-called sleep-movements, with which we are not
here concerned. The fact of leaves and cotyledons
frequently, or even generally, rising a little in the
evening and sinking in the morning, is of interest as
• giving the foundation from which the specialised sleepmovements of many leaves and cotyledons, not provided with a pulvinus, have been developed. The
above periodicity should be kept in mind, by any one
considering the problem of the horizontal position of
leaves and cotyledons during the day, whilst illuminated from above.
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CHAPTER V .
MODIFIED CIKCUMNUTATION : CLIMBING PLANTS ; EPINASTIO ASD
HYPONASTIC MOVEMENTS.
Oircuninutation modified through, innate causes or through the action
of external conditions—Innate causes—Climbing plants ; similarity
of their movements with those of ordinary plants ; increased amplitude ; occasional points of difference—Epinastio growth of young
leaves—Hyponastic growth of the hypoeotyls and epicotyls of seedlings—Hooked tips of climbing and other plants due to modified
circumnutation — Ampélopsis tricuspidata — Smithia Pfundii —
Straightening of the tip due to hyponasty—Epinast^c growth and
circumnutation of the flower-peduncles of Trifolium repens and
Oxalis caraosa.

THE radicles, hypoeotyls and epicotyls of seedling
plants, even before they emerge from the ground, and
afterwards the cotyledons, are all continually cireumnutating. So it is with the stems, stolons, flowerpeduncles, and leaves of older plants. We may, therefore, infer with a considerable degree of safety that all
the growing parts of all plants circumnutate. Although
this movement, in its ordinary or unmodified state,
appears in some cases to be of service to plants,
either directly or indirectly—for instance, the circumnutation of the radicle in penetrating the ground, or
that of the arched hypocotyl and epicotyl in breaking
through the surface—yet circumnutation is so general,
or rather so universal a phenomenon, that we cannot
suppose it to have been gained for any special purpose. We must believe that it follows in some unknown way from the manner in which vegetable tissues
grow.
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We shall now consider the many cases in which
circumnutation has been modified for various special
purposes; that is, a movement already in progress is
temporarily increased in some one direction, and temporarily diminished or quite arrested in other directions. These cases may be divided in two sub-classes;
in one of which the modification depends on innate or
constitutional causes, and is independent of external
conditions, excepting in so far that the proper ones for
growth must be present. In the second sub-class the
modification depends to a large extent on external
agencies, such as the daily alternations of light and
darkness, or light alone, temperature, or the attraction
of gravity. The first small sub-class will be considered
in the present chapter, and the second sub-class in the
remainder of this volume.
THE CIRCUMNUTATION OF CLIMBING PLANTS.

The simplest case of modified circumnutation is that
offered by climbing plants, with the exception of
those which climb by the aid of motionless hooks or
of rootlets; for the modification consists chiefly in the
greatly increased amplitude of the movement. This
would, follow either from greatly increased growth over
a small length, or more probably from moderately increased growth spread over a considerable length of the
moving organ, preceded by turgescence, and acting successively on all sides. The circumnutation of climbers
is more regular than that of ordinary plants; but in
almost every other respect there is a close similarity
between their movements, namely, in their tendency
to describe ellipses directed successively to all points
of the compass—in their courses being often interrupted by zigzag lines, triangles, loops, or .small
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ellipses—in the rate of movement, and in different
species revolving once or several times within the same
length of time. In the same internode, the movements cease first in the lower part and then slowly
•upwards. In both sets of cases the movement may be
modified in a closely analogous manner by geotropism
and by heliotropisrn; though few climbing plants are
heliotropic. Other points of similarity might be
pointed out.
That the movements of climbing plants consist of
ordinary circumnutation, modified by being increased
in amplitude, is well exhibited whilst the plants are
very young; for at this early age they move like other
seedlings, but as they grow older their movements
gradually increase without undergoing any other
change. That this power is innate, and is not excited
by any external agencies, beyond those necessary for
growth and vigour, is obvious. No one doubts that
this power has been gained for the sake of enabling
climbing plants to ascend to a height, and thus to
reach the light. This is effected by two very different
methods; first, by twining spirally round a support,
but to do so their stems must be long and flexible;
and, secondly, in the case of leaf-climbers and tendrilbearers, by bringing these organs into contact with a
support, which is then seized by the aid of their
sensitiveness. It may be here remarked that these
latter movements have no relation, as far as we can
judge, with circumnutation. In other cases the tips
of tendrils, after having been brought into contact with
a support, become developed into little discs which
adhere firmly to it.
We have said that the circumnutation of climbing
plants differs from that of ordinary plants chiefly by
its greater amplitude. But most leaves circumnutate
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in an almost Tertical plane, and therefore describe very
narrow ellipses, whereas the many kinds of tendrils
which consist of metamorphosed leaves, make much
broader ellipses or nearly circular figures; and thus
they have a far better chance of catching hold of a
support on any side. The movements of climbing
plants have also been modified in some few other
special ways, Thus the circumnutating stems of Solnanum dulcamara can twine round a support only
when this is as thin and flexible as a string or thread.
The twining stems of several British plants cannot
twine round a support when it is more than a few
inches in thickness; whilst in tropical forests some
can embrace thick trunks ;* and this great difference
in power depends on some unknown difference in
their manner of circumnutation. The most remarkable
special modification of this movement which we have
observed is in the tendrils of Echinocystis lobata; these
are usually inclined at about 45° above the horizon,
but they stiffen and straighten themselves so as to
stand upright in a part of their circular course, namely,
when they approach and have to pass over the summit
of the shoot from which they arise. If they had not
possessed and exercised this curious power, they would
infallibly have struck against the summit of the shoot
and been arrested in their course. As soon as one of
these tendrils with its three branches begins to stiffen
itself and rise up vertically, the revolving motion
becomes more rapid; and as soon as it has passed
over the point of difficulty, its motion coinciding
with that from its own weight, causes it to fall into its
previously inclined position so quickly, that the apex
can be seen travelling like the hand of a gigantic clock.
* ' T h e Movements and Habits of Climbing Plants,' p..,36.
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A large number of ordinary leaves and leaflets and
a few flower-peduncles are provided with pulvini; but
this is not the case with a single tendril at present
known. The cause of this difference probably lies in
the fact, that the chief service of a pulvinus is to
prolong the movement of the part thus provided after
growth has ceased; and as tendrils or other climbingorgans are of use only whilst the plant is increasing
•in height or growing, a pulvinus which served to
prolong their movements would be useless.
It was shown in the last chapter that the stolons or
runners of certain plants circumnutate largely, and
that this movement apparently aids them in finding a
passage between the crowded stems of adjoining plants.
If it could be proved that their movements had been
modified and increased for this special purpose, they
ought to have been included in the present chapter;
but as the amplitude of their revolutions is not so
conspicuously different from that of ordinary plants,
as in the case of climbers, we have no evidence on
,this head. We encounter the same doubt in the case
of some plants which bury their pods in the ground.
This burying process is certainly favoured by the
circumnutation of the flower-peduncle; but we do not
know whether it has been increased for this special
purpose.
EPINASTY—HYPONASTY.

The term epinasty is used by De Vries * to express
greater longitudinal growth along the upper than
* * Arbeiten des Bot. Inst.,
in Wurzburg,' Heft ii. 1872, p. 223.
De Vries has slightly modified
(p. 252J the meaning of the above

two terms as first used by Schimper, and they have been adopted
in this Bense by Saehs.
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along the lower side of a part, which is thus caused to
bend down wards; and hyponasty is used for the reversed
process, by which the part is made to bend upwards.
These actions come into play so frequently that the
use of the above two terms is highly convenient. The
movements thus induced result from a modified form
of circumnutation; for, as we shall immediately see,
an organ under the influence of epinasty does not
generally move in a straight line downwards, or under
that of hyponasty upwards, but oscillates up and down
with some lateral movement: it moves, however, in a
preponderant manner in one direction. This shows
that there is some growth on all sides of the part, but
more on the upper side in the case of epinasty, and
more on the lower side in that of hyponasty, than on
the other sides. At the same time there may be in
addition, as De Vries insists, increased growth on one
side due to geotropism, and on another side due toheliotropism; and thus the effects of epinasty or of
hyponasty may be either increased or lessened.
• He who likes, may speak of ordinary circumnutation
as being combined with epinasty, hyponasty, the effects
of gravitation, light, &c.; but it seems to us, from
reasons hereafter to be given, to be more correct to
say that circumnutation is modified by these several
agencies. We will therefore speak of circumnutation,
which is always in progress, as modified by epinasty,
hyponasty, geotropism, or other agencies, whether
internal or external.
One of the commonest and simplest cases of epinasty is that
offered by leaves, which at an early age are crowded together
round the bucls, and diverge as they grow older. Sachs first
remarked that this was due to increased growth along the upper
side of the petiole and blade; and De Yries has now shown in
more detail that the movement is thus caused, aided slightly by
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the weight of the leaf, and resisted as he believes by apogeotropism, at least after the leaf has somewhat diverged. In our
observations on the ciroumnutation of leaves, some were selected
which were rather too young, so that they continued to diverge
or sink downwards whilst their movements were being traced.
This may be seen in the diagrams (Figs. 98 and 112, pp. 232
and 249) representing the ciroumnutation of the young leaves of
Acanthtis mollis and Pelargonium zonale. Similar cases were observed with Drosera. The movements of a young leaf, only I inch
in length, of Petunia violacea were traced during four days, and
offers a better instance (Fig. I l l , p. 248), as it diverged during
the whole of this time in a curiously zigzag line with some of the
angles sharply acute, and during the latter days plainly circumnutated. Some young leaves of about the same age on a plant
of this Petunia, which had been laid horizontally, and on another
plant which was left upright, both being kept in complete darkness, diverged in the same manner for 48 h , and apparently
were not affected by apogeotropism; though their stems were in
a state of high tension, for when freed from the sticks to which
they had been tied, they instantly curled upwards.
The leaves, whilst very young, on the leading shoots of the
Carnation (Dianthus caryophyllus) are highly inclined or vertical;
and if the plant is growing vigorously they diverge so quickly
that they become almost horizontal in a day. But they move
downwards in a rather oblique line and continue for some time
afterwards to move in the same direction, in connection, we presume, with their spiral arrangement on the stem. The course
pursued by a young leaf whilst thus obliquely descending was
traced, and the line was distinctly yet not strongly zigzag; the
larger angles formed by the successive lines amounting only to
135°, 154°, and 163°. . The subsequent lateral movement (shown
in Fig. 96, p. 231) was strongly zigzag with occasional circumnutations. The divergence and sinking of the young leaves
of this plant seem to be very little affected by geotropism or
heliotropism; for a plant, the leaves of which were growing
rather, slowly (as ascertained by measurement) was laid horizontally, and the opposite young leaves diverged from one
another symmetrically in the usual manner, without any upturning in the direction of gravitation or towards the light'.
The needle-like leaves of Pinus pinaster form a bundle whilst
young; afterwards they slowly diverge, so that those on the upright shoots become horizontal. The movements of one such
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young leaf was traced during 4} days, and the tracing here given
(Fig. 121) shows that it descended at first in a nearly straight
line, but afterwards zigzagged,
Fig. 121.
f
making one or two little loops.
The diverging and descend-'
ing movements of a rather'
older leaf were also traced"
(see former Fig. 113, p. 251)
it descended during the first
day and night in a somewhat zigzag line; it then circumnutated round a small
space and again descended.
By this time the leaf had
nearly assumed its final position, and now plainly circumnutated. As in the case of the
Carnation, the leaves, whilst
very young, do not seem to be
much affected by geotropism
or heliotropism, for those on a
young plant laid horizontally,
and those on another plant
left upright, both kept in the
dark, continued to diverge in
the usual manner without'
bending to either side.

Tinus pinaster: epinastio downward
movement of a young leaf, produced by a young plant in a pot,
traced on a vertical glass under a
skylight, from 6.45 A.M. June 2nd
to 10.40 P.M. 6th.

"With Cdbasa scandens, the
young leaves, as they successively diverge from the leading shoot which is bent to
one side, rise up so as to project vertically, and they retain
this position for some time
whilst the tendril is revolving.
The diverging and ascending
movements of the petiole of
one such a leaf, were traced on
a vertical glass under a skylight ; and the course pursued
was in most parts nearly
straight, but there were two
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well-marked zigzags (one of them forming an angle of 112°),
and this indicates circumnutation:
The still closed lobes of a young leaf of Dionsea projected at
right angles to the petiole, and were in the act of slowly rising.
A glass filament was attached to the under side of the midrib,
and its movements were traced on a vertical glass. It circumnutated once in the evening, and on the next day rose, as already
described (see Pig. 106, p. 240), by a number of acutely zigzag
lines, closely approaching in character to ellipses. This movement no doubt was due to epinasty, aided by apogeotropism,
for the closed lobes of a very young leaf on a plant which had
been placed horizontally, moved into nearly the same line with
the petiole, as if the plant had stood upright; but at the same
time the lobes curved laterally upwards, and thus occupied an
unnatural position, obliquely to the plane of the foliaceous petiole.
As the hypocotyls and epicotyls of some plants protrude from
the seed-coats in an arched form, it is doubtful whether the
arching of these parts, which is invariably present when they
break through the ground, ought always to be attributed to
epinasty; but when they are at first straight and afterwards
become arched, as often happens, the arching is certainly due to
epinasty. As long as the arch is surrounded by compact earth
it must retain its form; but as soon as it rises above the
surface, or even before this period if artificially freed from the
surrounding pressure, it begins to straighten itself, and this no
doubt is mainly due to hyponasty. The movement of the
upper and lower half of the arch, and of the crown, was occasionally traced; and the courso was more or less zigzag, showing
modified circumnutation.
"With not a few plants, especially climbers, the summit of the
shoot is hooked, so that the apex points vertically downwards.
In seven genera of twining plants * the hooking, or as it has been
called by Sachs, the nutation of the tip, is mainly due to an
exaggerated form of circumnutation. That is, the growth is so
great along one side that it bends the shoot completely over to
the opposite side, thus forming a hook; the longitudinal line or
zone of growth then travels a little laterally round the shoot,
and the hook points in a slightly different direction, and so
onwards until the hook is completely reversed.. Ultimately it
* ' The Movements and Habits of Climbing Plants,' 2nd edit. p. 13.
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comes back to the point •whence it started. This was ascertained
by painting narrow lines with Indian ink along the convex
surface of several hooks, and the line was found slowly to become at first lateral, then to appear along the concave surface,
and ultimately back again on the convex surface. In the case of
Lonicera Irachypoda the hooked terminal part of the revolving
shoot straightens itself periodically, but is never reversed ; that
is, the periodically increased growth of the concave side of the
hook is sufficient only to straighten it, and not to bend it over
to the opposite side. The hooking of the tip is of service to
twining plants by aiding them to catch hold of a support, and
afterwards by enabling this part to embrace the support much
more closely than it could otherwise have done at first, thus
preventing it, as we often observed, from being blown away by a
strong wind. Whether the advantage thus gained by twining
plants accounts for their summits being so frequently hooked,
we do not know, as this structure is not very rare with plants
which do not climb, and with some climbers (for instance, Vitis,
Ampélopsis,'Cissus, &c.) to whom it does not afford any assistance in climbing.
With respect to those cases in which the tip, remains always
bent or hooked towards the same side, as in the genera just
named, the most obvious explanation is that the bending is due
to continued growth in excess along the convex side. Wiesner,
however, maintains * that in all cases the hooking of the tip is
the result of its plasticity and weight,—a conclusion which from
what we have already seen with several climbing plants is
certainly erroneous. Nevertheless, we fully admit that the
weight of the part, as well as geotropism, &c, sometimes come
into play.
' Ampélopsis tricuspidata.—This plant climbs by the aid of
adhesive tendrils, and the hooked tips of the shoots do not
appear to be of any service to it. The hooking depends chiefly,
as far as we could ascertain, on the tip being affected by epinasty
and geotropism ; the lower and older parts continually straightening themselves through hyponasty and apogeotropism. We
believe that the weight of the apex is an unimportant element,
because on horizontal or inclined shoots the hook is often
extended horizontally or even faces upwards. Moreover shoots
frequently form, loops instead of hooks; and in this case the
* ' Sitzb. der k. Aknd. der Wissensoh.,' Vienna, Jan. 1880, p. 16.
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extreme part, instead of hangFig. 122.
8°a.md5?*
ing vertically down as would
follow if weight was the efficient
cause, extends horizontally or
even points upwards. A shoot,
which terminated in a rather
open hook, was fastened in
a highly inclined downward
position, so that the concave
side faced upwards, and the
result was that the apex at first
curved upwards.
This apparently was due to epinasty
and not to apogeotropism, for
the apex, soon after passing
the perpendicular, curved so
rapidly downwards that we
could not doubt that the movement was at least aided by
geotropism. In the course of
a few hours the hook was thus
converted into a loop with the
apex of the shoot pointing
straight
downwards.
The
longer axis of the loop was at
first horizontal, but afterwards became vertical. During
this same time the basal part
of the hook (and subsequently
of the loop) curved itself slowly
upwards; and this must have
been wholly due to apogeotropism in opposition to hyponasty.
The loop was then
0'35'OJK.
fastened upside down, so that
its basal half would be simultaneously acted on by hyponasty (if present) and by apo- Ampelopsis tricuspidata: hyponastle
geotropism; and now it curved movement of hooked tip of leading
shoot, traced from 8.10 A.M. July
itself so greatly upwards in 13th to 8 A.M. 15th. Apex of shoot
the course of only 4 h . that 5 J inches from the vertical glass.
there could hardly be a doubt Plant illuminated through a skylight. Temp. 17J°-19° C. Diagram
that both forces were acting reduced to one-third of original scale.
T
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together. At the same time
the loop became open and
was thus reconverted into a
hook, and this apparently
Was effected by the geotropic
movement of the apex in
opposition to epinasty. In
the case of Ampelopsis liederacea, weight plays, as far as
we could judge, a more important part in the hooking
of the tip.
In order to ascertain
whether the shoots of A. tricuspidata in straightening'
themselves under the combined action of hyponasty and
• apogeotropism moved in asimple straight course, or
whether they circumnutated, •
glass filaments were fixed to;
the crowns of four hooked'
tips standing in their natural,
position; and the movements
of the filaments were traced
on a vertical glass. All four
tracings resembled each other
in a general manner ; but we
will give only one (see Fig.
122, p. 273). The filament
rose at first, which shows
that the hook was straightening itself; it then zigzagged,
moving a little to the left
between 9.25 A.M. and 9 P.M.
From this latter hour on the
13th to 10.50 A.M. on the folSmithia Pfundu; hyponastic movement lowing morning (14th) the
of the curved summit of astern, whilst
straightening itself, traced from 9 hook continued to straighten
A.M. July 10th to 3 P.M. 13th. Apex itself, and then zigzagged a
9£ inches from the vertical glass. ' short distance to the right.
Diagram reduced to one-fifth .of
original scale. Plant illuminated But from 1 P.M. to 10.40 P.M.
through skylight; temp. 1 7 J - 1 9 ° C. on the 14th the movement
0
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.was reversed and the shoot became' more hooked.'' During
the night, after .10.40 P.M, to 8.15 A.M. on the 15th, the hook
again opened, or straightened itself. By this time the glass
filament had become so highly inclined that its movements could
no longer be traced with accuracy; and by 1.30 P.M. on this same
day, the crown of the former arch .or hook had become perfectly
straight and vertical. There can therefore be no doubt that the
straightening of the hooked shoot of this plant is effected by
the circumnutation of the arched portion—that is, by growth
alternating between the upper and lower surface, but preponderant on the lower surface, with some little lateral movement.
We were enabled to trace the movement of another straightening shoot for a longer period (owing to its slower growth and
to its having been placed further from the vertical glass), namely,
from the early morning on July 13th to late in the evening of the
16th. During the whole daytime of the 14th, the hook straightened itself very little, but zigzagged and plainly circumnutated
about nearly the same spot. By the 16th it had become nearly
'straight, and the tracing was no longer accurate, yet it was
.manifest that there was still a considerable amount of movement
both up and down and laterally; for the crown whilst continuing to straighten itself occasionally became for a short time
more curved, causing the filament to descend twice during the
day.
Smithia Pfundii.—The stiff terminal shoots of this Leguminous water-plant from Africa project so as to make a rectangle
with the stem below; but this occurs only when the plants are
growing vigorously, for when kept in a cool place, the summits
of the stems become straight, as they likewise did at the close
of the growing season. The direction of the rectangularly bent
part is independent of the chief source of light. But from
observing the effects of placing plants in the dark, in which
case several shoots became in two or three days upright or nearly
.upright, and when brought back into the light again became
rectangularly curved, we believe that the bending is in part
due to apheliotropism, apparently somewhat opposed by apogcotropism. On the other hand, from observing the effects of tying
a shoot downwards, so that the rectangle faced upwards, we are
led to believe that the curvature is partly due to epinasty. As
the rectangularly bent portion of an upright stem grows older,
the lower part straightens itself ·_ and this is effected through
hyponasty.. He who has read Sachs' recent Essay on the vertical
T
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and inclined positions of the parts of plants* will see how difficult a subject this is, and will feel no surprise at our expressing
ourselves doubtfully in this and other such cases.
A plant, 20 inches in height, was secured to à stick close
beneath the curved summit, which formed rather less than a
rectangle with the stem below. The shoot pointed away from the
•observer ; and a glass filament pointing towards the vertical glass
on Which the tracing was made, was fixed to the convex surface of
the curved portion. Therefore the descending lines in the figure
represent the straightening of the curved portion as it grew
older. The tracing (Fig. 123, p. 274) was begun at 9 A.M. on
July 10th ; the filament at first moved but little in a zigzag line,
but at 2 P.M. it began rising and continued to do so till 9 P.M.;
and this proves that the terminal portion was being more bent
downwards. After 9 P.M. on the 10th an opposite movement
commenced, and the curved portion began to straighten itself,
and this continued till 11.10 A.M. on the 12th, but was interrupted
by some small oscillations and zigzags, showing movement in
different directions. After 11.10 A.M. on the 12th this part of
the stem, Btill considerably curved, circumnutated in a conspicuous manner until nearly 3 P.M. on the 13th; but during all
tins time a downward movement of the filament prevailed,
caused by the continued straightening of the stem. By the
afternoon of the 13th, the summit, which had originally been
deflected more than a right angle from the perpendicular, had
grown so nearly straight that the tracing could no longer be
continued on the vertical glass. There can therefore be no
doubt that the straightening of the abruptly curved portion of
the growing stem of this plant, which appears to be wholly due
to hyponasty, is the result of modified circumnutation. We
will only add that a filament was fixed in a different manner
across the curved summit of another plant, and the same general
kind of movement was observed.
Trifolium repéras.—In many, but not in all the species of Trifolium, as the separate little flowers wither, the sub-peduncles
bend downwards, So as to depend parallel to the upper part of
the main peduncle. In Tr. eubterraneum the main peduncle
curves downwards for the sake of burying its capsules, and in
this species the sub-peduncles of the separate flowers bend
* ' TJeber Orthotrope und Plaiotrope Pflauzeutheile ;' ' Arbei'

ten des Bot. Inst., in Wurzburg,'
Heft ii. 1879, p. 226.
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Trifolium repens: circumnu' toting and epinastic movements of the sub-peduncle
, of a single flower, traced
on a vertical glass under
a skylight, in A from 11.30
• A.M. Aug. 27th to 7 A.M.
. 30th; in B from 7 A.M.
Aug, 30th to a littl« after
6 P.M. Sept. 8th,
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upwards, so as to occupy the; same position relatively to the
upper part of the main peduncle as in Tr. repens. This fact
alone would render it probable that the movements of the subpeduncles in Tr. repens were independent of geotropism. Nevertheless, to make sure, some flower-heads were tied to little sticks
upside down and others in a horizontal position; their subpeduncles, however, all quickly curved upwards through the
action of heliotropism. We therefore protected some flowerheads, similarly secured to sticks, from the light, and although
some of them rotted, many of their sub-peduncles turned very
slowly from their reversed or from their horizontal positions,
so as to stand in the normal manner parallel to the upper part
of the main peduncle. These facts show that the movement is
independent of geotropism or apheliotropism; it must therebo attributed to epinasty, which however is checked, at least as
long as the flowers are young, by heliotropism. Most of the
above flowers were never fertilised owing to the exclusion of
bees; they consequently withered very slowly, and the movements
of the sub-peduncles were in like manner much retarded.
To ascertain the nature of the movement of the sub-peduncle,
whilst bending downwards, a filament was fixed across the
summit of the calyx of a not fully expanded and almost upright
flower, nearly in the centre of the head. ' The main peduncle
was secured to a stick close beneath the head. · In order to see
the marks on the glass filament, a few flowers had to be cut
away on the lower side of the head. The flower under observation at first diverged a little from its upright position, so as
to occupy the open space caused by the removal of the adjoining'
flowers. This required two days, after which time a new tracing
was begun (Fig. 124). In A we see the complex circumnutating
course pursued from 11.30 A.M. Aug. 26th to 7 A.M. on the
30th. The pot was then moved a very little to the right, and
the tracing (B) was continued without interruption from 7 A.M.
Aug. 30th to after 6 P.M. Sept. 8th. It should be observed that
on most of these days, only a single dot was made each morning
at the same hour. Whenever the flower was observed carefully,
as on Aug. 30th and Sept. 5th and 6th, it was found to be circumnutating over a small space. At last, on Sept. 7th, it
began to bend downwards, and continued to do so until after
6 P.M. on the 8th, and indeed until the morning of the 9th, when
its movements could no longer be traced on the vertical glass.
It was carefully observed during the whole of the 8th, and by
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CHAP. V;

EPINASTY

A N D HYPONAST.Y.

•

279.

10.30 P.M. it had descended to a point lower down by two-thirds
of the length of the figure as here given; but from want of space
the tracing has been copied in B, only to a little after 6 P.M. On
the morning of the 9th the flower was withered, and the subpeduncle now-stood at an angle of 57° beneath the horizon. If
the flower had been fertilised it would have withered much
sooner, and have moved much more quickly. We thus see that
the sub-peduncle oscillated up and down, or circumnutated,
during its whole downward epinastic course.
The sub-peduncles of the fertilised and withered flowers
of Oxalis carnosa likewise bend downwards through epinasty,
as will be shown in a future chapter; and their downward
course is strongly zigzag, indicating circumnutation.

The number of instances in which various organs
move through epinasty or hyponasty, often in combination with other forces, for the most diversified
purposes, seems to be inexhaustibly great; and from
the several cases which have been here given, we may
safely infer, that such movements are due to modified
circumnutation.
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CHAPTER VI.
MODIFIED CIBCUMNTJTATION : SLEEP OB NYOTITBOPIO MOVEMENTS,
THEIB U S E : SLEEP OF COTYLEDONS.
Preliminary sketch of the sleep or nyetitropto movements of leaves—>
Presence of pulvini—The lessening of radiation the final cause of
nyctitropic movements—Manner of trying experiments on leaves of
Oxalis, Arachis, Cassia, Melilotus, Lotus and Marsilea, and on the
cotyledons of Mimosa—Concluding remarks on radiation from leaves
—Small differences in the conditions make a great difference in the
result-^Description of the nyctitropic position and movements of
the cotyledons of various plants—List of species—Concluding
remarks—Independence of the nyctitropio movements of the leaves
and cotyledons of the same species—Reasons for believing that the
movements have been acquired for a special purpose.

THE so-called sleep of leaves is so conspicuous a
phenomenon that it was observed as early as the
time of Pliny ;* and since Linnaeus published his
famous Essay, ' Somnus Plantarum,' it has been the;
subject of several memoirs. Many flowers close at
night, and these are likewise said to sleep; but we
are not here concerned with their movements, for
although effected by the same mechanism as in the
case of young leaves, namely, unequal growth on the
opposite sides (asfirstproved by Pfeffer), yet they differ
essentially in being excited chiefly by changes of
temperature instead of light; and in being effected, as
far as we can judge, for a different purpose. Hardly
any one supposes that there is any real analogy
* Pfeffer has given a clear and
interesting sketch of the history
of this subject in his ' D i e Pe-

riodischen Bewegungen der Blattorgane,' 1875, p. 103.
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between the sleep of animals and that of plants,*
whether of leaves or flowers. It seems, therefore,
advisable to give a distinct name to the so-called
sleep-movements of plants. These have also generally
been confounded, under the term " periodic," with the
slight daily rise and fall of leaves, as described in the
fourth chapter; and this makes it all the more desirable to give some distinct name to sleep-movements.
Nyctitropism and nyctitropic, i.e. night-turning, may
be applied both to leaves and flowers, and will be
occasionally used by us; but it would be best to confine the term to leaves. The leaves of some few plants
move either upwards or downwards when the sun shines
intensely on them, and this movement has sometimes
been called diurnal sleep; but we believe it to be of
an essentially different nature from the nocturnal
movement, and it will be briefly considered in a
future chapter.
The sleep or nyctitropism of leaves is a large
subject, and we think that the most convenient plan
will be first to give a brief account of the position
which leaves assume at night, and of the advantages
apparently thus gained. Afterwards the more remarkable cases will be described in detail, with
respect to cotyledons in the present chapter, and to
leaves in the next chapter. Finally, it will be shown
that these movements Tesult from circumnutation,
much modified and regulated by the alternations of
day and night, or light and darkness; but that they
are also to a certain extent inherited.
Leaves, when they go to sleep, move either upwards
or downwards, or in the case of the leaflets of com* Ch. Royer must, however, be
excepted; see ' Annates des Sc.

Nat.' (5th series), Bot. vol. ix.
1868, p. 378.
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pound leaves; forwards, that is, towards the apex of the
leaf, or backwards, that, is, towards its base; or, again,
they may rotate on their own axes without moving
either upwards or downwards. But in almost every
case the plane of the blade is so placed as to stand
nearly or quite vertically at night. Therefore the apex,
or the base, or either lateral edge> may be directed
towards the zenith. Moreover, the upper surface of
each leaf, and more especially of each leaflet, is often
brought into close contact with that of the opposite
one;. and this is sometimes effected by singularly
complicated movements. This, fact suggests that the
upper surface requires more protection than the lower
one. For instance, the terminal leaflet in Trifolium,
after turning up at night so as to stand vertically,
often continues to bend over until the upper surface, is
directed downwards whilst the lower surface is fully
•exposed to the sky; and an arched roof is thus
formed over the two lateral leaflets, which have their
upper surfaces pressed closely together. Here we have
the unusual case of one of the leaflets not standing
vertically, or almost vertically, at night.
- Considering that leaves in assuming their nyctitropic. positions often move through an angle of
90°; that the movement is rapid in the evening;
that in some cases, as we shall see in the next
chapter, it is extraordinarily complicated; that with
certain seedlings, old enough to bear true leaves,
the cotyledons move vertically upwards at night,
whilst at the same time the leaflets move vertically downwards; and that in the same genus
the leaves or cotyledons of some species move
upwards, whilst those of other species move downwards ;—from these and other such facts, it is hardly
possible to · doubt that plants must derive some
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•great advantage from such, remarkable powers of
movement.
The nyctitropic movements of leaves and cotyledons
are effected in two ways,* firstly, by means of pulvini
which become, as Pfeffer has shown, alternately more
turgescent on opposite sides; and secondly, by. increased growth along one side of the petiole or
midrib, and then on the opposite side, as was first
proved by Batalin.1" But as it has been shown by
JJe Vries $ that in these latter cases increased growth
is preceded by the increased turgescence of the cells,
the difference between the above two means of movement is much diminished, and consists chiefly in the
turgescence of the cells of a fully developed pulvinus,
not being followed by growth. When the movements of leaves or cotyledons, furnished with a pul*
vinus and destitute of one, are compared, they are seen
to be closely similar, and are apparently effected for
the same purpose. Therefore, with our object in view,
it does not appear advisable to separate the above two
sets of cases into two distinct classes. There is, however, one important distinction between them, namely,
that movements effected by growth on the alternate
sides, are confined to young growing leaves, whilst those
effected by means of a pulvinus last for a long time.
We have already seen well-marked instances of this
latter fact with cotyledons, and so it is with leaves, as
has been observed by Pfeffer and by ourselves. The
long endurance of the nyctitropic movements when
effected by the aid of pulvini indicates, in addition to
the evidence already advanced, the functional irnport• * This distinction was first
pointed out (according to Pfeffer,
••Die Periodischen Bewegungen
"der Blattorgane,' 1875, p. 161) by

Dassen in 1837.
t ' Flora,' 1873, p. 433.
% 'Bot. Zeitung,' 1879, Dec,
19th, p, 830.
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anee of such, movements to the plant. There is another
difference between the two sets of cases, namely, that
there is never, or very rarely, any torsion of the
leaves, excepting when a pulvinus is present; * but
this statement applies only to periodic and nyctitropic
movements, as may be inferred from other cases given
by Frank.!
The fact that the leaves of many plants place
themselves at night in widely different positions from
what they hold during the day, but with the one
point in common, that their upper surfaces avoid
facing the zenith, often with the additional fact that
they come into close contact with opposite leaves or
leaflets, clearly indicates, as it seems to us, that the
object gained is the protection of the upper surfaces from being chilled at night by radiation. There
is nothing improbable in the upper surface needing
protection more than the lower, as the two differ in
function and structure. All gardeners know that
plants suffer from radiation. It is this and not
cold winds which the peasants of Southern Europe
fear for their olives.í Seedlings are often protected
from radiation by a very thin covering of straw; and
fruit-trees on walls by a few fir-branches, or even by a
fishing-net, suspended over them. There is a variety
of the gooseberry,§ the flowers of which from being
produced before the leaves, are not protected by
them from radiation, and consequently often fail to
yield fruit. An excellent observer || has remarked
* Pfeffer, ' Die Period. Beweg,
der Blattorgane.' 1875, p. 159.
f ' Die Nat. Wagerechte Richtung von Pflanzentheilen,' 1870,
p. 52.
'
t Martins in 'Bull. Soc. Bot.
de France,' torn. xix. 1872.
Wells, in his famous ' Essay on

Dew,' remarks that an exposed
thermometer rises as soon as even
a fleecy cloud, high in the sky,
passes over the zenith,
§ 'London's Gardener's Mag.,'
vol. iv. 1828, p. 112.
|| Mr. Rivers in 'Gardener's
Chron.,' 1866, p. 782.
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that one variety of the cherry has the petals of its
flowers much curled backwards, and after a severe
frost all the stigmas were killed; whilst at the same
time, in another variety with incurved petals, the
stigmas were not in the least injured.
This view that the sleep of leaves saves them from
being chilled at night by radiation, would no doubt
have occurred to Linnoaus, had the principle of radiation been then discovered; for he suggests in many
parts of his ' Somnus Plantarum' that the position of
the leaves at night protects the young stems and
buds, and often the young inflorescence, against cold
winds. We are far from doubting that an additional
advantage may be thus gained; and we have observed
with several plants, for instance, Desmodium gyrans,
that whilst the blade of the leaf sinks vertically down at
night, the petiole rises, so that the blade has to move
through a greater angle in order to assume its vertical
position than would otherwise have been necessary; but
with the result that all the leaves on the same plant
are crowded together as if fori mutual protection.
. We doubted at first whether radiation would affect
in any important manner objects so thin as are many
cotyledons and leaves, and more especially affect differently their upper and lower surfaces; for although
the temperature of their upper surfaces would undoubtedly fall when freely exposed to a clear sky, yet
we thought that they would so quickly acquire by
conduction the temperature of the surrounding air,
that it could hardly make. any sensible difference
to them, whether they stood horizontally and radiated
into the open sky, or vertically and radiated chiefly
in a lateral direction towards neighbouring plants and
other objects. We endeavoured, therefore, to ascertain something on this head by preventing the leaves
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of several plants from going to sleep, and by exj>osing
to a clear sky when the temperature was beneath
the freezing-point, these, as well as the other leaves
on the same plants which had already assumed their
nocturnal vertical position. Our experiments show
that leaves thus compelled to remain horizontal at
night, suffered much more injury from frost than
those which were allowed to assume their normal
Vertical position. It may, however, be said that
conclusions drawn from such observations are not
applicable to sleeping plants, the inhabitants of
countries where frosts do not occur. But in every
country, and at all seasons, leaves must be exposed to
nocturnal chills through radiation, which might be in
some degree injurious to them, and which they would
escape by assuming a vertical position.
In our experiments, leaves were prevented from
assuming their nyctitropic ' position, generally by
being fastened with the finest entomological pins
(which did not sensibly injure them) to thin sheets
of cork supported on sticks. But in some instances
they were fastened down by narrow strips of card,
and in others by their petioles being passed through
slits in the cork. The leaves were at first fastened
close to the cork, for as this is a bad conductor, and as
the leaves were not exposed for long periods, we thought
that the cork, which had been kept in the house, would
very slightly warm them; so that if they were injured
by the frost in a greater degree than the free vertical
leaves, the evidence would be so much the stronger
that the horizontal position was injurious.. But we
found that when there was any slight difference in the
result, which could be detected only occasionally, the
leaves which had been fastened closely down suffered
rather more than those fastened with very long and
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thin pins, so as to stand from \ to £· inch above the
cork. This difference in the result, which is in itself
curious as showing what a very slight difference in
the conditions influences the amount of injury inflicted, may be attributed, as we believe, to the surrounding warmer air not circulating freely beneath the
closely pinned leaves and thus slightly warming them.'
This conclusion is supported by some analogous facts
hereafter to be given.
We will now describe in detail the experiments
which were tried. These were troublesome from our
not being able to predict how much cold the leaves of
the several species could endure. Many plants had
every leaf killed, both those which were secured in
a horizontal position and those which were allowed to
sleep—that is, to rise up or sink- down vertically.
Others again had not a single leaf in the least injured, and these had to be re-exposed either for a
longer time or to a lower temperature,
j

Oxalis acetusella,—A very large pot, thickly covered with
between 800 and 400 loaves, had been kept all winter in the
greenhouse.
Seven leaves were pinned horizontally open,
and were exposed on March 16th for 2 h. to a clear sky, the,
temperature on the surrounding grass being — 4° C. (24° to
25° 17.). Next morning all seven leaves were found quite
killed, so were many of the free ones which had previously
gone to sleep, and about 100 of them, either dead or browned
and injured, were picked off. Some leaves showed that they
had been slightly injured by not expanding during the whole
of the next day, though they afterwards recovered. As all the
leaves which were pinned open were killed, and only about a
third or fourth of the others were either killed or injured, we
had some little evidence that those which were prevented from
assuming their vertically dependent position suffered most.
The following night (17 th) was clear and almost equally cold
(— 3° to — 4° C. on the grass), and the pot was again exposed,
but this time for only 30. m. Eight leaves had been pinned put,
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and in the morning two of them were dead, whilst not a single
other leaf on the many plants was even injured.
On the 23rd the pot was exposed for 1 h. 30 m., the temperature on the grass being only — 2° C , and not one leaf was
injured: the pinned open leaves, however, all stood from
i to I of an inch above the cork.
On the 24th the pot was again placed on the ground and
exposed to a clear sky for between 35 m. and 40 m. By a mistake the thermometer was left on an adjoining sun-dial 3 feet
high, instead of being placed on the grass; it recorded 25° to
26° F. ( - 3 3 ° to - 3 8 ° C ) , but when looked at after 1 h. had
fallen to 22° F. (— 5 5° C.); so that the pot was perhaps exposed
to rather a lower temperature than on the two first occasions.
Eight leaves had been pinned out, some close to the cork and
some above it, and on the following morning five of them (i.e.
63 per cent.) were found killed. By counting a portion of the
leaves we estimated that about 250 had been allowed to go to
sleep, and of these about 20 were killed (i.e. only 8 per cent.),
and about 30 injured.
Considering these cases, there can be no doubt that the
leaves of this Oxalis, when allowed to assume their normal
vertically dependent position at night, suffer much less from
frost than those (23 in number) which had their upper surfaces
exposed to the zenith.
Oxalis carnosa.—A plant of this Chilian species was exposed
for 30 m. to a clear sky, the thermometer on the grass standing
at — 2° C , with some of its leaves pinned open, and not one leaf
on the whole bushy plant was in the least injured. On the
16th of March another plant was similarly exposed for 30 m.,
when the temperature on the grass was only a little lower, viz.,
— 3° to — 4° C. Six of the leaves had been pinned open, and
next morning five of them were found much browned. The
plant was a large one, and none of the free leaves, which
were asleep and depended vertically, were browned, excepting
four very young ones. But three other leaves, though not
browned, were in a rather flaccid condition, and retained their
nocturnal position during the whole of the following day. In
this case it was obvious that the leaves which were exposed horizontally to the zenith suffered most. This same pot was afterwards exposed for 35-40 m. on a slightly colder night, and
every leaf, both the pinned open and the free ones, was killed.
It may be added that two pots of O. coniiculuta (var. Atro-
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purpurea) were exposed for 2 h. and 3 h. to a Clear sky with the
temp, on grass - 2° 0., and none of the leaves, whether free or
pinned open, were at all injured.
Arachis hypogosa.—Some plants in a pot were exposed at night
for 30 m. to a clear sky, the temperature on the surrounding
grass being — 2° C, and on two nights afterwards they were again
exposed to the same temperature, but this time during l h . 30 m.
On neither occasion was a single leaf, whether pinned open or
free, injured; and this surprised us much, considering its native
tropical African home. Two plants were next exposed (March
16th) for 30 m. to a clear sky, the temperature of the surrounding
grass being now lower, viz., between - 3° and — 4° O, and all
four pinned-open leaves were killed and blackened. These two
plants bore 22 other and free leaves (excluding some very young
bud-like ones) and only two of these were killed and three somewhat injured; that is, 23 per cent, were either killed or injured,
whereas all four pinned open leaves were utterly killed.
On another night two pots with several plants were exposed
for between 35 m. and 40 m. to a clear sky, and perhaps to a
rather lower temperature, for a thermometer on a dial, 3 feet
high, close by stood at — 3 3 ° to — 3 8° C. In one pot three
leaves were pinned open, and all were badly injured; of the
44 free leaves, 26 were injured, that is, 59 per cent. In the
other pot 3 leaves were pinned open and all were killed; four
other leaves were prevented from sleeping by narrow strips of
stiff paper gummed across them, and all were killed; of 24 free
leaves, 10 were killed, 2 much injured, and 12 unhurt; that is,
50 per cent, of the free leaves were either killed or much injured. Taking the two pots together, we may say that rather,
more than half of the free leaves, which were asleep, were eitherkilled or injured, whilst all the ten horizontally extended leaves,
which had been prevented from going to sleep, were either killed
or much injured.
Cassia floribunda.—A bush was exposed at night for 40 m. to
a clear sky, the temperature on the surrounding grass being
— 2° C , and not a leaf was injured.* It was again exposed on
-

* Cassia laevigata was exposed
to a clear sky for 35 m., and C.
callianiha (a Guiana species) for
(JO m., the temperature on the
surrounding grass being — 2° C ,
and neither were in the least

injured.

B u t when G. heviguta

was exposed for 1 h., the temp.
on the surrounding grass being
between — 3 ° and — 4° C., every
leaf was killed,

U
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another night for 1 h., when the temperature of the grass was
- 4° C.; and now all the leaves on a large bush, whether pinned
"flat open or free, were killed, blackened, and shrivelled, with
the exception of those on one small branch, low down, which
was very slightly protected by the leaves on the branches
above. Another tall bush, with four of its large compound
leaves pinned out horizontally, was afterwards exposed (temp,
of surrounding grass exactly the same, viz., — 4° 0.), but only
for 30 in. On the following morning every single leaflet on
these four leaves was dead, with both their upper.and lower
surfaces completely blackened. Of the many free leaves on the
bush, only seven were blackened, and of these only a single one
(which was a younger and more tender leaf than any of the
pinned ones) had both surfaces of the leaflets blackened. The
contrast in this latter respect was well shown by a free leaf, which
stood between two pinned-open ones; for these latter had the
lower surfaces of their leaflets as black as ink, whilst the intermediate free leaf, though badly injured, still retained a plain
tinge of green on the lower surface of the leaflets. This bush
exhibited in a striking manner the evil effects of the leaves not
being allowed to assume at night their normal dependent position ; for had they all been prevented from doing so, assuredly
every single leaf on the bush would have been utterly killed by
this exposure of only 30 m. The leaves whilst sinking downwards in the evening twist round, so that the upper surface is
turned inwards, and is thus better protected than the outwardly
turned lower surface. Nevertheless, it was always the upper
surface which was more blackened than the lower, whenever
any difference could be perceived between them; but whether this.
was due to the cells near the upper surface being more tender,
or merely to their containing more chlorophyll, we do not know.
Mdilotus officinalis.—A large pot with many plants, which
had been kept during the winter in the greenhouse, was exposed
during 5'h. at night to a slight frost and clear sky. Four
leaves had been pinned out, and these died after a few days;
but so did many of the free leaves. Therefore nothing certain
could be inferred from this trial, though it indicated that the
horizontally extended leaves suffered most. Another large pot
with many plants was next exposed for 1 h., the temperature on
the surrounding grass being lower, viz., - 3° to - 4° C. Ten
leaves had been pinned out, and the result was striking, for
on the following morning all these were found much injured or
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killed, and none of the many free leaves on the several plants
were' at all injured, with the doubtful exception of two or
three very young ones.
Melilotus Italica.—Six leaves were pinned out horizontally,
three with their upper and three with their lower surfaces turned
to the zenith. The plants were exposed for 5 h. to a clear sky,
the temperature on ground being about *- 1° C. Next morning
the six pinned-open leaves seemed more injured even than the
younger and more tender free ones on the same branches. The
exposure, however, had been too long, for after an interval of
some days many of the free leaves seemed in almost as bad a
condition as the pinned-out ones. It was not possible to decide
whether the leaves with their upper or those with their lower
surfaces turned to the zenith had suffered most.
Melilotus suaveolens.—Some plants with 8 leaves pinned out
were exposed to a clear sky during 2h., the temperature on the
surrounding grass being — 2° C. Next morning 6 out of these
8 leaves were in a flaccid condition. There were about 150 free
leaves on the plant, and none of these were injured, except 2 or 3
very young ones. But after two days, the plants having been
brought back into the greenhouse, the 6 pinned-out leaves all
recovered.
Melilotus Taurica.—Several plants were exposed for 5 h. during
two nights to a clear sky and slight frost, accompanied by some
wind; and 5 leaves which had been pinned out suffered more
than those both above and below on the same branches which
had gone to sleep. Another pot, which had likewise been kept
in the greenhouse, was exposed for 35-40 m. to a clear sky,
the temperature of the surrounding grass being between — 3° and
— 4° C. Nine leaves had been pinned out, and all of these were
killed. On the same plants there were 210 free leaves, which
had been allowed to go to sleep, and of these about 80 were
killed, i.e. only 38 per cent.
Melilotus Petitpiemana.—The
plants were exposed to a clear
sky for 35-40 m.: temperature on surrounding grass - 3° to
— 4° C. Six leaves had been pinned out so as to stand about
i inch above the cork, and four had been pinned close to it.
These 10 leaves were all killed, but the closely pinned ones
suffered most, as 4 of the 6 which stood above the cork still
retained small patches of a green colour. A considerable
number, but not nearly all, of the free leaves, were killed or
much injured, whereas all the pinned out ones were killed.

v 2
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Melilotus maarorrhiza.—The plants were exposed in the same
manner as in the last case. Six leaves had been pinned out
horizontally, and five of them were killed, that is, 83 per cent.
We estimated that there were 200 free leaves on the plants, and
of these about 50 were killed and 20 badly injured, so that about
35 per cent, of the free leaves were killed or injured.
Lotus aristata.—Six plants were exposed for nearly 5 h. to a
clear sky; temperature on surrounding grass — l 5 ° C. Four
leaves had been pinned out horizontally, and 2 of these suffered
more than those above or below on the same branches, which
had been allowed to go to sleep. It is rather a remarkable fact
that some plants of Lotus Jacobceus, an inhabitant of so hot a
country as the Cape Verde Islands, were exposed one night to a
clear sky, with the temperature of the surrounding grass — 2° C,
and on a second night for 30 m. with the temperature of
the grass between - 3° and - 4° C , and not a single leaf, either
the pinned-out or free ones, was in the least injured.
Marsilea quadHfoliata.—A large plant of this species—the
only Cryptogamic plant known to sleep—with some leaves pinned
open, was exposed for 1 h. 35 m. to a clear sky, the temperature
on the surrounding ground being - 2° C , and. not a single leaf
was injured. After an interval of some days the plant was again
exposed for l h . to a clear sky, with the temperature on the
surrounding ground lower, viz., — 4° C. Six leaves had been
' pinned out horizontally, and all of them were utterly killed.
The plant had emitted long trailing stems, and these had been
wrapped round with a blanket, so as to protect them from the
frozen ground and from radiation; but a very large number
of leaves were left freely exposed, which had gone to sleep,
and of these only 12 were killed. After another interval, the
plant, with 9 leaves pinned out, was again exposed for 1 h., the
temperature on the ground being again - 4° C. Six of the leaves
were killed, and one which did not at first appear injured afterwards became streaked with brown. The trailing branches, which
rested on the frozen ground, had one-half or three-quarters of their
leaves killed, but of the many other leaves on the plant, which
alone could be fairly compared with the pinned-out ones, none
appeared at first sight to have been killed, but on careful search
12 were found in this state. After another interval, the plant
with 9 leaves pinned out, was exposed for 35-40 m. to a clear
sky and to nearly the same, or perhaps a rather lower, temperature (for the thermometer by an accident had been left on a
-

IRIS - LILLIAD - Université Lille 1

sun-dial close by), and 8 of these leaves were killed. Of the free
leaves (those on the trailing branches not being considered), a
. good many were killed, but their number, compared with the
uninjured ones, was small. Finally, taking the three trials
together, 24 leaves, extended horizontally, were exposed to the
zenith and to unobstructed radiation, and of these 20 were
killed and 1 injured; whilst a relatively very small proportion
of the leaves, which had been allowed to go to sleep with their
leaflets vertically dependent, were killed or injured.
The cotyledons of several plants were prepared for trial, but
the weather was mild and we succeeded only in a single instance
in having seedlings of the proper age on nights which were
clear and cold. The cotyledons of 6 seedlings of Mimosa pudica
were fastened open on cork, and were thus exposed for 1 h. 45 m.
to a clear sky, with the temperature on the surrounding ground
at 29° F . ; of these, 3 were killed. Two other seedlings, after
their cotyledons had risen up and had closed together, were
bent over and fastened so that they stood horizontally, with the
lower surface of one cotyledon fully exposed to the zenith, and
both were killed. Therefore of the 8 seedlings thus tried 5, or
more than half, were killed. Seven other seedlings, with their
cotyledons in their normal nocturnal position, viz., vertical and
closed, were exposed at the same time, and of these only 2 were
killed.* Hence it appears, as far as these few trials tell anything,
that the vertical position at night of the cotyledons of Mimosa
pudica protects them to a certain degree from the evil effects of
radiation and cold.

Concluding RemarJcs on the "Radiation from Leaves
at Night.—We exposed on two occasions during the
summer to a clear sky several pinned-open leaflets
of Trifolium pratense, which naturally rise at night,
and of Oxalis purpurea, which naturally sink at night
(the plants growing out of doors), and looked at
* W e were surprised that
young Beedliugs of so tropical a
plant as Mimosa pudica were able
to resist, as well as they did, exposure for 1 hr. 45 m. to a clear
s k y , the temperature on the surrounding ground being 29° P .

It may be added that seedlings of
the Indian Cassia pubescens were
exposed for 1 h. 30 m. to a clear
sky, with the temp, on the surrounding ground at — 2° 0 . , and
they were not in the least injured.
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them early on several successive mornings, after they
had assumed their diurnal positions. The difference
in the amount of dew on the pinned-open leaflets
and on those which had gone to sleep was generally
conspicuous; the latter being sometimes absolutely
dry, whilst the leaflets which had been horizontal
were coated with large beads of dew. This shows how
much cooler the leaflets fully exposed to the zenith
must have become, than those which stood almost
vertically, either upwards or downwards, during the
night.
From the several cases above given, there can be no
doubt that the position of the leaves at night affects
their temperature through radiation to such a degree,
that when exposed to a clear sky during a frost, it is a
question of life and death. We may therefore admit
as highly probable, seeing that their nocturnal position is so well adapted to lessen radiation, that the
object gained by their often complicated sleep movements, is to lessen the degree to which they are
chilled at night. It should be kept in mind that
it is especially the upper surface which is thus protected, as it is never directed towards the zenith, and
is often brought into close contact with the upper
surface of an opposite leaf or leaflet.
We failed to obtain sufficient evidence, whether
the better protection of the upper surface has been
gained from its being more easily injured than the
lower surface, or from its injury being a greater evil
to the plant. That there is some difference in constitution between the two surfaces is shown by the following cases. Cassia floribunda was exposed to a clear sky
on a sharp frosty night, and several leaflets which
had assumed their nocturnal dependent position with
their lower surfaces turned outwards so as to be
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exposed obliquely to the zenith, nevertheless had these
lower surfaces less blackened than the upper surfaces
which were turned inwards and were in close contact
with those of the opposite leaflets. Again, a pot
full of plants of Trifolium resupinatum, which had
been kept in a warm room for three days, was turned
out of doors (Sept. 21st) on a clear and almost frosty
night. Next morning ten of the terminal leaflets were
examined as opaque objects under the microscope.
These leaflets, in going to sleep, either turn vertically
upwards, or more commonly bend a little over the
lateral leaflets, so that their lower surfaces are more
exposed to the zenith than their upper surfaces.
Nevertheless, six of these ten leaflets were distinctly
yellower on the upper than on the lower and more
exposed surface. In the remaining four, the result
was not so plain, but certainly whatever difference
there was leaned to the side of the upper surface
having suffered most.
It has been stated that some of the leaflets experimented on were fastened close to the cork, and others
at a height of from \ to £ of an inch above it; and
that whenever, after exposure to a frost, any difference
could be detected in their states, the closely pinned
ones had suffered most. We attributed this difference
to the air, not cooled by radiation, having been prevented from circulating freely beneath the closely
pinned leaflets. That there was really a difference iii
the temperature of leaves treated in these two different methods, was plainly shown on one occasion;
for after the exposure of a pot with plants of Melilotus
dentata for 2 h. to a clear sky (the temperature on the
surrounding grass being — 2° C), it was manifest that
more dew had congealed into hoar-frost on the closely
pinned leaflets, than on those which stood horizontally
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a little above the cork. Again, the tips of some few
leaflets, which had been pinned close to the cork, projected a little beyond the edge, so that the air could
circulate freely round them. This occurred with six
leaflets of Oxalis acetosella, and their tips certainly
suffered rather less than the rest of the same leaflets;
for on the following morning they were still slightly
green. The same result followed, even still more
clearly, in two cases with leaflets of Melilotus officinalis
which projected a little beyond the cork; and in two
other cases some leaflets which were pinned close to
the cork were injured, whilst other free leaflets on
the same leaves, which had not space to rotate and
assume their proper vertical position, were not at all
injured.
Another analogous fact deserves notice : we observed
on several occasions that a greater number of free
leaves were injured on the branches which had been
kept motionless by some of their leaves having been
pinned to the corks, than on the other branches. This
was conspicuously the case with those of Melilotus
Petitpierreana, but the injured leaves in this instance
were not actually counted. With Arachis hypogsea, a
young plant with 7 stems bore 22 free leaves, and of
these 5 were injured by the frost, all of which were on
two stems, bearing four leaves pinned to the corksupports. With Oxalis carnosa, 7 free leaves were
injured, and every one of them belonged to a cluster
of leaves, some of which had been pinned to the cork.
We could account for these cases only by supposing
that the branches which were quite free had been
slightly waved about by the wind, and that their
leaves had thus been a little warmed by the surrounding warmer air. If we hold our hands motionless before a hot lire, and then wave them about, we
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immediately feel relief; and this is evidently an
analogous, though reversed, case. These several facts
— in relation to leaves pinned close to or a little above
the cork-supports—to their tips projecting beyond it—
and to the leaves on branches kept motionless—seem
to us curious, as showing how a difference, apparently
trifling, may determine the greater or less injury of
the leaves. We may even infer as probable that the
less or greater destruction during a frost of the leaves
on a plant which does not sleep, may often depend on
the greater or less degree of flexibility of their petioles
and of the branches which bear them.
NYCTITROPIO OR SLEEP MOVEMENTS OP COTYLEDONS.

We now come to the descriptive part of our work,
and will begin with cotyledons, passing on to leaves
in the next chapter. We have met with only two
brief notices of cotyledons sleeping. Hofmeister,*
after stating that the cotyledons of all the observed
seedlings of the Caryophylleaa (Alsinese and Silenese)
bend upwards at night (but to what angle he does not
state), remarks that those of Stellaria media rise up so
as to touch one another; they may therefore safely be
said to sleep. Secondly, according to Eamey,f the
cotyledons of Mimosa pudica and of Olianthus Dampieri rise up almost vertically at night and approach
each other closely. It has been shown in a previous
chapter that the cotyledons of a large number of
plants bend a little upwards at night, and we here
have to meet the difficult question at what inclination
may they be said to sleep? According to the view
which we maintain, no movement deserves to be called
* '-Dio Lehre von der Pflanzenzelle,' 1867, p. 327.
t ' Adamonia,' March 10th, 1869.
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nyctitropic, unless it has been acquired for the sake of
lessening radiation; but this could be discovered only
by a long series of experiments, showing that the
leaves of each species suffered from this cause, if prevented from sleeping. We must therefore take an
arbitrary limit. If a cotyledon or leaf is inclined at
60° above or beneath the horizon, it exposes to the
zenith about one-half, of its area; consequently the
intensity of its radiation will be lessened by about
half, compared with what it would have been if the
cotyledon or leaf had remained horizontal. This
degree of diminution certainly would make a great
difference to a plant having a tender constitution.
We will therefore speak of a cotyledon and hereafter
of a leaf as sleeping, only when it rises at night to
an angle of about 60°, or to a still higher angle, above
the horizon, or sinks beneath it to the same amount.
Not but that a lesser diminution of radiation may be
advantageous to a plant, as in the case of Datura
stramonium, the cotyledons of which rose from 31° at
noon to 55° at night above the horizon. The Swedish
turnip may profit by the area of its leaves being
reduced at night by about 30 per cent., as estimated
by Mr. A. S. Wilson; though in this case the angle
through which the leaves rose was not observed. On
the other hand, when the angular rise of cotyledons or
of leaves is small, such as less than 30°, the diminution
of radiation is so slight that it probably is of no significance to the plant in relation to radiation. For
instance, the cotyledons of Geranium Ibericum rose at
night to 27° above the horizon, and this would lessen
radiation by only 11 per cent.: those of Linum Berendieri rose to 33°, and this would lessen radiation by
16 per cent.
There are, however, some other sources of doubt with
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respect to the sleep of cotyledons. In certain cases,
the cotyledons whilst young diverge during the day to
only a very moderate extent, so that a small rise at
night, which we know occurs with the cotyledons of
many plants, would necessarily cause them to assume
a vertical or nearly vertical position at night; and in
this case it would be rash to infer that the movement
was effected for any special purpose. On this account
we hesitated long whether we should introduce several
Cucurbitaceous plants into the following list; but from
reasons, presently to be given, We thought that they
had better be at least temporarily included. This
same source of doubt applies in some few other cases;
for at the commencement of our observations we did
not always attend sufficiently to whether the cotyledons stood nearly horizontally in the middle of the day..
With several seedlings, the cotyledons assume a highly
inclined position at night during so short a period of
their life, that a doubt naturally arises whether this
can be of any service to the plant. Nevertheless, in
most of the cases given in the following list, the cotyledons may be as certainly said to sleep as may the
leaves of any plant. In two cases, namely, with the
cabbage and radish, the cotyledons of which rise almost
vertically during the few first nights of their life, it
was ascertained by placing young seedlings in the
klinostat, that the upward movement was not due to
apogeotropism.
The names of the plants, the cotyledons of which
stand at night at an angle of at least 60° with the'
horizon, are arranged in the appended list on the same
system as previously followed. The numbers of the
Families, and with the Leguminosae the numbers of
the Tribes, have been added to show how widely
the plants in question are distributed throughout the
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CHAP. VI.

dicotyledonous series. A few remarks will have to
be made about many of the plants in the list. In
doing so, it will be convenient not to follow strictly
any systematic order, but to treat of the Oxalidae
and the Leguminosas at the close; for in these
two Families the cotyledons are generally provided
with a pulvinus, and their movements endure for a
much longer time than those of the other plants in
the list.
List of Seedling Plants, the cotyledons of which rise or sink at
night to an angle of at leant 60° above or beneath the horizon.
B r a s s i c a olerácea.

Crucifera?

(Fam.

guminosa?

(Tribe

13)—accord-

i n g t o M r . K . I. L y n c h .
n a p u s (as w e
by

are

informed

Cassia

Raphanus

sativus.

glauca.

Crucifera.

segetum.

florida.

Caryophyllea!

corymbosa.

(Fam. 26).
Stellaria

Leguminosas

(Tribe 1 4 ) .

Prof.Pfefl'er).

• Githago

mimosoides.

m e d i a (according

meister, as q u o t e d ) .

to

pubescens.

tlof-

tora.

Caryophyl-

neglecta.

lea?.
Anoda

Wrightii.

Malvaceae

3

(Fam.

other

Brazilian

u n n a m e d

species.

36).
Gossypium

(var.

Nankin

cotton).

Bauhinia

Oxalis rosea.

O.xalidoj ( F a m . 4 1 ) .

Neptunia

púdica.

Gera-

Cucúrbita

subterraneum.

Cucurbitáceas

aurantia.

Legu-

Lagenaria vulgaris.

Cucurbitáceas.

• strictum.

Cucumis

Cucurbitáceas.

• leucanthemum.

A p i u m

ornithopopoides.

Legumi-

(Tribe 5 > — a c c o r d i n g

to

M .

Helianthus a n n u m
Jpomcea

cserulea.

(Fam. 151).

Ramey.
sensitiva.

purpurea.

Leguminosa)
.

(Tribe 6 ) .
Ha?matoxylon

Composite

(Fam.

122).

Jacoba?us.
Dampieri.

Umbelliferas

graveolens.
L a c t u c a scariola.

peregrinus.

CHanthus

duclaim.

petroselinum.

(Fam. 113).

Legumi-

nosa? ( T r i b e 4 ) .

Smithia

ovifera.

(Fam. 103).

minosa? ( F a m . 75, Tribe 3 ) .

nosas

Leguminosas

albida.

rotundifolium.

niacea? ( F a m . 4 7 ) .

Lotus

Leguminosa?

(Tribe 2 1 ) .

sensitiva.

i

olerácea.

M i m o s a

articulata.
Valdiviana.

Trifolium

Leguminosas

(Tribe 2 0 ) .

floribunda.

Geranium

?).

(Tribe 15).

Malvaceae.

-

(sp.

Campechianum.

Le-
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bona-nox.
coccínea.

(?).

Composite.

Convolvuláceas

List of Seedling Plants
Solanum lycopersloum.
Solaneas
(Fam. 157).
Mimulus, (sp. ?) Scrophularineœ
(Fam. 159) — from information
given us by Prof. Pfeft'er.
Mirabilis jalapa.
Nyotagineœ
(Fam. 177).

(continued).

Mirabilis longiflorn.
Beta vulgaris. Polygoneœ (Fam.
179).
Amaranthus caudatus. Amaranthacea: (Fam. 18u).
Cannabis sativa (?). Cannabineœ
(Fam. 195).

Brassica oleracea (Cruciferse). —It was shown in the first chapter
that the cotyledons of the common cabbage rise in the evening
and stand vertically up at night with their petioles in contact.
But as the two cotyledons are of unequal height, they frequently
interfere a little with each other's movements, the shorter one
often not standing quite vertically. They awake early in the
morning; thus at 6.45 A.M. on Nov. 27th, whilst it was still
dark, the cotyledons, which had been vertical and in contact on
the previous evening, were reflexed, and thus presented a very
different appearance. It should be borne in mind that seedlings
in germinating at the proper season, would not be subjected to
darkness at this hour in the morning. The above amount of
movement of the cotyledons is only temporary, lasting with plants
kept in a warm greenhouse from four to six days; how long it
would last with seedlings growing out of doors we do not know.
liaphanus sativus.—In the middle of the day the blades of
the cotyledons of 10 seedlings stood at right angles to their
hypocotyls, with their petioles a little divergent; at night the
blades stood vertically, with their bases in contact and with
their petioles parallel. Next morning, at 6.45 A.M., whilst it
was still dark, the blades were horizontal. On the following
night they were much raised, but hardly stood sufficiently vertical to be said to be asleep, and so it was in a still less degree
on the third night. Therefore the cotyledons of this plant (kept
in the greenhouse) go to sleep for even a shorter time than
those of the cabbage. Similar observations were made, but only
during a single day and night, on 13 other seedlings likewise
raised in the greenhouse, with the same result.
• The petioles of the cotyledons of 11 young seedlings of
Sinupis nigra were slightly divergent at noon, and the blades
stood at right angles to the hypocotyls; at night the petioles
were in close contact, and the blades considerably raised,
with their bases in contact, but only a few stood sufficiently
upright to be called asleep. On the following morning,
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the petioles diverged before it was light. The hypocotyl is
slightly sensitive, so that if rubbed with a needle it bends
towards the rubbed side. I n the case of Lepidium sativum, the
petioles of the cotyledons of young seedlings diverge during
the day and converge so as to touch each other during the
night, by which means the bases of the tripartite blades are
brought into contact; but the blades are so little raised that
they cannot be said to sleep. The cotyledons of several other
cruciferous plants were observed, but they did not rise sufficiently
during the night to be said to sleep.
Githago segetum (Caryophyllese).—On the first day after the
cotyledons had burst through the seed-coats, they stood at noon
at an angle of 75° above the horizon; at night they moved
upwards, each through an angle of 15° so as to stand quite
vertical and in contact with one another. On the second day
they stood at noon at 59° above the horizon, and again at
night were completely closed, each having risen 31°. On the
fourth day the cotyledons did not quite close at night. The
first and succeeding pairs of young true leaves behaved in
exactly the same manner. We think that the movement in this
case may be called nyctitropic, though the angle passed through
was small. The cotyledons are very sensitive to light and .will
not expand if exposed to an extremely dim one.
Anoda T^rf^u (Malvaceae).—The cotyledons whilst moderately
young, and only from 2 to 3 inch in diameter, sink in the
evening from their mid-day horizontal position to about 35°
beneath the horizon. But when the same seedlings were older
and had produced small true leaves, the almost orbicular
cotyledons, now -55 inch in diameter, moved vertically downwards
at night. This fact made us suspect that their sinking might
be due merely to their weight; but they were not in the least
flaccid, and when lifted up sprang back through elasticity into
their former dependent position. A pot with some old seedlings
was turned upside down in the afternoon, before the nocturnal fall had commenced, and at night they assumed in opposition to their own weight (and to any geotropio action) an
upwardly directed vertical position. When pots were thus
reversed, after the evening fall had already commenced, the
sinking movement appeared to be somewhat disturbed; but all
their movements were occasionally variable without any apparent
cause. This latter fact, as well as that of the young cotyledons
not sinking nearly so much as the older ones, deserves notice.
-

-
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Although the movement of the cotyledons endured for a long
time, no pulvinus was exteriorly visible; but their growth,
continued for a long time. The cotyledons appear to be only
slightly heliotropic, though the hypocotyl is strongly so.
Gossypium arboreum (?) (var. Nankin cotton) (Malvaceae).—The
cotyledons behave in nearly the same manner as those of the
Anoda. On June 15th the cotyledons of two seedlings were
•65 inch in length (measured along the midrib) and stood horizontally at noon; at 10 P.M. they occupied the same position
and had not fallen at all. On June 23rd, the cotyledons of one
of these seedlings were l ' l inch in length, and by 10 P.M. they
had fallen from a horizontal position to 62° beneath the horizon.
The cotyledons of the other seedling were l 3 inch in length, and
a minute true leaf had been formed; they had fallen at 10P.M.
to 70° beneath the horizon. On June 25th, the true leaf of this
latter seedling was 9 inch in length, and the cotyledons occupied nearly the same position at night. By July 9th the cotyledons appeared very old and showed signs of withering; but they
stood at noon almost horizontally, and at 10 P.M. hung down
vertically.
-

-

Gossypiurn herhiceum.—It is remarkable that the cotyledons of
this species behave differently from those of the last. They were
observed during 6 weeks from their first, development until
they had grown to a very large size (still appearing fresh and
green), viz. 2£ inches in breadth. At this age a true leaf had
been formed, which with its petiole was 2 inches long. During
the whole of these 6 weeks the cotyledons did not sink at night i
yet when old their weight was considerable and they were borne
by much elongated petioles. Seedlings raised from some seed
sent us from Naples, behaved in the same manner; as did those
of a kind cultivated in Alabama and of the Sea-island cotton.
To what species these three latter forms belong we do not know.
We could not make out in the case of the Naples cotton, that
the position of the cotyledons at night was influenced by the
soil being more or less dry; care being taken that they were
not rendered flaccid by being too dry. The weight of the large
cotyledons of the Alabama and Sea-island kinds caused them to
hang somewhat downwards, when the pots in which they grew
were left for a time upside down. It should, however, be
observed that these three kinds were raised in the middle of
the winter, which sometimes greatly interferes with the proper
nyctitropic movements of leaves and cotyledons.
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- Cucurhitaceos.—The cotyledons of Cucurbita aurantia and ovifera, and of Lagenaria vulgaris, stand from the 1st to the 3rd day
of their life at about 60° above the horizon, and at night rise up
so as to become vertical and in close contact with one another.
With Cucumis dudaim they stood at noon at 45° above the horizon, and closed at night. The tips of the cotyledons of all these
species are, however, reflexed, so that this part is fully exposed
to the zenith at night; and this fact is opposed to the belief
that the movement is of the same nature as that of sleeping
plants, After the first two or three days the cotyledons
diverge more during the day and cease to close at night.
Those of Triclwsanthes anguina are somewhat thick and fleshy,
and did not rise at night; and they could perhaps hardly be
expected to do so. On the other hand, those of Acanthosicyos
horrida * present nothing in their appearance opposed to their
moving at night in the same manner as the preceding species;
yet they did not rise up in any plain manner. This fact leads
to the belief that the nocturnal movements of the above-named
species has been acquired for some special purpose, which may
be to protect the young plumule from radiation, by the close
contact of the whole basal portion of the two cotyledons.
G< ranium rotundifolium (G-eraniacefe).—A single seedling came
up accidentally in a pot, and its cotyledons were observed to
bend perpendicularly downwards during several successive
nights, having been horizontal at noon. It grew into a fine
plant but died before flowering: it was sent to Kew and pronounced to be certainly a Geranium, and in all probability theabove-named species. This case is remarkable because the
cotyledons of G. cinereum, Endressii, Ibericum, Bichardsoni, and
subcaulescem were observed during some weeks in the winter,
and they did not sink, whilst those of G. Ibtricum rose 27° at
night.
Allium petroselinum (Umbelliferse).—A seedling had its cotyledons (Nov. 22nd) almost fully expanded during the day; by
8.30 P.M. they had risen considerably, and at 10.30 P.M. were
'almost closed, their tips being only y g of an inch apart. On
the following morning (23rd) the tips were ^ of an inch apart,
w

s

T

* This plant, from Dammara
Land in S. Africa, is remarkable
from being the one known mem·'' ·, ber of the Family which is not a

climber; it has been described
in ' Transact. Linn. Soc.,' xxvii.
p. 30,
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or more than seven times as much. On the next night the
cotyledons occupied nearly the same position as before. On the
morning of the 24th they stood horizontally, and at night were
60° above the horizon; and so it was on the night of the 25th.
But four days afterwards (on the 29th), when the seedlings
were a week old, the cotyledons had ceased to rise at night to
any plain degree. .
Apium graveolens.—The cotyledons at noon were horizontal,
and at 10 P.M. stood at an angle of 61° above the horizon.
Lactuca scariola (Composite).—The cotyledons whilst young
stood sub-horizontally during the day, and at night rose so as
to be almost vertical, and some were quite vertical and closed;
but this movement ceased when they had grown old and large,
after an interval of 11 days.
Melianthus annum (Compositse).—This case is rather doubtful;
the cotyledons rise at night, and on one occasion they stood at
73° above the horizon, so that they might then be said to have
been asleep.
lpomcea ccerulea vel JPharbitis nil (Convolvulaeese).—The cotyledons behave in nearly the same manner as those of the Anoda
and Nankin cotton, and like them grow to a large size. "Whilst
young and small, so that their blades were from -5 to 6 of an
inch in length, measured along the middle to the base of the
central notch, they remained horizontal both during the middle
of the day and at night. As they increased in size they began
to sink more and more in the evening and early night; and
when they had grown to a length (measured in the above
manner) of from 1 to 1-25 inch, they sank between 55° and 70°
beneath the horizon. They acted, however, in this manner only
when they had been well illuminated during the day. Nevertheless, the cotyledons have little or no power of bending
towards a lateral light, although the hypocotyl is strongly heliotropic. They are not provided with a pulvinus, but continue
to grow for a long time.
Ipomaa purpurea (vel Pharbitis hispida).—The
cotyledons
behave in all respects like those of I. ccerulea. A seedling with
cotyledons 75 inch in length (measured as before) and D65
inch in breadth, having a small true leaf developed, was placed
at 5.30 P.M. on a klinostat in a darkened box, so that neither
weight nor geotropism could act on them. At 10 P.M. one coty,v
ledon stood at 77° and the other at 82° beneath the horizon.
Before being placed in the klinostat they stood at 15° and''29.°
-

-
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beneath, the horizon. The nocturnal position depends chiefly
on the curvature of the petiole close to the blade, but the whole
petiole becomes slightly curved downwards. It deserves notice
that seedlings of this and the last-named species were raised at
the end of February and another lot in the middle of March,
and the cotyledons in neither case exhibited any nyctitropio
movement.
Ipomoea lona-nox.—The cotyledons after a few days grow to
an enormous size, those on a young seedling being 3 i inches
in breadth. They were extended horizontally at noon, and at
10 P.M. stood at 63° beneath the horizon. Five days afterwards they were &h inches in breadth, and at night one stood at
64° and the other 48° beneath the horizon. Though the blades
are thin, yet from their great size and from the petioles being
long, we imagined that their depression at night might be
determined by their weight; but when the pot was laid horizontally, they became curved towards the hypocotyl, which
movement could not have been in the least aided by their
weight, at the same time they were somewhat twisted upwards
through apogeotropism. Nevertheless, the weight of the cotyledons is so far influential, that when on another night the pot
was turned upside down, they were unable to rise and thus to
assume their proper nocturnal position.
Ipomoea coccinea.—The cotyledons whilst young do not sink
at night, but when grown a little older, but still only "4 inch in
length (measured as before) and 82 in breadth, they became
greatly depressed. In one case they were horizontal at noon,
and at 10 P.M. one of them stood at 64° and the other at 47°
beneath the horizon. The blades are thin, and the petioles,
which become much curved down at night, are short, so that
here weight can hardly have produced any effect. With all the
above species of Ipomoea, when the two cotyledons on the same
seedling were unequally depressed at night, this seemed to
depend on the position which they had held during the day
with reference to the light.
Solarium lycopersicum (Solanese). — The cotyledons rise so
much at night as to come nearly in contact. Those of S. palinacanthum were horizontal at noon, and by 10 P.M. had risen only
27° 30'; but on the following morning before it was light they
stood at 59° above the horizon, and in the afternoon of the same
dny were again horizontal. The behaviour of the cotyledons of
this latter species seems, therefore, to be anomalous.
-
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Mirabilis jalapa and longiflora (Nyctaginese).—The cotyledons,
which are of unequal size, stand horizontally during the middle
of the day, and at night rise up vertically and come into close
contact with one another. But this movement with M. longiflora
lasted for only the three first nights.
Seta vulgaris (Polygone£e).—A large number of seedlings were
observed on three occasions. During the day the cotyledons
sometimes stood sub-horizontally, but more commonly at an
angle of about 50° above the horizon, and for the first two or
three nights they rose up vertically so as to be completely
closed. During the succeeding one or two nights they rose
only a little, and afterwards hardly at all.
Ainaranthus caudatus (Amaranthactse).—At noon the cotyledons of many seedlings, which had just germinated, stood at
about 45° above the horizon, and at 10.15 P.M. some were nearly
and others quite closed. On the following morning they were
again well expanded or open.
Cannabis sativa (Cannabinese).—We are very doubtful whether
this plant ought to be here included. The cotyledons of a large
number of seedlings, after being well illuminated during the
day, were curved downwards at night, so that the tips of some
pointed directly to the ground, but the basal part did not appear
to be at all depressed. On the following morning they were
again flat and horizontal. The cotyledons of many other seedlings were at the same time not in any way affected. Therefore
this case seems very different from that of ordinary sleep, and
probably comes under the head of epinasty, as is the case with
the leaves of this plant according to Kraus. The cotyledons are
heliotropic, and so is the hypocotyl in a still stronger degree.
Oxalis.—We now come to cotyledons provided with a pulvinus,
all of which are remarkable from the continuance of the nocturnal
movements during several days or even weeks, and apparently
after growth has ceased. The cotyledons of 0. rosea, floribunda
and urticulata sink vertically down at night and clasp the upper
part of the hypocotyl. Those of 0. Valdiviana and sensitiva, on
the contrary, rise vertically up, so that their upper surfaces come
into close contact; and after the young leaves are developed these
are clasped by the cotyledons. As in the daytime they stand horizontally, or are even a little deflected beneath the horizon, they
move in the evening through an angle of at least 90°. Their
complicated circumnutating movements during the day have

x 2
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been described in the first chapter. The experiment was a
superfluous one, but pots with seedlings of 0. rosea and floribunda
were turned upside down, as soon as the cotyledons began to
show any signs of sleep, and this made no difference in their
movements.
Leguminosos.—It may be seen in our list that the cotyledons
of several species in nine genera, widely distributed throughout the Family, sleep at night; and this probably is the case
with many others. The cotyledons of all these species are provided with a pulvinus; and the movement in all is continued
during many days or weeks. In Cassia the cotyledons of the
ten species in the list rise up vertically at night and come
into close contact with one another. We observed that those
of ft florida opened in the morning rather later than those of
(J. glauca and pubescens. The movement is exactly the same
in ft mimosoides as in the other species, though its subsequently
developed leaves sleep in a different manner. The cotyledons
of an eleventh species, namely, ft nodosa, are thick and fleshy,
and do not rise up at night. The circumnutation of the cotyledons during the day of ft tora has been described in the first
chapter. Although the cotyledons of Smithia sensitiva rose from
a horizontal position in the middle of the day to a vertical one
at night, those of S. Pfundii, which are thick and fleshy, did not
sleep. When Mimosa púdica and albida have been kept at a
sufficiently high temperature during the day, the cotyledons
come into close contact at night; otherwise they merely rise up
almost vertically. The circumnutation of those of M. púdica
has been described. The cotyledons of a Bauhinia from St.
Catharina in Brazil stood during the day at an angle of about
5U° above the horizon, and at night rose to 77°; but it is probable that they would have closed completely, if the seedlings
had been kept in a warmer place.
Lotus.—In three species of Lotus the cotyledons were observed
to sleep. Those of L. Jacolceus present the singular case of not
rising at night in any conspicuous manner for the first 5 or
6 days of their life, and the pulvinus is not well developed at
this period. Afterwards the sleeping movement is well displayed, though to a variable degree, and is long continued.
We shall hereafter meet with a nearly parallel case with the
leaves of Sida rhombifolia. The cotyledons of L. Gébelii are
only slightly raised at night, and differ much in this respect
from the three species in our list.
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Trifoliurn.—The germination of 21 species was observed. In
most of them the cotyledons rise hardly at all, or only slightly,
at night; but those of T. glomeratum, striatum and incarnatum
rose from 45° to 55° above the horizon. With T. subterraneum,
leucanthemum and strictum, they stood up vertically; and with
T. strictum the rising movement is accompanied, as we shall see,
by another movement, which makes us believe that the rising
is truly nyctitropic. We did not carefully examine the cotyledons of all the species for a pulvinus, but this organ was
distinctly present in those of T. subterraneum and strictum; whilst
there was no trace of a pulvinus in some species, for instance, in
T. resupinatum, the cotyledons of which do not rise at night.
Trifoliurn subterraneum.—The blades of the cotyledons on the
first day after germination (Nov. 21st) were not fully expanded,
being, inclined at about 35° above the horizon; at night they
rose to about 75°. Two days afterwards the blades at noon
were horizontal, with the petioles highly inclined upwards;
and it is remarkable that the nocturnal movement is almost
wholly confined to the blades, being effected by the pulvinus at
their bases; whilst the petioles retain day and night nearly the
same inclination. On this night (Nov. 23rd), and for some few
succeeding nights, the blades rose from a horizontal into a
vertical position, and then became bowed inwards at about an
average angle of 10°; so that they had passed through an angle
of 100°. Their tips now almost touched one another, their
bases being slightly divergent. The two blades thus formed
a highly inclined roof over the axis of the seedling. This
movement is the same as that of the terminal leaflet of the
tripartite leaves of many species of Trifoliurn. After an interval
of 8 days (Nov. 29th) the blades were horizontal during the
day, and vertical at night, and now they were no longer bowed
inwards. They continued to move in the same manner for the
following two months, by which time they had increased greatly
in size, their petioles being no less than · 8 of an inch in length,
and two true leaves had by this time been developed.
Trifoliurn strictum.—On the first day after germination the
cotyledons, which are provided with a pulvinus, stood at noon
horizontally, and at night rose to only about 45° above the
horizon. Pour days afterwards the seedlings were again observed at night, and now the blades stood vertically and were
in contact, excepting the tips, which were much deflexed, so
that they faced the zenith. At this age the petioles are curved'
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upwards, and at night, when the bases of the blades are in eontact, the two petioles together form a vertical ring surrounding
the plumule. The cotyledons continued to act in nearly the same
manner for 8 or 10 days from the period of germination; but
the petioles had by this time become straight and had increased
much in length. After from 12 to 14 days the first simple true
leaf was formed, and during the ensuing fortnight a remarkable
movement was repeatedly observed. At I. (Fig. 125) we have
a sketch, made in the middle of the day, of a seedling about
a fortnight old. The two cotyledons, of which Be is the
right, and Lc the left one, stand directly opposite one another,
Fig. 125.

I.

II.

III.

Trifolium strictum: diurnal and nocturnal positions of the two cotyledons
and of the first leaf. I. Seedling viewed obliquely from above, during
the day: Sc, right cotyledon; Lc, left cotyledon; F, first true leaf.
II. A rather younger seedling, viewed at night: Re, right cotyledon
raised, but its position not otherwise changed; Lc, left cotyledon raised
and laterally twisted; F, first leaf raised and twisted so as to face the
left twisted cotyledon. III. Same seedling viewed at night from the
opposite side. The back of the first leaf, F, is here shown instead of
the front, as in II.

and the first true leaf (F) projects at right angles to them. At
night (see II. and III.) the right cotyledon (Sc) is greatly
raised, but is not otherwise changed in position. The left
cotyledon (Lc) is likewise raised, but it is also twisted, so that
its blade, instead of exactly facing the opposite one, now stands
at nearly right angles to it This nocturnal twisting movement,
is effected not by means of the pulvinus, but by the twisting of
the whole length of the petiole, as could be seen by the curved
line of its upper concave surface. At the same time the true
leaf (F) rises up, so as to stand vertically, or it even passes the
vertical and is inclined a little inwards. It also twists a little,
by which means the upper surface of its blade fronts, and
almost comes into contact with, the upper surface of the twisted.
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left cotyledon, This seems to be the object gained by these
singular movements. Altogether 20 seedlings were examined on
successive nights, and in 19 of them it was the left cotyledon
alone which became twisted, with the true leaf always so twisted
that its upper surface approached closely and fronted that of the
left cotyledon. In only one instance was the right cotyledon
twisted, with the true leaf twisted towards-it; but this seedling
was in an abnormal condition, as the left cotyledon did not rise
up properly at night. This whole case is remarkable, as with
the cotyledons of no other plant have we seen any nocturnal
movement except vertically upwards or downwards. It is the
more remarkable, because we shall meet with an analogous case
in the leaves of the allied genus Melilotus, in which the terminal leaflet rotates at night so as to present one edge to the
zenith and at the same time bends to one side, so that its upper
surface comes into contact with that of one of the two now vertical lateral leaflets.

Concluding Remarks on the Nyctitropic Movements of
Cotyledons.—The sleep of cotyledons (though this is a
subject which has been little attended to), seems to be
a more common phenomenon than that of leaves. We
observed the position of the cotyledons during the day
and night in 153 genera, widely distributed throughout the dicotyledonous series, but otherwise selected
almost by hazard; and one or more species in 26 of
these genera placed their cotyledons at night so as
to stand vertically or almost vertically, having generally moved through an angle of at least 60°. If we
lay on one side the Leguminosaa, the cotyledons of
which are particularly liable to sleep, 140 genera
remain; and out of these, the cotyledons of at least one
species in 19 genera slept. Now if we were to select
by hazard 140 genera, excluding the Leguminosse, and
observed their leaves at night, assuredly not nearly
so many as 19 would be found to include sleeping
species. We here refer exclusively to the plants
observed by ourselves.

IRIS - LILLIAD - Université Lille 1

In our entire list of seedlings, there are 30 genera,
belonging to 16 Families, the cotyledons of which in
some of the species rise or sink in the evening or
early night, so as to stand at least 60° above or beneath the horizon. In a large majority of the genera,
namely, 24, the movement is a rising one; so that
the same direction prevails in these nyctitropic movements as in the lesser periodic ones described in the
second "chapter. The cotyledons move downwards
during the early part of the night in only 6 of the
genera; and in one of them, Cannabis, the curving
down of the tip is probably due to epinasty, as Kraus
believes to be the case with the leaves. The downward movement to the amount of 90° is very decided
in Oxalis Valdiviana and sensitiva, and in Geranium
rotundifolium. It is a remarkable fact that with Anoda
' Wrightii, one species of Grossypium and at least 3
species of Ipomcea, the cotyledons whilst young and
light sink at night very little or not at all; although
this movement becomes' well pronounced as soon as
they have grown large and heavy. Although the
downward movement cannot be attributed to the
weight of the cotyledons in the several cases which
were investigated, namely, in those of the Anoda,
Ipomcea purpurea and bona-nox, nor in that of J. coecinea, yet bearing in mind that cotyledons are continually circumnutating, a slight cause might at first
have determined whether the great nocturnal movement should be upwards or downwards. We may
therefore suspect that in some aboriginal member of
the groups in question, the weight of the cotyledons
first determined the downward direction. The fact of
the cotyledons of these species not sinking down much
whilst they are young and tender, seems opposed to
the belief that the greater movement, when they are
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grown older, has been acquired for the sake of protecting them from radiation at night; but then we
should remember that there are many plants, the
leaves of which sleep, whilst the cotyledons do not;
and if in some cases the leaves are protected from cold
at night whilst the cotyledons are not protected, so in
other cases it may be of more importance to the species
that the nearly full-grown cotyledons should be better
protected than the young ones.
.·.. In all the species of Oxalis observed by us, the cotyledons are provided with pulvini; but this organ has
become more or less rudimentary in 0. comiculata,
and the amount of upward movement of its cotyledons
at night is very variable, but is never enough to be
called sleep. We omitted to ascertain whether the
cotyledons of Geranium rotundifolium possess pulvini.
In the Leguminosse all the cotyledons which sleep, as
far as we have seen, are provided with pulvini. But
with Lotus Jacobseus, these are not fully developed
during the first few days of the life of the seedling,
and the cotyledons do not then rise much at,night.
With Trifolium striatum the blades of the cotyledons
rise at night by the aid of their pulvini; whilst the
petiole of one cotyledon twists half-round at the same
time, independently of its pulvinus.
As a general rule, cotyledons which are provided
with pulvini continue to rise or sink at night during
a much longer period than those destitute of this organ.
In this latter case the movement no doubt depends on
alternately greater growth on the upper and lower side
of the petiole, or of the blade, or of both, preceded
probably by the increased turgescence of the growing
cells. Such movements generally last for a very
short period—for instance, with Brassica and Githago
for 4 or 5 nights, with Beta for 2 or 3, and with

IRIS - LILLIAD - Université Lille 1

Raphanus for only a single night. There are, however,
some strong exceptions to this rule, as the cotyledons
of Gossypium, Anoda and Ipomoea do not possess pulvini, yet continue to move and to grow for a long time.
We thought at first that when the movement lasted for
only 2 or 3 nights, it could hardly be of any service
to the plant, and hardly deserved to be called sleep;
but as many quickly-growing leaves sleep for only a
few nights, and as cotyledons are rapidly developed
and soon complete their growth, this doubt now seems
to us not well-founded, more especially as these movements are in many instances so strongly pronounced.
We may here mention another point of similarity
between sleeping leaves and cotyledons, namely, that
some of the latter (for instance, those of Cassia and
Githago) are easily affected by the absence of light;
and they then either close, or if closed do not open ;
whereas others (as with the cotyledons of Oxalis) are
very little affected by light. In the next chapter it
will be shown that the nyctitropic movements both
of cotyledons and leaves consist of a modified form of
circumnutation.
As in the Leguminosse and Oxalidse, the leaves and
the cotyledons of the same species generally sleep, the
idea at first naturally occurred to us, that the sleep
of the cotyledons was merely an early development of
a habit proper to a more advanced stage of life. But
no such explanation can be admitted, although there
seems to be some connection, as might have been
expected, between the two sets of cases. For the
leaves of many plants sleep, whilst their cotyledons do
not do so—of which fact Desmodium gyrans offers a
good instance, as likewise do three species of Nicotiana observed by us; also Sida rhombifolia, Abutilon
Darwinii, and Ohenopodium album. On the other
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hand, the cotyledons of some plants sleep and not the
leaves, as with the species of Beta, Brassica, Geranium,
Apium, Solanum, and Mirabilis, named in our list.
Still more striking is the fact that, in the same genus,
the leaves of several or of all the species may sleep,
but the cotyledons of only some of them, as occurs
with Trifolium, Lotus, Gossypium, and partially with
Oxalis. Again, when both the cotyledons and the
leaves of the same plant sleep, their movements may
be of a widely dissimilar nature : thus with Cassia the
cotyledons rise vertically up at night, whilst their
leaves sink down and twist round so as to turn their
lower surfaces outwards. With seedlings of Oxalis
Valdiviana, having 2 or 3 well-developed leaves, it
was a curious spectacle to behold at night each leaflet
folded inwards and hanging perpendicularly downwards, whilst at the same time and on the same plant
the cotyledons stood vertically upwards.
These several facts, showing the independence of
the nocturnal movements of the leaves and cotyledons
on the same plant, and on plants belonging to the
same genus, lead to the belief that the cotyledons have
acquired their power of movement for some special
purpose. Other facts lead to the same conclusion,
such as the presence of pulvini, by the aid of which
the nocturnal movement is continued during some
weeks. In Oxalis the cotyledons of some species
move vertically upwards, and of others vertically
downwards at night; but this great difference within
the same natural genus is not so surprising as it
may at first appear, seeing that the cotyledons of all
the species are continually oscillating up and down
during the day, so that a small cause might determine
whether they should rise or sink at night. Again, the
peculiar nocturnal movement of the left-hand coty-
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M O D I F I E D CIRCTJMNUTATION.

CHAP. VI.

ledon of Trifolium striatum, in combination with, that
of the first true leaf. Lastly, the wide distribution in
the dicotyledonous series of plants with cotyledons
which sleep. Reflecting on these several facts, our
conclusion seems justified, that the nyctitropic movements of cotyledons; by which the blade is made to
stand either vertically or almost vertically upwards
or downwards at night, has been acquired, at least
in most cases, for some special purpose; nor can we
doubt that this purpose is the protection of the upper
surface of the blade, and perhaps of the central bud
or plumule, from radiation at night.
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CHAPTER YII.
MODIFIED CIKCDMNUTATION : NYCTITBOPIO OK SLEEP MOVEMENTS OF
LEAVES.
Conditions necessary for these movements—List of Genera and Families,
which include sleeping plants—Description of the movements in
the several Genera—Oxalis: leaflets folded at night—Averrhoa :
rapid movements of the leaflets—Porlieiia; leaflets close when
plant kept very dry—Tropasolum: leaves do not sleep unless well
illuminated during day—Lupinus: various modes of sleeping—
Melilotus : singular movements of terminal leaflet—Trifolium—
Desmodium; rudimentary lateral leaflets, movements of, not developed on young plants, state of their pulvini—Cassia: complex
movements of the leaflets—Bauhinia: leaves folded at night—
Mimosa pudica: compounded movements of leaves, effect of darkness—Mimosa albida, reduced leaflets of—Schrankia: downward
movement of the pinnae—Marsilea: the only cryptogam known to
sleep—Concluding remarks and summary—Nyctitropism consists
of modified ciroumnutation, regulated by the alternations of light
and darkness—Shape of first true leaves,

AVE now come to the nyctitropie or sleep .movements of leaves. It should be remembered that we
confine this term to leaves which place their blades
at night either in a vertical position or not more than
30° from the vertical,—that is, at least 60° above or
beneath the horizon. In some few cases this is
effected by the rotation of the blade, the petiole not
being either raised or lowered to any considerable
extent. The limit of 30° from the vertical is obviously
an arbitrary one, and has been selected for reasons
previously assigned, namely, that when the blade
approaches the perpendicular as nearly as this, only
half as much of the surface is exposed at night to the
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zenith and to free radiation as when the blade is
horizontal. Nevertheless, in a few instances, leaves
which seem to be prevented by their structure from
moving to so great an extent as 60° above or beneath
the horizon, have been included amongst sleeping
plants. .
It should be premised that the nyctitropic movements of leaves are easily affected by the conditions
to which the plants have been subjected. If the ground
is kept too dry, the movements are much delayed
or fail: according to Dassen,* even if the air is
very dry the leaves of Impatiens and Malva are
rendered motionless. Carl Kraus has also lately
insisted f on the great influence which the quantity of
water absorbed has on the periodic movements of
leaves; and he believes that this cause chiefly determines the variable amount of sinking of the leaves of
Polygonum convolvulus at night; and if so, their movements are not in our sense strictly nyctitropic. Plants
in order to sleep must have been exposed to a proper
temperature: Erythrina crista-galli, out of doors and
nailed against a wall, seemed in fairly good health,
but the leaflets did not sleep, whilst those on another
plant kept in a warm greenhouse were all vertically dependent at night. In a kitchen-garden the leaflets of
Phaseolus vulgaris did not sleep during the early part
of the summer. Ch. Koyer says,f referring I suppose
to the native plants in France, that they do not sleep
when the temperature is below 5° C. or 41° F. In
the case of several sleeping plants, viz., species of
* Dassen, ' Tijdschrift vor. Naturlijke Gesch. en Physiologie,'
1837, vol. iv. p. 106. See also
Ch. Royer on tlie importance of a
proper state of turgescence of the
cells, in 'Annal, des Sc. Nat.

Bot.' (5th series), ix. 1868, p. 345.
t ' Beiträge zur Kentniss der
Bewegungen,' &c, in ' Flora,'
1879, pp. 42, 43, 67, &o.
X ' Annal. des So. Nat. Bot.'
(5th Series), ix. 1868 p.36ü.
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Tropjeolum, Lupirius, Ipomoea, Abutilón, Siegesbeckia,
and probably other genera, it is indispensable that
the leaves should be well illuminated during the day
in order that they may assume at night a vertical
position; and it was probably owing, to this cause
that seedlings of Ghenopodium album and Siegesbeckia
orientalis, raised by us during the middle of the winter,
though kept at a proper temperature, did not sleep.
Lastly, violent agitation by a strong wind, during a
few minutes, of the leaves of Maranta arundinacea
(which previously had not been disturbed in the hothouse), prevented their sleeping during the two next
nights.
We will now give our observations on sleeping
plants, made in the manner described in the Introduction. The stem of the plant was always secured
(when not stated to the contrary) close to the base of
the leaf, the movements of which were being observed,
so as to prevent the stem from circumnutating. As
the tracings were made on a vertical glass in front of
the plant, it was obviously impossible to trace its
course as soon as the leaf became in the evening
greatly inclined either upwards or downwards; it
must therefore be understood that the broken lines
in the diagrams, which represent the evening and
nocturnal courses, ought always to be prolonged to a
much greater distance, either upwards or downwards,
than appears in them. The conclusions which may be
deduced from our observations will be given near the
end of this chapter.
In the following list all the genera which include
sleeping plants are given, as far as known to us. The
same arrangement is followed as in former cases, and
the number of the Family is appended. This list
possesses some interest, as it shows that the habit of
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sleeping is common to some few plants throughout
the whole vascular series. The greater number of the
genera in the list have been observed by ourselves
with more or less care; but several are given on the
authority of others (whose names are appended in the
list), and about these we have nothing more to say.
No doubt the list is very imperfect, and several genera
might have been added from the ' Somnus Plantarum
by Linnseus; but we could not judge, in some of his
cases, whether the blades occupied at night, a nearly
vertical position. He refers to some plants as sleeping,
for instance, Lathyrus odoratus and Viciafdba, in which
we could observe no movement deserving to be called
sleep, and as no one can doubt the accuracy of Linnaeus,
we are left in doubt.
1

List of Genera, including species the leaves of which sleep.
CLASS I. DICOTYLEDONS

Sub-class I. ANGIOSPERMS—continued.

Oenus.
,
Family.
Tropseolum.
Tropaeolese (49).
Family.
Crotolaria (Thisel-\ Leguminosa!
(75)
Tribe IICaryophyllese (26).
ton Dyer).
Lupinus.
»
»
Cytisus.
»?
Portulacea; (27).
Trigonella,
Tiv III.
Medicago.
s>
Malvaceai (36).
Melilotas.
JJ
Trifolium.
)>
Securigera.
Tr. I V .
Lotus.
»
Psoralea.
Tr. V.
Amorpha · (Du-i
chartre).
Dselea.
Sterculacea? (37).
Indigofera.
'liliácea? (38).
Tephrosia.
Wistaria.
Lineai (39).
Robinia.
Oxalida; (41).
Sphasrophysa
Colutea.
Zygophyllea? (45). Astragalus.
Glyoyrrhiza.
Coronilla.
Tr. VI.
Balsamine»! (48).
Hedysaruin.

Sub-class I. ANGIOSPERMS
Genus.
Githago
Stellarla (Batalin).
Portulaca
(Ch.'l
Royer).
/
Sida.
Abutilon.
Malva (Linnasusl
and Pfeffer).
/
Hibiscus
(Lin-1
na;us).
J
Anoda.
Gossypium.
Ayenia (Linnseus).
Triumfetta (Liu-\
na;us).
/
Linum (Batalin).
Oxalis.
Averrhoa.
Porlieria.
Guiacum.
Impatiens
(Lin
naus,
Pfeffer.
Batalin),
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List of Genera (continued).
CLASS I. DICOTYLEDONS (continued),

Sub-class I. ANGIOSPERMS (continued).

Genus.

Family.
jEnothera
(Lin-'
Family.
nams).
j Onagrariese (100).
uminosse (75) Passiflora.
Passifloraceœ (105).
Tr. VI.
Composite (122).
Siegesbeckia.
Convolvulaceae
Ipomoea.
(151).
Nicotiana.
Solanese (157).
Mirabilis.
Nyctagineas (177).
Tr. VII. Polygonum
Polygoneœ (179).
Tr.VIlI.
talin).
)
/Amaranthaceaä
Amaranthus.
I (180).
Chenopodium.
Chenopodieae (181).
Pimelia (Bouché), Thymeteœ (188).
Euphorbia.
Euphorbiacese (202)
Tr. X.
Phyllanthus(Pfef-1
Tr. XIII.
fer).
}

Sub-class I. ANQIOSPEEMS.
Genus.
Onobrychis.

Smithia.
Arachis.
Desmodium.
Urania.
Vicia.
Centrosema.
Amphicarpsea.
Glycine.
Erythrina.
Apios.
Phaseolus,
Sophora,
Cesalpinia.
Hasmatoxylon.
Gleditschia (Du-1
chartre).
f
Poinciana.
Cassia.
Tr. XIV.
Bauhinia.
Tr. XV.
Tamarindus.
Tr. XVI.
Adenanthera.
Tr. XX.
Prosopis.
Neptunia.
Mimosa.
Schrankia.
Acacia.
Tr. XXII.
Albizzia.
Tr. XXIII.
Melai euca (Bouché). Myrtaceœ (94).

{

Sub-class II. GYMNOSPERMS.
Abies (Chatin).
CLASS II. MONOCOTYLEDONS.

Cannacele (21),

Thalia.
Maranta.
Colocasia.
Strephium.

Aroidea: (30).
Gramineœ (55).

CLASS III. ACOTYLEDONS.
Marsilea.

t

Marsileaceœ (4).

Gitliago segetum (Caryophyllese).—The first leaves produced
by young seedlings, rise up and close together at night. On a
rather older seedling, two young leaves stood at noon at 55°
above the horizon, and at night at 86°, so each had risen 31°,
The angle, however, was less in some cases. Similar observations
were occasionally made on young leaves (for the older ones moved
very little) produced by nearly full-grown plants.
Batalin
says ('Flora,' Oct. 1st, 1873, p. 437) that the young leaves of
Stellaria close, u p so completely at night that they form together
great buds.
Sida (Malvaceae).—The nyctitropic movements of the leaves
i n this genus are remarkable in some respects. Batalin informs;
Y
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us (see also 'Flora,' Oct. 1st 1873, p. 437) that those of
8. naposa fall at night, but
Fig. 126.
to what angle he cannot
remember. The leaves of
S, rhombifolia and retusa, on
the other hand, rise up
vertically, and are pressed
against the stem. We have
therefore here within the
same genus, directly opposite movements. Again,
the leaves of S. rhombifolia
are furnished with a pulvinus, formed of a mass of
small cells destitute of chlorophyll, and with their
longer axes perpendicular
to the axis of the petiole.
As measured along this
latter line, these cells are
only | t h of the length of
those of the petiole; but
instead of being abruptly
separated from them (as is
usual with the pulvinus in
most plants), they graduate
into the larger cells of the
petiole. On the other hand,
A napcea, according to Batalin, does not possess a
pulvinus; and he informs
us that a gradation may be
traced in the several species
Sida rhombifolia: circumnutation and of the genus between these
nyctitropic (or sleep) movements of two states of the petiole.
a leaf on a young plant, 9 | inches Sida
rhombifolia presents
high; filament fixed to midrib of
nearly full-grown leaf, 2 | inches in another peculiarity, of which
length; movement traced under a sky- we have seen no other in• light. Apex of leaf 5 | inches from stance with leaves
that
the vertical glass, so diagram not sleep: for those on very
greatly enlarged.
young plants, though'they
r"ise somewhat in the evening, do n< >t go to sleep, as we observed
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on several occasions; whilst those on rather older plants sleep
in a conspicuous manner. For instance, a leaf (-85 of an inch
in length) on a very young seedling 2 inches high, stood at noon
9° above the horizon, and at 10 P.M. at 28°, so it had risen only
19°; another leaf (1*4 inch in length) on a seedling of the
same height, stood at the same two periods at 7° and 32°, and
therefore had risen 25°. These leaves, which moved so little,
had a fairly well-developed pulvinus. After an interval of some
weeks, when the same seedlings were 2i and 3 inches in height,
some of the young leaves stood up at night quite vertically, and
others were highly inclined; and so it was with bushes which
.were fully grown and were flowering.
• The movement of a leaf was traced from 9.15 A.M. on
May 28th to 8.30 A.M. on the 30th. The temperature was too
low (15°—16° C ) , and the illumination hardly sufficient; consequently the leaves did not become quite so highly inclined at
night, as they had done previously and as they did subsequently in the hot-house; but the movements did not appear
otherwise disturbed. On the first day the leaf sank till
5.15 P.M.; it then rose rapidly and greatly-till 10.5 P.M., and
only a little higher during the rest of the night (Fig. 126).
Early on the next day (29th) it fell in a 'slightly zigzag line
rapidly until 9 A.M., by which time it had reached nearly the
same place as on the previous morning. During the remainder
of the day it fell slowly, and zigzagged laterally. -The evening
rise began after 4 P.M. in the same manner as before, and on
the second morning it again fell rapidly.- The ascending and
descending lines do not coincide, as may be seen in the diagram.
On the 30th a new tracing was made (not here given) on a
rather enlarged scale, as the apex of the leaf now stood 9 inches
from the vertical glass. In order to observe more carefully the
course pursued at the time when the diurnal fall changes into
the nocturnal rise, dots were made every half-hour between
4 P.M. and 10.30 P.M. This rendered the lateral zigzagging
movement during the evening more conspicuous than in the
diagram given, but it was of the same- nature as there shown:
The impression forced on our minds was that the leaf was
expending superfluous movement, so that the great nocturnal
rise might not occur at too early an hour.
• Ahutilon Darwinii (Malvaceae).—The leaves on some very
young plants stood almost horizontally during the day, and
hung down vertically at night. Very fine plants kept in a
T
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large hall, lighted only from the roof, did not sleep at night,
for in order to do so the leaves must be well illuminated during
the day. The cotyledons do not sleep. Linnseus says that the
leaves of his Sidn abutilon sink perpendicularly down at night,
though the petioles rise. Prof. Pfeffer informs us that · the
leaves of a M»lva, allied to M. eylvntris, rise greatly at night;
and this genus, as well as that of Hibiscus, are included by
Linnaeus in his list of sleeping plants.
Anoda Wrightii (Malvaceae),—The leaves, produced by very
young plants, when grown to a moderate size, sink at night
either almost vertically down or to an angle of about 45° beneath
the horizon; for there is a considerable degree of variability in
the amount of sinking at night, which depends in part on the
degree to which they have been illuminated during the day.
But the leaves, whilst quite young, do not sink down at night,
and this is a very unusual circumstance. The summit of the
petiole, where it joins the blade, is developed into a pulvinus;
and this is present in very young leaves which do not sleep j
though it is not so well defined as in older leaves.
>
Gossypium (var. Nankin cotton, Maivacefe).—Some young
leaves, between 1 and 2 inches in length, borne by two seedlings
6 and 7 i inches in height, stood horizontally, or were raised a
little above the horizon at noon on July 8th and 9th; but by
10 P.M. they had sunk down to between 68° and 90° beneath
the horizon. "When the same plants had grown to double
the above height, their leaves stood at night almost or quite
vertically dependent. The leaves on some large plants of
G. maritimum and Brazilense, which were kept in a very badly
lighted hot-house, only occasionally sank much downwards
at night, and hardly enough to be called sleep.
Oxalis (Oxalidse).—In most of the species in this large genus
the three leaflets sink vertically down at night; but as their
sub-petioles are short the blades could not assume this positiorn
from the want of space, unless they were in some manner rendered narrower; and this is effected by their becoming more
or less folded (Fig. 127). The angle formed by the two halves
of the same leaflet was found to vary in different individuals of
several species between 92° and 150°; in three of the best
folded leaflets of 0. fragrans it was 76°, 74°, and 54°. The
angle is often different in the three leaflets of the same leaf.
As the leaflets sink down at night and become folded, their
lower surfaces are brought near together (see B), or even into
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close contact; and from this circumstance it might be thought
that the object of the folding was the protection of their lower
surfaces. If this had been the case, it would have formed
a strongly marked exception to the rule, that when there is any
difference in the degree of protection from radiation of the two
surfaces of the leaves, it is always the upper surface which is
the best protected. But that the folding of the leaflets, and
consequent mutual approximation of their lower surfaces,
serves merely to allow them to sink down vertically, may be
FIG. 127.

A.
B.
Oxalis acetosella: A, leaf seen from vertically above; B, diagram of leaf
asleep, also seen from vertically above.

inferred from the fact that when the leaflets do not radiate
from the summit of a common petiole, or, again, when there is
plenty of room, from the sub-petioles not being very short, the
leaflets sink down without becoming folded. This occurs with
the leaflets of 0. sensitiva, Plumierii, and bupleurifolia.
There is no use. in giving a long list of the many species
which sleep in the above described manner. This holds good
with species having rather fleshy leaves, like those of 0. carnom,
or large leaves like those of 0. Ori-gesii, or four leaflets like
those of 0. variabilis.
There are, however, some species which
show no signs of sleep, viz., 0. pevtaphylla, ennenphylla, hirta,
and rubella. We will now describe the nature of the movements
in some of the species.
Oxalis acetosella.—The movement of a leaflet, together with
that of the main petiole, are shown in the' following diagram (Fig. 128), traced between 11 A.M. on October 4th and
7.45 A.M. on the 5th. After 5.30 P.M. on the 4th the leaflet sank
rapidly, and at 7 P.M. depended vertically. For some time
before it assumed this latter position, its movements could, of
course,- no longer be traced on the vertical glass, and the
broken line in the diagram ought to be .extended much further
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down in this and all other
cases. By 6.45 A.M. on the
following morning it had
risen considerably, and continued to rise for the next
hour; but, judging from
other observations, it would
soon have begun to fall again.
Between 11 A.M. and 5.30 P.M.
the leaflet moved at least four
times up and four times
down before the great nocturnal fall commenced; it
reached its highest point at
noon. Similar observations
were made on two other
leaflets, with nearly the same
results. Sachs and Pfeffer
have also described briefly *
the autonomous movements
of the- leaves of this plant.
On another occasion the
1 etiolo of a leaf was secured
to a little stick close beneath
the leaflets, and a filament
tipped with a bead of sealingwax was affixed to the midrib of one of them, and a
mark was placed close behind.
At 7 P.M., when the leaflets
were asleep, the filament depended vertically down, and
the movements of the bead
were then traced till 10.40
P.M., as shown in the following diagram (Fig. 129).
Osoalis acetosella : circumnutation. and
• nyctitropic movements of a nearly We here see that the leaflet
full-grown leaf, with filament at- moved a little from side to
tached to the midrib of one of the side, as well as a little up
leaflets ; traced on vertical glass durand down, whilst asleep.
ing 20 h. 45 m..

rdS'a.m.S'!',

6°3(?j>.m4f!-f

* Saohs in 'Plora,' 1863, p. 470, &o.; Pfeffer, ' D i e Period. B e w e gungen,'&o., 1875, p. 53. - ..
. ,
.
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.
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Oralis Valdiviana—The
leaves resemble those of the last
species, and the movements of two leaflets (the main petioles of
both having been secured) were
traced during two days; but the
tracings are not given, as they
resembled that of 0. acetosella, with
the exception that the up and
down oscillations were not so frequent during the day, and there Oxalis acetosella;. circumnutawas more lateral movement, so that
,
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,
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,

*

i o n

°/

traced

l e a f l e t
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wh

n

t

asle

f , ?Pl;

vertical

glass

broader ellipses were described.
during 3 h. 40 m.
The leaves awoke early in the morning, for by 6.45 A.M. on June 12th and 13th they had not only
risen to their full height, but had already begun to fall, that is,
they were circumnutating. We have seen in the last chapter
that the cotyledons, instead of sinking, rise up vertically at
night.
:
Oxalis Ortegesii.—The large leaves of this plant sleep like
those of the previous species. The main petioles are long, and
that of a young leaf rose 20° between noon and 10 P.M., whilst
the petiole of an older leaf rose only 13°. Owing to this rising
of the petioles, and the vertical sinking of the large leaflets,
the leaves become crowded together at night, and the whole
plant then exposes a much smaller surface to radiation than
during the day.
»
, Oxalis Plumierii.—In this species the three leaflets do not
surround the summit of the petiole, but the terminal leaflet
projects in the line of the petiole, with a lateral leaflet on each
side. They all sleep by bending vertically downwards, but
do not become at all folded. The petiole is rather long, and,
one having been secured to a stick, the movement of the terminal
leaflet was traced during 45 h. on a vertical glass. It moved
in a very simple manner, sinking rapidly after 5 P.M., and
rising rapidly early next morning. During the middle of the day
it moved slowly and a little laterally. Consequently the ascending and descending lines did not coincide, and a single great
ellipse was formed each day. There was no other evidence of
circumnutation, and this fact is of interest, as we shall hereafter see.
Oxalis sensitiva.—The leaflets, as in the last species, bend
vertically down at night, without becoming folded. The muchelongated main petiole rises considerably in the evening, but in*
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some very young plants the rise did not commence until late
at night. "We have seen that the cotyledons, instead of sinking like the leaflets, rise up vertically at night.
Oxalis bupleurifolia.—This species
Fig. 130.
is rendered remarkable by the petioles
being foliaceous, like the phyllodes
of many Acacias. The leaflets are
small, of a paler green and more
tender consistence than the foliaceous petioles. The leaflet which was
observed was · 55 inch in length, and
was borne by a petiole 2 inches long
and '3 inches broad. It may be
\
suspected that the leaflets are on the
road to abortion or obliteration, as
has actually occurred with those of
another Brazilian species, 0. rusciformis.
Nevertheless, in the present
species the nyctitropic movements
are perfectly performed. The foliaceous petiole was first observedduring 48 h., and found to be in
continued circumnutation, as shown
in the accompanying figure (Fig.
130). It rose during the day and
early part of the night, and fell
Oxalis bupleurifolia: circum- during the remainder of the night
nutation of foliaceous pe- and early morning; but the movetiole, filament fixed obliquely across end of petiole; ment was not sufficient to be called
movements traced on ver- sleep. .The ascending and descendtical glass from 9. A.M. June ing lines did not coincide, so that an
26th to 8.50 A.M. 28th. ellipse was formed each day. There
Apex of leaflet 4J inches
from the glass, so movement was but little zigzagging; if the
1 not much magnified. Plant filament shad been fixed longitudi9 inches high, illuminated nally, we should probably have seen
" from above. . Temp. 23^°that there was more lateral move24J° C.
ment than appears in the diagram.
- A terminal leaflet on another leaf was next observed (the
petiole being secured), and its movements are shown in
Fig. 131. During the day the leaflets are extended horizontally, and at night depend vertically; and as the petiole rises
during the day the leaflets have to bend down in the evening

r

t
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Averrhoa hilimbi (Oxalidae).—It has long been known,* firstly;
that the leaflets in this genus sleep; secondly, that they move
spontaneously during the day; and thirdly, that they are sensitive to a touch; but in none of these respects do they differ
essentially from the species of Oxalis. They differ, however, as
Mr. E. I. Lynch t has lately shown, in their spontaneous movements being strongly marked. In the case of A. hilimbi, it is a
wonderful spectacle to behold on a warm sunny day the leaflets
one after the other sinking rapidly downwards, and again
ascending slowly. Their movements rival those of Desmodium
gyrans. At night the leaflets hang vertically down; and now
Fig. 132.

Averrhoa Ulirnhi: leaf asleep;, drawing reduced.

they are motionless, but this may be due to the opposite ones
being pressed together (Pig. 132). The main petiole is in constant movement during the day, but no careful observations were
made on it. The following diagrams are graphic representations of the variations in the angle, which a given leaflet makes
with the vertical. The observations were made as follows.
The plant growing in a pot was kept in a high temperature,
the petiole of the leaf to be observed pointing straight at
the observer, being separated from him by a vertical pane of
glass. The petiole was secured so that the basal joint, or pulvinus, of one of the lateral leaflets was at the centre of a graduated arc placed close behind the leaflet. A fine glass filament
was fixed to the leaf, so as to project like a continuation of the
• . * Dr. Bruce, ' Philosophical Trans.,' 1785, p. 8.^6.
> t 'Journal Linn. Soc.,' vol. xvi. 1877, p. 231.
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midrib. This filament acted as an index ; and as the leaf rose
and fell, rotating about its basal joint, its angular movement
Fig. 133.

Averrhou

bUmibi: angular movements ot a leati
descent, when going to sleep. Temp. 78"-8l" a.

could be recorded by reading off ât short intervals of timeithe
position of the glass filament on the graduated arc. In order
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to avoid errors of parallax, all readings were made by looking
through a small ring painted on the vertical glass, in a line
with the joint of the leaflet and the centre of the graduated arc.
In the following diagrams the ordinates represent the angles
which the leaflet made with the vertical at successive instants.*
It follows that a fall in the curve represents an actual dropping
of the leaf, and that the zero line represents a vertically dependent position. Fig. 133 represents the nature of the movements which occur in the evening, as soon as the leaflets begin
to assume their nocturnal position. At 4.55 P M. the leaflet
formed an angle of 85° with the vertical, or was only 5° below
the horizontal; but in order that the diagram might get into
our page, the leaflet is represented falling from 75° instead
of 85°. Shortly after 6 P.M. it hung vertically down, and had
attained its nocturnal position. Between 6.10 and 6.35 P.M. it
performed a number of minute oscillations of about 2° each,
occupying periods of 4 or 5 m. The complete state of rest of
the leaflet which ultimately followed is not shown in the diagram. It is manifest that each oscillation consists of a gradual
rise, followed by a sudden fall. Each time the leaflet fell, it
approached nearer to the nocturnal position than it did on the
previous fall. The amplitude of the oscillations diminished,
while the periods of oscillation became shorter.
In bright sunshine the leaflets assume a highly inclined dependent position. A leaflet in diffused light was observed rising
for 25 m. A blind was then pulled up so that the plant was
brightly illuminated (BE in Fig. 134), and within a minute it
began to fall, and ultimately fell 47°, as shown in the diagram.
This descent was performed by six descending steps, precisely
similar to those by which the nocturnal fall is effected. The
plant was then again shaded (SH), and a long slow rise occurred
until another series of falls commenced at BE', when the sun
was again admitted. In this experiment cool air was allowed
to enter by the windows being opened at the same time that
the blinds were pulled up, so that in spite of the sun shining
on the plant ihe temperature was not raised.
The effect of an increase of temperature in diffused light i s
* In all the diagrams 1 mm. in
the horizontaldirection represents
one minute of time. Each mm.
in the vertical direction represents one degree of angular move-

ment. In Figs: 1KB and 1 3 4 the
temperature is represented (along
the ordinates) in the scale of 1
mm. to each 0 l ° C .
In F i g .
1 3 5 each mm. equals 0 · 2 ° F .
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shown in Pig. 135. The temperature began to rise at 11.35
A.M. (in consequence of the fire being lighted), but by 12.42 a
marked fall had occurred. It may be seen in the diagram, that
when the temperature was highest there were rapid oscillations

Acerrhoa bilimbi; angular movements of leaflet during a change from
bright illumination to shade; temperature (broken line) remaining
nearly the same.

of small amplitude, the mean position of the leaflet being at the
time nearer the vertical. "When the temperature began to fall,
the oscillations became slower and larger, and the mean position
of the leaf again approached the horizontal. The rate of oscillation was sometimes quicker than is represented in the above
diagram. Thus, when the temperature was between 31° and
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Fig. 185.
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,32° C, 14 oscillations of a few degrees occurred in 19 m. On
the other hand, an oscillation may be much slower; thus a leaflet
was observed (temperature 25° C.) to
Fig. 136,
,rise during 40 m. before it fell and
completed its oscillation.
Porlieria hygrometrica (Zygophylleae).
—-The leaves of this plant (Chilitn
form) are from 1 to l j inches in length,
and bear as many as 16 or 17 small
leaflets on each side, which · do not
stand opposite one another. They are
articulated to the petiole, and the
petiole to the branch by a pulvinus.
We must premise that apparently two
forms are confounded under the same
name: the leaves on a bush from Chili,
which was sent to us from Kew, bore
. many leaflets, whilst those on plants
in the Botanic Garden at Wiirzburg
bore only 8 or 9 pairs; and the whole
•character of the bushes appeared somewhat different. We shall also see that
they differ in • a remarkable physio- .
logical peculiarity. On the Chilian
plant the petioles of the younger leaves
on upright branches, stood horizontally
during the day, and at night sank
down vertically so as to depend parallel
and close to the branch beneath. The
.petioles of rather older leaves did not
become at night vertically depressed,
but only highly inclined. In one
instance we found a branch which had Polieria hygromttrioa: cirgrown perpendicularly downwards, """nutation
and ofnyctitropic movements
peand the petioles on it moved in the same tiole of leaf, traced from
direction relatively to the branch as 9.35 A.M. July 7th to
about midnight on the
just stated, and therefore moved up- 8th.
Apex of leaf 7J
wards. On horizontal branches the inches' from the vertical
younger petioles likewise move at night glass. Temp. 19J°-20£°C.
in the same direction as before, that is,
towards the branch, and are consequently then extended hori-i
zontally; but it is remarkable that the older petioles on the
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same branch, though moving a little in the same direction, also
bend downwards; they thus occupy a somewhat different position, relatively to the centre of the earth and to the branch, from
that of the petioles on the upright branches. With respect to
the leaflets, they move at night towards the apex of the petiole
until their midribs stand nearly parallel to i t ; and they then
lie neatly imbricated one over the other. Thus half of the upper
surface of each leaflet is in close contact with half of the lower
surface of the one next in advance; and all the leaflets, excepting the basal ones, have the whole of their upper surfaces and
half of their lower surfaces well protected. Those on the opposite sides of the same petiole do not come into close contact
at night, as occurs with the leaflets of so many Leguminosse,
but are separated by an open furrow; nor could they exactly
coincide, as they stand alternately with respect to one another.
The circumnutation of the petiole of a leaf f of an inch in
length, on an upright branch, was observed during 36 h.,
and is shown in the preceding diagram (Fig. 136). On the
first morning, the leaf fell a little and then rose until 1 P.M.,
and this was probably due to its being now illuminated through
a skylight from above; it then circumnutated on a very small
scale round the same spot until about 4 P.M., when the great
evening fall commenced. During the latter part of the night or
very early on the next morning the leaf rose again. On the
second day it fell during the morning till 1 P.M., and this no
doubt is its normal habit. From 1 to 4 P.M. it rose in a zigzag
line, and soon afterwards the great evening fall commenced. It
thus completed a double oscillation during the 24 h.
The specific name given to this plant by Euiz and Pa von, indicates that in its native arid home it is affected in some manner
by the dryness or dampness of the atmosphere.* In the Botanic
Garden at Wurzburg, there was a plant in a pot out of doors
which was daily watered, and another in the open ground which
was never watered. After some hot and dry weather there was
a great difference in the state of the leaflets on these two plants;
those on the unwatered plant in the open ground remaining half,
* ' Sy sterna Veg. Florae Peruviana3«et Chilensis,'torn. i. p. 95,
1798.' We cannot understand the
account given by the authors of
the behaviour of this plant in its
native home. There is much

about its power of foretelling
changes in the weather; and it
appears as if the brightness of the
sky largely determined the open*
ing and closing of the leaflets,
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or even quite, closed during the day. But twigs cut from this
bush, with their ends standing in water, or wholly immersed in
it, or kept in damp air under a bell-glass, opened their leaves
though exposed to a blazing sun; whilst those on the plant
in the ground remained closed. The leaves on this same plant,
after some heavy rain, remained open for two days; they then
became half closed during two days, and after an additional
day were quite closed. This plant was now copiously watered,
and on the following morning the leaflets were fully expanded. The other plant growing in a pot, after having been
exposed to heavy rain, was placed before a window in the Laboratory, with its leaflets open, and they remained so during the
daytime for 48 h.; but after an additional day were half closed.
The plant was then watered, and the leaflets on the two following
days remained open. On the third day they were again half
closed, but on being again watered remained open during the
two next days. Prom these several facts we may conclude that
the plant soon feels the want of water; and that as soon as this
occurs, it partially or quite closes its leaflets, which in their
then imbricated condition expose a small surface to evaporation.
It is therefore probable that this sleep-like movement, which
occurs only when the ground is dry, is" an adaptation against
the loss of moisture.
,
A bush about 4 feet in height, a native of Chili, which was
thickly covered with leaves, behaved very differently, for during
the day it never closed its leaflets. On July 6th the earth in
the small pot in which it grew appeared extremely dry, and
it was given a very little water. After 21 and 22 days (on
the 27th and 28th), during the whole of which time the plant
did not receive a drop of water, the leaves began to droop, but
they showed no signs of closing during the day. It appeared
almost incredible that any plant, except a fleshy one, could
have kept alive in soil so dry, which resembled the dust on
a road. On the 29th, when the bush was shaken, some leaves
fell off, and the remaining ones were unable to sleep at night.
It was therefore moderately watered, as well as syringed, late in
the evening. On the next morning (30th) the bush looked as fresh
as ever, and at night the leaves went to sleep. It may be added
that a small branch while growing on-the bush was enclosed,
by means of a curtain of bladder, during 13 days in a large
bottle half full of quicklime, so that the air within must have been
intensely dry; yet the leaves on this branch did not suffer in the

z
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leist, and did not close at all during the hottest days. Another
trial was made with the same bush on August 2nd and. 6th (the soil
appearing at this latter date extremely dry), for it was exposed
out of doors during the whole day to the wind, but the leaflets
showed ho signs of closing. Tbe Chilian form therefore differs
widely from the one at Wiirzburg, in not closing its leaflets
when suffering from the want of water; and it can live for a
surprisingly long time without water.
Tropceolum majus (?) (cultivated var.) (Tropseolese).—Several
plants in pots stood in the greenhouse, and the blades of
the leaves which faced the front-lights were during the day
highly inclined and at night vertical; whilst the leaves on
the back of the pots, though of course illuminated through
the roof, did not become vertical at night. We thought, at first,
that this difference in their positions was in some manner
due to heliotropism, for the leaves are highly heliotropic. The
true explanation, however, is that unless they are well illuminated during at least a part of the day they dq not sleep at
night; and a little difference in the degree of illumination determines whether or not they shall become vertical at night. W e
have observed no other so well-marked a case as this, of the
influence of previous illumination on nyctitropic movements.
The leaves present also another peculiarity in their habit of
rising or awaking in the morning, being more strongly fixed or
inherited than that of sinking or sleeping at night. The movements are caused by the bending of an upper part of the petiole,
between £ and 1 inch in length; but the part close to the blade,
for about J of an inch in length, does not bend and always
remains at right angles to the blade. The bending portion does
not present any external or internal difference in structure
from the rest of the petiole. We will now give the experiments
on -which the above conclusions are founded.
A large pot with several plants was brought on the morning
of Sept. 3rd out of the greenhouse and placed before a north-east
window, in the same position as before with respect to the light,
as far as that was possible. On the front of the plants, 24 leaves
were marked with thread, some of which had their blades horizontal, but the greater number were inclined at about 45°,
beneath the horizon; at night all these, without exception,
baoame vertical. Early on the following morning (4th) they
reassumed their former positions, and at night again became
vertical, On the 5th the shutters were opened at 6.15 A.M., and
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by 8.18 A.M., after the leaves had been illuminated for 2 h. 3 m.,
and had acquired their diurnal position, they were placed in a
dark cupboard. They were looked at twice during the day and
thrice in the evening, the last time at 10.30 P.M., and not one had
become vertical. At 8 A.M. on the following morning (6th) they
still retained the same diurnal position, and were now replaced
before the north-east window. At night all the leaves which
had faced the light had their petioles curved and their blades
vertical; whereas none of the leaves on the back of the plants,
although they had been moderately illuminated by the diffused
light of the room, were vertical. They were now at night placed
in the same dark cupboard; at 9 A.M. on the next morning (7th)
all those which had been asleep had reassumed their diurnal
position. The pot was then placed for 3 h. in the sunshine, seas to stimulate the plants; at noon they were placed before the
same north-east window, and at night the. leaves slept in the
usual manner and awoke on the following morning. At noon on
this day (8th) the plants, after having been left before the northeast window for 5 h. 45 m. and thus illuminated (though not
brightly, as the sky was cloudy during the whole time), were
replaced in the dark cupboard, and at 3 P.M. the position of the
leaves was very little, if at all, altered, so that they are not
quickly affected by darkness; but by 10.15 P.M. all the leaves
which had faced the north-east sky during the 5 h . 45 m. of
illumination stood vertical, whereas those on the back of the
plant retained their diurnal position. On the following morning
(9th) the leaves awoke as on the two former occasions in the dark,
and they were kept in the dark during the whole day; at night
a very few of them became vertical, and this was the one instance in which we observed any inherited tendency or habit in
this plant to sleep at the proper time. That it was real sleep
was shown by these same leaves reassuming their diurnal position on the following morning (10th) whilst still kept in the
dark.
The pot was then (9.45 A.M. 10th) replaced, after, having been
kept for 36 h. in darkness, before the north-east window; and at
night the blades of all the leaves (excepting a few on the back of.
the plants) became conspicuously vertical.
At 6.45 A.M. (11th) after the plants had been illuminated on the
same side as before during only 25 m., the pot was turned round,
so that the leaves which had faced the light now faced the
interior of the room, and not one of these went to sleep at night;

z 2
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whilst some, but not many, of those which had formerly stood
facing the back of the room and which had never before been
well illuminated or gone to sleep, now assumed a vertical position at night. On the next day (12th) the plant was turned
round into its original position, so that the same leaves faced
the light as formerly, and these now went to sleep in the usual
manner. We will only add that with some young seedlings
kept in the greenhouse, the blades of the first pair of true leaves
(the cotyledons being hypogean) stood during the day almost
horizontally and at night almost vertically.
A few observations were subsequently made on the circumnutation of three leaves, whilst facing a north-east window; but
t h e tracings are not given, as the leaves moved somewhat
towards the light I t was, however, manifest that they rose
and fell more than once during the daytime, the ascending and
descending lines being in parts extremely zigzag. The nocturnal
fall commenced about 7 P.M., and the leaves had risen considerably by 6.45 A.M. on the following morning.
Leguminosa.—This Family includes many more genera with
sleeping species than all the other families put together. The
number of the tribes to which each genus belongs, according to
Bentham and Hooker's arrangement, has been added.
Crotolaria (sp. ?) (Tribe 2).—This plant is monophyllous, and
we are informed by Mr. T. Tbiselton Dyer that the leaves rise
up vertically at night and press against the stem.
Lupinus (Tribe 2).—The palmate or digitate leaves of the
species in this large genus sleep in three different manners.
One of the simplest, is that all the leaflets become steeply i n clined downwards at night, having been during the day extended horizontally.
This is shown in the accompanying
figures (Fig. 137), of a leaf of L. pilosus, as seen during t h e
day from vertically above, and of another leaf asleep with the
leaflets inclined downwards. As in this position they are
crowded together, and as they do not become folded like those
in the genus Oxalis, they cannot occupy a vertically dependent
position; but they are often inclined at an angle of 50° beneath
the horizon. In this species, whilst the leaflets are sinking,
the petioles rise up, in two instances when the angles were
measured to the extent of 23°. The leaflets of L. sub-carnosus and
arboreus, which were horizontal during the day, sank down at
night in nearly the same manner; the former to an angle of 38°,·
and the latter of 86°, beneath the horizon J but their petioles
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did not move in any plainly perceptible degree. It is, however,
quite possible, as we shall presently see, that if a large number
of plants of the three foregoing and of the following species
Fig. 137.

Lupinus pilosus;

A, leaf seen from vertically above in daytime; B, leaf
asleep, seen laterally at night.

were to be observed at all seasons, some of the leaves would be
found to sleep in a different manner.
In the two following species the leaflets, 'instead of moving
downwards, rise at night. With L. Hartwegii some stood at
noon at a mean angle of 36° above the horizon, and at night
at 51°, thus forming together a hollow cone with moderately
steep sides. The petiole of one leaf rose 14° and of a second
11° at night. With L. luteus a leaflet rose from 47° at noon to
65° above the horizon at night, and another on a distinct leaf
rose from 45° to 69°. The petioles, however, sink at night to
a small extent, viz., in three instances by 2°, 6°, and 9° 30',
Owing to this movement of the petioles, the outer and longer
leaflets have to bend up a little more than the shorter and inner
ones, in order that all should stand symmetrically at night.
We shall presently see that some leaves on the same individual
plants of L. luteus sleep in a very different manner.
We now come to a remarkable position of the leaves
when asleep, which is common to several species of Lupines.
On the same leaf the shorter leaflets, which generally face the
centre of the plant, sink at night, whilst the longer ones
on the opposite side rise; the intermediate and lateral ones
merely twisting on their own axes. But there is some variability
with respect to which leaflets rise or fall. As might have been
expected from such diverse and complicated movements, the
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base of each, leaflet is developed (at least in the case of L. luteus)
into a pulvinus. The result is that all the leaflets on the
same leaf stand at night more or less highly inclined, or even
quite vertically, forming in this latter case a vertical star. This
occurs with the leaves of a species purchased under the name of
Fig. 138.

C.
Lupinus pubescens: A, leaf viewed laterally during the day; B, same leaf
at night; C, another leaf with the leaflet forming a vertical star a t
night. Figures reduced.

L. pubescens; and in the accompanying figures we see at A ( F i g .
138) the leaves in their diurnal position; and at B the same
plant at night with the two upper leaves having their leaflets
almost vertical. At 0 another leaf, viewed laterally, is shown
with the leaflets quite vertical. It is chiefly or exclusively t h e
youngest leaves which form at night vertical stars. But there
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is much variability in the position of the leaves at night on the
same plant; some remaining with their leaflets almost horizontal,
others forming more or less highly inclined or vertical stars, and
some with all their leaflets sloping downwards, as in our first
class of cases. It is also a remarkable fact, that although all the
plants produced from the same lot of seeds were identical in
appearance, yet some individuals at night had the leaflets of all
their leaves arranged so as to form more or less highly inclined
stars; others had them all sloping downwards and never forming
a star; and others, again, retained them either in a horizontal
position or raised them a little.
We have as yet referred only to the different positions of the'
leaflets of L. pubescens at night; but the petioles likewise differ
in their movements. That of a young leaf which formed a
highly inclined star at night, stood, at noon at 42° above the
horizon, and during the night at 72°, so had risen 30°. The
petiole of another leaf, the leaflets of which occupied a similar
position at night, rose only 6°. On the other hand, the petiole
of a leaf with all its leaflets sloping down at night, fell at this
time 4°. The petioles of two rather older leaves were subsequently observed; both of which stood during the day at exactly
the same angle, viz., 50° above the horizon, and one of these rose
7 ° _ 8 ° , and the other fell 3°—4° at night.
We meet with cases like that of L. pubescens with some other
species. On a single plant of L. mutabilis some leaves, which
stood horizontally during the day, formed highly inclined stars
at night, and the petiole of one rose 7°. Other leaves which
likewise stood horizontally during the day, had at night all their
leaflets sloping downwards at 46° beneath the horizon, but
their petioles had hardly moved. Again, L. luteus offered a still
more remarkable case, for on two leaves, the leaflets which stood
at noon at about 45° above the horizon, rose at night to 65° and
69°, so that they formed a hollow cone with steep sides. Four
leaves on the same plant, which had their leaflets horizontal at
noon, formed vertical stars at night; and three other leaves
equally horizontal at noon, had all their leaflets sloping downwards at night. So that the leaves on this one plant assumed
at night three different positions. Though we cannot account
for this fact, we can see that such a stock might readily give
birth to species having widely different nyctitropic habits.
Little more need be said about the sleep of the species of Lupinus; several, namely, L. polyphyllus, nanus, Menziesii, specioms,
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and albifrons, though, observed out of doors and in the greenhouse, did not change the position of their leaves sufficiently at
night to be said to sleep. From observations made on two
sleeping species, it appears that, as with Troposolum majtts, the
leaves must be well illuminated during the day in order to sleep
at night. For several plants, kept all day in a sitting-room
with north-east windows, did not sleep at night; but when the
pots were placed on the following day out of doors, and were
brought in at night, they slept in the usual manner. The trial
was repeated on the following day and night with the same
result.
Some observations were made on the circumnutation of the
leaves of L. luteus and arboreus. I t will suffice to say that the
leaflets of the latter exhibited a double oscillation in the course
of '24 h.; for they fell from the early morning until 10 15 A.M.,
then rose and zigzagged greatly till 4 P.M., after which hour the
great nocturnal fall commenced. By 8 A.M. on the following
morning the leaflets had risen to their proper height. W e have
seen in the fourth chapter, that the leaves of Lupinus speciosus,
which do not sleep, circumnutate to an extraordinary extent,
making many ellipses in the course of the day.
Cytisus (Tribe 2), Trigonella, and Medicago (Tribe 3).—Only
Fig. 139.

A.

B.

Medicago marina : A, leaves during the day ; B, leaves asleep at night.

a few observations were made on these three genera. The
petioles on a young plant, about a foot in height, of Cytisus
fragrans rose at night, on one occasion 23° and on another 33°.
The three leaflets also bend upwards, and at the same time

IRIS - LILLIAD - Université Lille 1

approach, each other, so that the base of the central leaflet
overlaps the bases of the two lateral leaflets. They bend
up so much that they press against the stem; and. on looking
down on one of these young plants from vertically above, the
lower surfaces of the leaflets are visible ; and thus their upper
surfaces, in accordance with the general rule, are best protected
from radiation. Whilst the leaves on these young plants were
thus behaving, those on an old bush in full flower did not sleep
at night.
Trigmella Cretica resembles a Melilotus in its sleep, which will
be immediately described. According to M. Eoyer,* the leaves
of Medicago maculata rise up at night, and " se renversent un
peu de manière à presenter obliquement au ciel leur face inférieure." A drawing is here given (Pig. 139) of the leaves
of M. marina awake and asleep ; and this would almost serve
for Cytisus fragrans in the same two states.
Melilotus (Tribe 3).—The species in this genus sleep in a
remarkable manner. The three leaflets of each leaf twist through
an angle of 90°, so that their blades stand vertically at night
with one lateral edge presented to the zenith (Pig. 140). We
shall best understand the other and more complicated movements, if we imagine ourselves always to hold the leaf with the
tip of the terminal leaflet pointed to the north. The leaflets in
becoming vertical at night could of course twist so that their
upper surfaces should face to either side ; but the two lateral
leaflets always twist so that this surface tends to face the north,
but as they move at the same time towards the terminal leaflet,
the upper surface of the one faces about N.N.W., and that of
the other N.N.E. The terminal leaflet behaves differently, for
it twists to either side, the upper surface facing sometimes east
and sometimes west, but rather more commonly west than east.
The terminal leaflet also moves in another and more remarkable
manner, for whilst its blade is twisting and becoming vertical,
the whole leaflet bends to one side, and invariably to the side
towards which the upper surface is directed; so that if this
surface faces the west the whole leaflet bends to the west, until
it comes into contact with the upper and vertical surface of
the western lateral leaflet. Thus the upper surface of the
terminal and of one of the two lateral leaflets is well protected.
The fact of the terminal leaflet twisting indifferently to either
* ' Annales des Se. Nat. Bot.' (5th series), ix. 1868, p. 3G8.

IRIS - LILLIAD - Université Lille 1

346

MODIFIED

CIRCTJMNUTATIOjSr.

CHAP. V I I .

side and afterwards bending to the same side, seemed to us so
remarkable, that we endeavoured to discover the cause. W e
imagined that at the commencement of the movement it might
be determined by one of the two halves of the leaflet being
a little heavier than the other. Therefore bits of wood were
gummed on one side of several leaflets, but this produced no
effect; and they continued to twist in the same direction as
Fig. 140.

C.
Melilotus officinalis: A, leaf during the daytime. B, another leaf asleep.
C, a leaf asleep as viewed from vertically above; but in this case the
terminal leaflet did not happen to be in such close contact with the
lateral one, as is usual.

they had previously done. In order to discover whether the
same leaflet twisted permanently in the same direction, black
threads were tied to 20 leaves, the terminal leaflets of which
twisted so that their upper surfaces faced west, and 14 white
threads to leaflets which twisted to the east. These were observed occasionally during 14 days, and they all continued, w i t h
a single exception, to twist and bend in the same direction; for
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one leaflet, which had originally faced east, was observed after
9 days to face west. The seat of both the twisting and bending
movement is in the pulvinus of the sub-petioles.
We believe that the leaflets, especially the two lateral ones,
in performing the above described complicated movements
generally bend a little downwards; but we are not sure of this,
for, as far as the main petiole is concerned, its nocturnal movement is largely determined by the position which the leaf
happens to occupy during the day. Thus one main petiole was
observed to rise at night 59°, whilst three others rose only 7°
and 9°. The petioles and sub-petioles are continually circumnutating during the whole 24 h., as we shall presently see.
The leaves of the following 15 species, M. officinalis, suaveolens,
parvijlora, alba, infesta, dentata, gracilis, sulcata, elegans, ccerulea,
petitpierreana, macrorrhiza, Italica, secundiflora, and Taurica,
sleep in nearly the same manner as just described; but the
bending to one side of the terminal leaflet is apt to fail unless
the plants are growing vigorously. With M. petitpierreana and
secundiflora the terminal leaflet was rarely seen to bend to one
side. In young plants of M. Italica it bent in the usual manner,
but with old plants in full flower, growing in the same pot and
observed at the same hour, viz., 8.30 P.M., none of the terminal
leaflets on several scores of leaves had bent to one side, though
they stood vertically; nor had the two lateral leaflets, though
standing vertically, moved towards the terminal one. At
10.30 P.M., and again one hour after midnight, the terminal
leaflets had become very slightly bent to one side, and the
lateral leaflets had moved a very little towards the terminal one,
so that the position of the leaflets even at this late hour was far
from the ordinary one. Again, with M. Taurica the terminal
leaflets were never seen to bend towards either of the two lateral
leaflets, though these, whilst becoming vertical, had bent towards
the terminal one. The sub-petiole of the terminal leaflet in
this species is of unusual length, and if the leaflet had bent to
one side, its upper surface could have come into contact only
with the apex of either lateral leaflet; and this, perhaps, is the
meaning of the loss of the lateral movement.
The cotyledons do not sleep at night. The first leaf consists of
a single orbicular leaflet, which twists at night so that the blade
stands vertically. It is a remarkable fact that with if. Taurica,
and in a somewhat less degree with M. macrorrhiza and petitpierreana, all the many small and young leaves produced during
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the-early spring from shoots on some cut-down plants in the
greenhouse, slept in a totally different manner from the normal
one; for the three leaflets, instead of twisting on their own axes
so as to present their lateral edges to the zenith, turned upwards
and stood vertically with their apices pointing to the zenith.
They thus assumed nearly the same position as in the allied,
genus Trifolium; and on the same principle that embryological
characters reveal the lines of descent in the animal kingdom, so
the movements of the small leaves in the above three species of
Melilotus, perhaps indicate that this genus is descended from
a form which was closely allied to and slept like a Trifolium.
Moreover, there is one species, M. messanensis, the leaves of
which, on full-grown plants between 2 and 3 feet in height,
sleep like the foregoing small leaves and like those of a Trifolium.
We were so much surprised at this latter case that, until the
flowers and fruit were examined, we thought that the seeds of
some Trifolium had been sown by mistake instead of those of a
Melilotus. It appears therefore probable that M. messanensis
has either retained or recovered a primordial habit.
The circumnutation of a leaf of M. officinalis was traced,
the stem being left free; and the apex of the terminal leaflet
described three laterally extended ellipses, between 8 A.M. and
4 P.M. ; after the latter hour the nocturnal twisting movement
commenced. It was afterwards ascertained that the above
-movement was compounded of the circumnutation of the stem
on a small scale, of the main petiole which moved most, and of
the sub-petiole of the terminal leaflet. The main petiole of a
leaf having been secured to a stick, close to the base of the subpetiole of the terminal leaflet, the latter described two small
ellipses between 10.30 A.M., and 2 P.M. At 7.15 P.M., after this
same leaflet (as well as another) had twisted themselves into
their vertical nocturnal position, they began to rise slowly, and
continued to do so until 10.35 P.M., after which hour they were
no longer observed.
As M. messanensis sleeps in an anomalous manner, unlike that
of any other species in the genus, the circumnutation of a
terminal leaflet, with the stem secured, was traced during two
days. On each morning the leaflet fell, until about noon, and
then began to rise very slowly; but on the first day the rising
movement was interrupted between 1 and 3 P.M. by the formation
of a laterally extended ellipse, and on the second day, at the
same time, by two smaller ellipses. The rising movement then

IRIS - LILLIAD - Université Lille 1

recommenced, and became rapid late in the evening, when
the leaflet was beginning to go to sleep. The awaking or
sinking movement had already commenced by 6.45 A.M. on both
mornings.
Trifolium (Tribe 3).—The nyctitropic movements of 11
species were observed, and were found to be closely similar. If
we select a leaf of T, repens having an upright petiole, and with
the three leaflets expanded horizontally, the two lateral leaflets
will be seen in the evening to twist and approach each other,
until their upper surfaces come into contact. At the same time
they bend downwards in a plane at right angles to that of their
former position, until their midribs form an angle of about 45°
with the upper part of the petiole. This peculiar change of
position requires a considerable amount of torsion in the pul• vinus. The terminal leaflet merely rises up without any twistFig. 141.

A.
B.
Trifolium repens: A, leaf during the day; B, leaf asleep at night.

ing, and bends over until it rests on and forms a roof over the
edges of the now vertical and united lateral leaflets. Thus the
terminal leaflet always passes through an angle of at least 90°,
generally of 130° or 140°, and not rarely—as was often observed
with T. suMerraneum—of 180°. In this latter case the terminal
leaflet stands at night horizontally (as in Pig. 141), with its
lower surface fully exposed to the zenith. Besides the difference
in the angles, at which the terminal leaflets stand at night in
the individuals of the same species, the degree to which the
lateral leaflets approach each other often likewise differs.
We have seen that the cotyledons of some species and-not of
others rise up vertically at night. The first true leaf is generally
unifoliate and orbicular; it always rises, and either stands vertically at night or more commonly bends a little over so as to expose
the lower surface obliquely to the zenith, in the same manner
as does the terminal leaflet of the mature leaf. But it does not
twist itself like the corresponding first simple leaf of Melilotus.
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"With. T. Pannonicum the first true leaf was generally unifoliate,
but sometimes trifoliate, or again partially lobed and in an
intermediate condition.
Oircumnutation.—Sachs described in 1863* the spontaneous
up and down movements of the leaflets of T. incarnatum, when
kept in darkness. Pfeffer made many observations on the
similar movements in T. pratense.j
He states that the terminal
leaflet of this species, observed at different times, passed through
angles of from 30° to 120° in the course of from l i to 4 h . We
observed the movements of T. suhterraneum, resupinatum, and
repens.
Trifoliim
sulterraneum.—A
petiole was secured close to the
base of the three leaflets, and the movement of the terminal
leaflet was traced during 264 h., as shown in the figure on the
next page.
Between 6.45 A.M. and 6 P.M. the apex moved 3 times up
and 3 times down, completing 3 ellipses in 11 h. 15 m. The
ascending and descending lines stand nearer to one another
than is usual with most plants, yet there was some lateral
motion. At 6 P.M. the great nocturnal rise commenced, and
on the next morning the sinking of the leaflet was continued
until 8.30 A.M., after which hour it circurnnutated in the manner
just described. In the figure the groat nocturnal rise and
the morning fall are greatly abbreviated, from the want of
space, and are merely represented by a short curved line. The
leaflet stood horizontally when at a point a little beneath the
middle of the diagram; so that during the daytime it oscillated
almost equally above and beneath a horizontal position. At
8.30 A.M. it stood 48° beneath the horizon, and by 11.30 A.M. it
had risen 50° above the horizon; so that it passed through 98°
in 3 h. By the aid of the tracing we ascertained that the
distance travelled in the 3 h. by the apex of this leaflet was
l 0 3 inch. If we look at the figure, and prolong upwards in
our mind's eye the short curved broken line, which represents the nocturnal course, we see that the latter movement is
merely an exaggeration or prolongation of one of the diurnal
ellipses. The same leaflet had been observed on the previous
day, and the course then pursued was almost identically the
same as that here described.
-

* 'Flora,' 18U3, p. 497.
' D i e Period. Bowegungea,' 1875,pp. 35, 52.
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Trifolium resupinatum,—A
before a north-east window, in such a position
that a terminal leaflet
projected at right angles
to the source of the light,
the sky being uniformly
clouded all day.
The
movements of this leaflet
were traced during two
days, and on both were
closely similar.
Those
executed on the second
day are shown in K g .
143. The obliquity of
the several lines is due
partly to the manner in
which the leaflet was
viewed, and partly to its
having moved a little towards the light. Prom
7.50 A.M. to 8.40 A.M. the
leaflet fell, that is, the
awakening movement was
continued. It then rose
and moved a little laterally towards the light.
A t 12.30 it retrograded,
and at 2.30 resumed its
original course, having
thus completed a small
ellipse during the middle
of the day. In the evening it rose rapidly, and
by 8 A.M. on the following
morning had returned to
/
exactly the same spot as
f
on the previous morning.
/
The line representing the
/1
nocturnal course ought / /
to be extended much //
higher up, and is here jj
abbreviated into a short,

left entirely free was placed
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curved, broken line. The terminal leaflet, therefore, of t h i s
species described during the daytime only a single additional
ellipse, instead of two a d ditional ones, as in t h e
Fig. 143.
case of T. subterraneum.
But we should remember
that it was shown in the
fourth chapter that t h e
stem circumnutates, as n o
doubt does the main petiole
and the sub-petioles; so
that the movement represented in fig. 143 is a compounded one. W e tried
to observe the movements
of a leaf kept during t h e
day in darkness, but i t
b
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o
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Trifolium resupinatum: circumnutation S
S°
P
and nyetitropic movements of the t e r - 2 h. 15 m., and this w a s
minal leaflet daring 24 hours.
Well pronounced after 4 h .

30 m.
Trifolium repens.—A stem was secured close to the base of
a moderately old leaf, and the movement of the terminal leaflet
was observed during two days. This case is interesting solely
from the simplicity of the movements, in contrast with those of
the two preceding species. On the first day the leaflet fell
between 8 A.M. and 3 P.M., and on the second between 7 A.M.
and 1 P.M. On both days the descending course was somewhat
zigzag, and this evidently represents the circumnutating m o v e ment of the two previous species during the middle of the day.
After 1 P.M., Oct. 1st (Fig. 144), the leaflet began to rise, b u t
the movement was slow on both days, both before and after
this hour, until 4 P.M. The rapid evening and nocturnal rise
then commenced. Thus in this species the course during 24 h.
consists of a single great ellipse; in T. resupinatum of t w o
ellipses, one of which includes the nocturnal movement and i s
much elongated; and in T. subterraneum of three ellipses, of
which the nocturnal one is likewise of great length.
Securigera coronilla (Tribe 4).—The leaflets, which stand
opposite one another and are numerous, rise up at night, come
into close contact, and bend backwards at a moderate angle
towards the base of the petiole.
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Lotus (Tribe 4).—The nyctitropic movements of 10 species
in this genus were observed, and found to be the same. Th<^
main petiole rises a little at night, and
Fig. 144.
the three leaflets rise till they become
vertical, and at the same time approach
each other. This was conspicuous with
L. Jacolosus, in which the leaflets are
almost linear. In most of the species
the leaflets rise so much as to press
against the stem, and not rarely they
become inclined a little inwards with*
their lower surfaces exposed obliquely
to the zenith.
This was clearly the
case with L. major, as its petioles are
unusually long, and the leaflets are thus
enabled to bend further inwards. The
young leaves on the summits of the
stems close up at night so much, as
often to resemble large buds.
The
stipule-like leaflets, which are often of
large size, rise up like the other leaflets,
and press against the stem (Fig. 145).
All the leaflets of L. Gehelii, and probably of the other species, are provided
at their bases with distinct pulvini, of
a yellowish colour, and formed of very
small cells. The circumnutation of a Trifotium repens: circumterminal leaflet of L. perigrinus (with
the stem secured) was traced during
two days, but the movement was so
simple that it is not worth while to
give the diagram.
The leaflet fell
slowly from the early morning till
about 1 P.M. It then rose gradually
at first, but rapidly late in the evening.

nutation and nyctitropic
movements of a nearly
full - grown
terminal
leaflet, traced on a vertical glass from 7 A.M.
Sept. 30th to 8 A.M. Oct.
1st. Nocturnal course,
represented by curved
broken line, much abbreviated.

It occasionally stood still for about 20 m. during the day, and
sometimes zigzagged a little. The movement of one of the
basal, stipule-like leaflets was likewise traced in the same
manner and at the same time, and its course was closely similar
to that of the terminal leaflet.
In Tribe 5 of Bentham and Hooker, the sleep-movements
of species in 12 genera have been observed by ourselves and
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others, but only in Robinia with any care. Psoralea accmlis.
raises its three leaflets at night; whilst Amorpha fruticosa*
Dalea alopecuroides, and Indigofera tinctoria depress them.
Duchartre f states that Tephrosia caribœa is the sole example
of " folioles couchées le long du petiole et vers la base ; " but a
Fig. 145.

A.

B.

Lotus Creticus : A, stem with leaves awake during the day ; B, with leaves
asleep at night. SS, stipule-like leaflets.

similar movement occurs, as we have
again see in other cases.
Wistaria
Royer.t "abaisse les folioles qui par
sont inclinées dans la même feuille,
* Ducharte,
'Eléments
Botanique,' 1867, p. 349.
t Ibid., p. 347.

do

already seen, and shall
Sinensis, according to
une disposition bizarre
les supérieures vers le

J ' A m i . des Sciences. N a t s .
Bot. (5th séries), ix. 18(j8.
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somrnet, les inferieures vers la base du petiole commun;" but
the leaflets on a young plant observed by us in the greenhouse merely sank vertically downwards at night. The leaflets
are raised in Sphcerophysa salsola, Oolutea arborea, and Astragalus uliginosus, but are depressed, according to Linnaeus, in
Glycyrrhiza.
The leaflets of Rdbinia pseudo-acacia likewise sink
vertically down at night, but the petioles rise a little, viz., in
one case 3°, and in another 4°. The circumnutating movements of a terminal leaflet on a rather old leaf were traced
during two days, and were simple. The leaflet fell slowly, in a
slightly zigzag Line, from 8 A.M. to 5 P.M., and then more
rapidly; by 7 A.M. on the following morning it had risen to its
diurnal position. There was only one peculiarity in the movement, namely, that on both days there was a distinct though,
small oscillation up and down between 8.30 and 10 A.M., and
this would probably have been more strongly pronounced if
the leaf had been younger.
Goronilla rosea (Tribe 6).—The leaves bear 9 or 10 pairs of
opposite leaflets, which during the day stand horizontally, witjif
Fig. 146.

Coronilla rosea: leaf asleep.
their midribs at right angles to the petiole. At night they rise
up, so that the opposite leaflets come nearly into contact, and
those on the younger leaves into close contact. At the same
time they bend back towards the base of the petiole, until their
midribs form with it angles of from 40° to 50° in a vertical
plane, as here figured (Pig. 146). The leaflets, however, sometimes bend so much back that their midribs become parallel to
and lie on the petiole. They thus occupy a reversed position
to what they do in several Leguminosae, for instance, in Mimosa
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pudica; but, from standing further apart, they do not overlap
one another nearly so much as in this latter plant. The main
petiole is curved slightly downwards during the day, but
straightens itself at night. In tbree cases it rose from 3° above
the horizon at noon, to 9° at 10 P.M. ; from 11° to 33°; and from
5° to 33°—the amount of angular movement in this latter case
amounting to 28°. In several other species of Coronilla the
leaflets showed only feeble movements of a similar kind.
Medysarum coronarium (Tribe 6).—The small lateral leaflets
on plants growing out of doors rose up vertically at night, but
the large terminal one became only moderately inclined. The
petioles apparently did not rise at all.
Smithia Pfundii (Tribe 6).—The leaflets rise up vertically,
and the main petiole also rises considerably.
Arachis hypogcsa (Tribe 6).—The shape of a leaf, with its two
pairs of leaflets, is shown at A (Fig. 147); and a leaf asleep,
Fig. ,147.

Arachis hypogwa: A, leaf during the day, seen from vertically above ; B,
leaf asleep, seen laterally; copied from a photograph. Figures much
reduced.

traced from a photograph (made by the aid of aluminium
light), is given at B. The two terminal leaflets twist round at
night until their blades stand vertically, and approach each
other until they meet, at the same time moving a little upwards
and backwards. The two lateral leaflets meet each other in the
same manner, but move to a greater extent forwards, that is, i n
a contrary direction to the two terminal leaflets, which they
partially embrace. Thus all four leaflets form together a single
packet, with their edges directed to the zenith, and with their
lower surfaces turned outwards. On a plant which was not
growing vigorously the closed leaflets seemed too heavy for t h e
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petioles to support them in a vertical position, so that each
night the main petiole became twisted, and all the packets were
extended horizontally, with the lower surfaces of the leaflets on
one side directed to the zenith in a most anomalous manner.
This fact is mentioned solely as a caution, as it surprised us
greatly, until we discovered that it was an anomaly. The
petioles are inclined upwards during the day, but sink at night,
so as to stand at about right angles with the stem. The amount
of sinking was measured only on one occasion, and found to be
39°. A petiole was secured to a stick at the base of the two
terminal leaflets, and the circumnutating movement of one of
these leaflets was traced from 6.40 A.M. to 10.40 P.M., the plant
beingilluminatedfromabove. The temperature was 17°—17£° C ,
and therefore rather too low. During the 16 h. the leaflet moved
thrice up and thrice down, and as the ascending and descending lines did not coincide, three ellipses were formed.
Desmodium gyrans (Tribe 6).—A large and full-grown leaf of
this plant, so famous for the spontaneous
Fig. 148.
movements of the two little lateral leaflets,
is here represented (Fig. 148). The large
terminal leaflet sleeps by sinking vertically
down, whilst the petiole rises up. The cotyledons do not sleep, but the first-formed leaf
sleeps equally well as the older ones. T,he
appearance presented by a sleeping branch
and one in the day-time, copied from two
photographs, are shown at A and B (Fig.
149), and we see how at night the leaves are
crowded together, as if for mutual protection, by the rising of the petioles. The
petioles of the younger leaves near the summits of the shoots rise up at night, so as to
stand vertical and parallel to the s t e m ;
whilst those on the sides were found in four
cases to have risen respectively 461°, 36°,
gyrans:
20°, and 19 "5° above the inclined positions Desmodium
leaf seen from
which they had occupied during the day.
above, reduced
to one-half naFor instance, in the first of these four cases
tural
size. The
the petiole stood in the day at 23°, and at
minute stipules
night at 691° above the horizon. In the
unusually large.
evening the rising of the petioles is almost
completed before the leaflets sink perpendicularly downwards.
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Circumnutation.—The
circumnutating movements of four,
young shoots -were observed during 5 h. 15 m.; and in this time
each completed an oval figure of small size. The main petiole
also circumnutates rapidly, for in the course of 3 1 m . (temp,
91° F.) it changed its course by as much as a rectangle six times,
describing a figure which apparently represented two ellipses.

A.

B.

Desmodium gyrans: A, stem during the day; B, stem with leaves asleep.
Copied from a photograph ; figures reduced.

The movement of the terminal leaflet by means of its subpetiole or pulvinus is quite as rapid, or even more so, than that
of the main petiole, and has much greater amplitude. Pfeffer
has seen* these leaflets move through an angle of 8° in t h e
course of from 10 to 30 seconds.
A fine, nearly full-grown leaf on a young plant, 8 inches i n
height, with the stem secured to a stick at the base of the leaf,
was observed from 8.30 A.M. June 22nd to 8 A.M. June 24th.
* ' Die Period. Beweg.,' p. 35.

IRIS - LILLIAD - Université Lille 1

In the diagram given on the next page (Fig. 150), the two
curved broken lines at the base, which represent the nocturnal
courses, ought to be prolonged far downwards. On the first
day the leaflet moved thrice down and thrice up, and to a considerable distance laterally; the course was also remarkably
crooked. The dots were generally made every hour; if they
had been made every few minutes all the lines would have been
zigzag to an extraordinary degree, with here and there a loop
formed. We may infer that this would have been the case,
because five dots were made in the course of 31m. (between
12.34 and 1.5 P.M.), and we see in the upper part of the diagram
how crooked the course here i s ; if only the first and last dots
had been joined we should have had a straight line. Exactly
the same fact may be seen in the lines representing the course
between 2.24 P.M. and 3 P.M., when six intermediate dots were
made; and again at 4.46 and 4.50. But the result was widely
different after 6 P.M.,—that is, after the great nocturnal descent
had commenced; for though nine dots were then made in the
course of 32 m., when these were joined (see Figure) the line thus
formed was almost straight. The leaflets, therefore, begin to
descend in the afternoon by zigzag lines, but as soon as the
descent becomes rapid their whole energy is expended in thus
moving, and their course becomes rectilinear. After the leaflets
are completely asleep they move very little or not at all.
Had the above plant been subjected to a higher temperature
than 67°—70° E., the movements of the terminal leaflet would
probably have been even more rapid and wider in extent than
those shown in the diagram; for a plant was kept for some time
in the hot-house at from 92°—93° F., and in the course of 35 m.
the apex of a leaflet twice descended and once ascended, travelling
over a space of 1'2 inch in a vertical direction and of 82 inch in
a horizontal direction. Whilst thus moving the leaflet also
rotated on its own axis (and this was a point to which no attention had been before paid), for the plane of the blade differed by
41° after an interval of only a few minutes. Occasionally the
leaflet stood still for a short time. There was no jerking movement, which is so characteristic of the little lateral leaflets. A
sudden and considerable fall of temperature causes the terminal
leaflet to sink downwards; thus a cut-off leaf was immersed in
water at 95° F., which was slowly raised to 103° F., and afterwards allowed to sink to 70° E., and the sub-petiole of the terminal leaflet then curved downwards. The water was afterwards
-
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raised to 120° F., and .the sub-petiole straightened itself. Similar
experiments with leaves in water were twice repeated, with
nearly the same result. It should be added, that water raised
to even 122° P. does not soon kill a leaf. A plant was placed
in darkness at 8.37 A.M., and at 2 P.M. (i.e. after 5 h. 23 m.), though
the leaflets had sunk considerably, they had by no means acquired their nocturnal vertically dependent position. Pfeffer, on
the other hand, says * that this occurred with him in from I h.
to 2 h.; perhaps the difference in our results may be due to
the plant on which we experimented being a very young and
vigorous seedling.
The Movements of the, little Lateral Lea/lets.—These have been so
often described, that we will endeavour to be as brief as possible
in giving a few new facts and conclusions. The leaflets sometimes quickly change their position by as much as nearly 180° ;
and their sub-petioles can then be seen to become greatly curved.
They rotate on their own axes, so that their upper surfaces are
directed to all points of the compass. The figure described by
the apex is an irregular oval or ellipse. They sometimes remain stationary for a period. In these several respects there is
no difference, except in rapidity and extent, between their movements and the lesser ones performed by the large terminal
leaflet whilst making its great oscillations. The movements of
the little leaflets are much influenced, as is well known, by
temperature. This was clearly shown by immersing leaves with
motionless leaflets in cold water, which was slowly raised to
103° F., and the leaflets then moved quickly, describing about a
dozen little irregular circles in 40 m. By this time the water
had become much cooler, and the movements became slower or
almost ceased; it was then raised to 100° F., and the leaflets
again began to move quickly. On another occasion a tuft of
fine leaves was immersed in water at 53° F., and the leaflets
were of course motionless. The water was raised to 99°, and
the leaflets soon began to move; it was raised to 105°, and the
movements became much more rapid; each little circle or oval
being completed in from 1 m. 30 s. to 1 m. 45 s. There was,
however, no jerking, and this fact may perhaps be attributed to
the resistance of the water.
Sachs states that the leaflets do not move until the surrounding air is as high as 71°—72° F., and this agrees with our
* ' Die Period. Beweg.,' p. 39.
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experience on full-grown, or nearly full-grown, plants. But the
leaflets of young seedlings exhibit a jerking movement at much
lower temperatures. A seedling was kept (April 16th) in a room
for half the day where the temperature was steady at 64° F.,
and the one leaflet which it bore was continually jerking, but
not so rapidly as in the hot-house. The pot was taken in the
evening into a bed-room where the temperature remained a t
62° during nearly the whole night; at 10 and 11P.M. and at
l A.M. the leaflet was still jerking rapidly; at 3.30 A M. it was not
seen to jerk, but was observed during only a short time. It was,
however, now inclined at a much lower angle than that occupied
at 1 A.M. At 6.30 A.M. (temp. 61° F.) its inclination was still
less than before, and again less at 6.45 A.M. ; by 7.40 A.M. it had
risen, and at 8.30 A.M. was again seen to jerk. This leaflet,
therefore, was moving during the whole night, and the movement was by jerks up to 1 A.M. (and possibly later) and again at
8.30 AM., though the temperature was only 61° to 62° F . W e
must therefore conclude that the lateral leaflets produced byyoung plants differ somewhat in constitution from those on
older plants.
In the large genus Desmodium by far the greater number
of the species are trifoliate; but some are unifoliate, and even
the same plant may bear uni- and trifoliate leaves. In most
of the species the lateral leaflets are only a little smaller than
the terminal one. Therefore the lateral leaflets of D. gyrans
(see former Fig. 148) must be considered as almost rudimentary. They are also rudimentary in function, if this expression may be used; for they certainly do not sleep like the
full-sized terminal leaflets. I t is, however, possible that the
sinking down of the leaflets between 1 A.M. and 6.45 A.M., a s
above described, may represent sleep. I t is well known that
the leaflets go on jerking during the early part of the night;
but my gardener observed (Oct. 13th) a plant in the hot-house
between 5 and 5.30 A.M., the temperature having been kept u p
to 82° F., and found that all the leaflets were inclined, but h e
saw no jerking movement until 6.55 A.M., by which time the
terminal leaflet had risen and was awake. Two days afterwards (Oct. 15th) the same plant was observed by him a t
4.47 A.M. (temp. 77° F.), and he found that the large terminal
leaflets were awake, though not quite horizontal; and the only
cause which we could assign for this anomalous wakefulness w a s
that the plant had been kept for experimental purposes during
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the previous day at an unusually high temperature; the little
lateral leaflets were also jerking at this hour, but whether
there was any connection between this latter fact and the subhorizontal position of the terminal leaflets we do not know.
Anyhow, it is certain that the lateral leaflets do not sleep like
the terminal leaflets; and in so far they may be said to be
in a functionally rudimentary condition. They are in a similar
condition in relation to irritability; for if a plant be shaken
or syringed, the terminal leaflets sink down to about 45° beneath the horizon; but we could never detect any effect thus
produced on the lateral leaflets; yet we are not prepared to
assert positively that rubbing or pricking the pulvinus produces
no effect.
As in the case of most rudimentary organs, the leaflets are
variable in size; they often depart from their normal position
and do not stand opposite one another; and one of the two is
frequently absent. This absence appeared in some, but not in
all the cases, to be due to the leaflet having become completely
confluent with the main petiole, as might be inferred from the
presence of a slight ridge along its upper margin, and from the
course of the vessels. In one instance there was a vestige of
the leaflet, in the shape of a minute point, at the further end of the
ridge. The frequent, sudden, and complete disappearance of one
or both of the rudimentary leaflets is a rather singular fact; but
it is a much more surprising one that the leaves which are first
developed on seedling plants are not provided with them. Thus,
on one seedling the seventh leaf above the cotyledons was the
first which bore any lateral leaflets, and then only a single one.
On another seedling, the eleventh leaf first bore a leaflet; of the
nine succeeding leaves five bore a single lateral leaflet, and
four bore none at all; at last a leaf, the twenty-first above the
cotyledons, was provided with two rudimentary lateral leaflets.
Prom a widespread analogy in the animal kingdom, it might
have been expected that these rudimentary leaflets would have
been better developed and more regularly present on very young
than on older plants. But bearing in mind, firstly, that longlost characters sometimes reappear late in life, and secondly,
that the species of Desmodium are generally trifoliate, but that
some are unifoliate, the suspicion arises that D. gyrans is
descended from a unifoliate species, and that this was descended
from a trifoliate one; for in this case both the absence of the
little lateral leaflets on very young seedlings, and their sub-
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sequent appearance, may be attributed to reversion to more or
less distant progenitors.*
No one supposes that the rapid movements of the lateral
leaflets of D. gyrans are of any use to the plant; and why
they should behave in this manner is quite unknown. W e
imagined that their power of movement might stand in some
relation with their rudimentary condition, and therefore observed the almost rudimentary leaflets of Mimosa albida vel
sensitiva (of which a drawing will hereafter be given, Fig. 159);
but they exhibited no extraordinary movements, and at night
they went to sleep like the full-sized leaflets. There is, however, this remarkable difference in the two cases; in Desmodium the pulvinus of the rudimentary leaflets has not been
reduced in length, in correspondence with the reduction of the
blade, to the same extent as has occurred in the Mimosa; and it
is oh the length and degree of curvature of the pulvinus that the
amount of movement of the blade depends. Thus, the average
length of the pulvinus in the large terminal leaflets of Desmodium is 3 mm., whilst that of the rudimentary leaflets is 2 86 mm.;
so that they differ only a little in length. But in diameter they
differ much, that of the pulvinus of the little leaflets being only
0"3 mm. to 0 ' 4 mm.; whilst that of the terminal leaflets is
l 3 3 mm. If we now turn to the Mimosa, we find that the
average length of the pulvinus of the almost rudimentary
leaflets is only 0*466 mm., or rather more than a quarter of the
length of the pulvinus of the full-sized leaflets, namely, 1 · 66 mm.
In this small reduction in length of the pulvinus of the rudimentary leaflets of Desmodiiun, we apparently have the proximate cause of their great and rapid circumnutating movement,
in contrast with that of the almost rudimentary leaflets of the
Mimosa. The small size and weight of the blade, and the little
resistance opposed by the air to its movement, no doubt also come
into play; for we have seen that these leaflets if immersed i n
water, when the resistance would be much greater, were prevented from jerking forwards. Why, during the reduction of
the lateral leaflets of Desmodium, or during their reappearance
—if they owe their origin to reversion—the pulvinus should
have been so much less affected than the blade, whilst with the
t

-

-

* Desmodium vespertilionis i s
closely allied to D. gyrans, and
it seems only occasionally to bear

rudimentary lateral leaflets. D u chartre, ' Ele'ments de Botanique,'
· 1867, p. 353.
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Mimosa the pulvinus has been greatly reduced, we do not
know. Nevertheless, it deserves notice that the reduction of
the leaflets in these two genera has apparently been effected by
a different process and for a different end; for with the Mimosa
the reduction of the inner and basal leaflets was necessary from
the want of space; but no such necessity exists with Desmodium, and the reduction of its lateral leaflets seems to have
been due to the principle of compensation, in consequence of
the great size of the terminal leaflet.
Uraria (Tribe 6) and Centrc-nema (Tribe 8).—The leaflets of
Uraria lagopus and the leaves of a Ccntrosema from Brazil
both sink vertically down at night. In the latter plant the
petiole at the same time rose 16.J°.
Amphicarpma raonaica (Tribe 8).—The leaflets sink down vertically at night, and the petioles likewise fall considerably.
Fig. 151.

Amphicarpcea monoica: circumnutation and nyctitropic movement of leaf
during 48 h.; its apex 9 inches from the vertical glass. Figure reduced
to one-third of original scale. Plant illuminated from above; temp.
17|°-18£° C.

A petiole, which was carefully observed, stood during the day
'25° above the horizon and at night 32° below it; it therefore
fell 57°.. A filament was fixed transversely across the terminal
leaflet of a fine young leaf (2£ inches in length including the
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petiole), and the movement of the whole leaf was traced on a
vertical glass. This was a bad plan in some respects, because
the rotation of the leaflet, independently of its rising or falling,
raised and depressed the filament; but it was the best plan for
our special purpose of observing whether the leaf moved m uch
after it had gone to sleep. The plant had twined closely round
a thin stick, so that the circumnutation of the stem was prevented. The movement of the leaf was traced during 48 h.,
from 9 A.M. July 10th to 9 A.M. July 12th. In the figure given
(Fig. 151) we see how complicated its course was on both days:
.during the second day it changed its course greatly 13 times.
The leaflets began to go to sleep a little after 6 P.M., and by
7.15 P.M. hung vertically down and were completely asleep;
but on both nights they continued to move from 7.15 P.M.
to 10.40 and 10.50 P.M., quite as much as during the day; and
this was the point which we wished to ascertain. We see in
the figure that the great sinking movement late in the evening
does not differ essentially from the circumnutation during
the day.
Glycine Impida (Tribe 8).—The three leaflets sink vertically
down at night.
Erytlirina (Tribe 8).—Five species were observed, and the
leaflets of all sank vertically down at night; with E. caffra and
with a second unnamed species, the petioles at the same time
rose slightly. The movements of the terminal leaflet of E. cristagalli (with the main petiole secured to a stick) were traced
from 6.40 A.M., June 8th, to 8 A.M. on the 10th. I n order to
observe the nyctitropic movements of this plant, it is necessary
that it should have grown in a warm greenhouse, for out of
doors in our climate it does not sleep. We Bee in the tracing
(Fig. 152) that the leaflet oscillated twice up and down between
early morning and noon; it then fell greatly, afterwards rising
till 3 P.M. At this latter hour the great nocturnal fall commenced. On the second day (of which the tracing is not given)
there was exactly the same double oscillation before noon, but
only a very small one in the afternoon. On the third morning
the leaflet moved laterally, which was due to its beginning to
assume an oblique position, as seems invariably to occur with
the leaflets of this species as they grow old. On both nights after
the leaflets were asleep and hung vertically down, they continued
to move a little both up and down, and from side to side.
Erythrina caffra.—A filament was fixed transversely across
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Fig. 152.
a terminal leaflet, as we wished
to observe its movements when
asleep. The plant was placed
in the morning of June 10th
under a skylight, where the
light was not bright; and we
do not know whether it was 6'40't».»».S.'J
owing to this cause or to the
plant having been disturbed,
but the leaflet hung vertically
down all day; nevertheless it
circumnutated in this position, describing a figure which
represented two irregular ellipses. On the next day it
circumnutated in a greater
degree, describing four irregular ellipses, and by 3 P.M.
had risen into a horizontal position. By 7.15 P.M. it was
asleep and vertically dependent, but continued to circumnutate as long as observed,
until 11 P.M.
t

S'p.vi.

Hrythrina
corallodendron.—
The movements of a terminal
leaflet were traced.
During
the second day it oscillated
four times up and four times
down between 8 A.M. and 4
P.M., after which hour the great
nocturnal fall commenced. On
the third day the movement
was equally great in amplitude, but was remarkably
simple, for the leaflet rose in Erythrina crista-galli: circumnutation and nyctitropic movement
an almost perfectly straight
of terminal leaflet, 3f inches in
line from 6.50 A.M. to 3 P.M.,
length, traced during 25 h.; apex
and then sank down in an
of leaf 3 J inches from the vertical
glass. Figure reduced to one-half
equally straight line until
of original scale. Plant illumivertically
dependent
and
.nated from above: temp. 17A°_
18J°C.
*
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Apios tuberosa (Tribe 8).—The leaflets sink vertically down
at night.
Phaseolus vulgaris (Tribe 8).—The leaflets likewise sink vertically down at night. In the greenhouse the petiole of a young
leaf rose 16°, and that of an older leaf 10° at night. "With
plants growing out of doors the leaflets apparently do not sleep
until somewhat late in the season, for on the nights of July 11th
and 12th none of them were asleep; whereas on the night of
August 15th the same plants had most of their leaflets vertically dependent and asleep. With Ph. caracalla and IJernandtsii, the primary unifoliate leaves and the leaflets of the
secondary trifoliate leaves sink vertically down at night. This
holds good with the secondary trifoliate leaves of Ph. Boxlurghii, but it is remarkable that the primary unifoliate leaves,
which are much elongated, rise at night from about 20° to
about 60° above the horizon. With older seedlings, however,
having the secondary leaves just developed, the primary leaves
stand in the middle of the day horizontally, or are deflected
a little beneath the horizon. In one such case the primary
leaves rose from 26° beneath the horizon at noon, to 20° above
it at 10 P.M.; whilst at this same hour the leaflets of the
secondary leaves were vertically dependent. Here, then, we
have the extraordinary case of the primary and secondary
leaves on the same plant moving at the same time in opposite
directions.
We have now seen that the leaflets in the six genera of Phaseoless observed by us (with the exception of the primary leaves
of Phaseolus Roxburyhii) all sleep in the same manner, namely,
by sinking vertically down. The movements of the petioles
were observed in only three of these genera. They rose in
Centrosema and Phaseolus, and sunk in Amphicarpsea.
Sophora chrysophylla (Tribe 10).—The leaflets rise at night,
and are at the same time directed towards the apex of the leaf,
as in Mimosa pudica.
Ccesalpinia, Hcematoxylon, Gleditschia, Poinciana.—The leaflets
of two species of Csasalpinia (Tribe 13) rose at night. W i t h
Hcematoxylon Campechianum (Tribe 13) the leaflets move forwards at night, so that their midribs stand parallel to the
petiole, and their now vertical lower surfaces are turned outwards (Fig. 153). The petiole sinks a little. I n Gleditschia, if
we understand correctly Duchartre's description, and in Poin-
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ciana Oilliesii (both belonging to Tribe 13), the leaves behave
in the same manner.
Fig. 153.

A.
B.
Ilwmatoxylon Campechianum : A, branch during daytime ; B, branch with
leaves asleep, reduced to two-thirds of natural scale.
Cassia (Tribe 14).—The nyctitropic movements of the leaves
in many species in this genus are closely alike, and are highly
complex. They were first briefly described by Linnse as, and since
by Duchartre. Our observations were made chiefly on C. floribunda * and corymbosa, but several other species were casually
observed. The horizontally extended leaflets sink down vertically at night; but not simply, as in so many other genera, for.
each leaflet rotates on its own axis, so that its lower surface
faces outwards. The upper surfaces of the opposite leaflets are
thus brought into contact with one another beneath the petiole,
and are well protected (Fig. 154). The rotation and other movements are effected by means of a well-developed pulvinus at the
base of each leaflet, as could be plainly seen when a straight
narrow black line had been painted along it during the day.
The two terminal leaflets in the daytime include rather less than
a right angle; but their divergence increases greatly whilst they
* I am informed by Mr. Dyer
that Mr. Bentham believes that
C. floribunda (a common greenhouse bush) is a hybrid raised in
France, and that it comes very

near to C, laevigata. It is no doubt
the same as the form described by
Lindley (' Bot. Beg.,' Tab. 1422)
as O. Éerbertiana.
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sink downwards and rotate, so that they stand laterally at night,
as may be seen in the figure. Moreover, they move somewhat
backwards, so as to point towards the base of the petiole.
Fig. 154.

Cassia corymbosa: A, plant during day; B, same plant at night.
Both figures copied from photographs.,

In one instance we found that the midrib of a terminal
leaflet formed at night an angle of 36°, with a line dropped
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perpendicularly from the end of the petiole. The second pair
of leaflets likewise moves a little backwards, but less than the
terminal pair; and the third pair moves vertically downwards,
or even a little forwards. Thus all the leaflets, in those species
which bear only 3 or 4 pairs, tend to form a single packet, with
their upper surfaces in contact, and their lower surfaces turned
outwards. Lastly, the main petiole rises at night, but with
leaves of different ages to very different degrees, namely, some
rose through an angle of only 12°, and others as much as 41°.
Cassia calliantha.—The leaves bear a large number of leaflets,
which move at night in nearly the same manner as just
described; but the petioles apparently do not rise, and one
which was carefully observed certainly fell 3°.
Cassia pubescens.— The chief difference in the nyctitropio
Fig. 155.

Cassia pubescens: A, upper part of plant during the day ; B, same plant
at night. Figures reduced from photographs.

movements of this species, compared with those of the former
species, consists in the leaflets not rotating nearly so much;

2

IRIS - LILLIAD - Université Lille 1

B

2

therefore their lower surfaces face but little outwards at night.
The petioles, which during the day are inclined only a little
above the horizon, rise at night in a remarkable manner, and
stand nearly or quite vertically. This, together with the
dependent position of the leaflets, makes the whole plant wonderfully compact at night. I n the two foregoing figures, copied
from photographs, the same plant is represented awake and
asleep (Pig. 155), and we see how different is its appearance.
Cassia mimosuides.—At night the numerous leaflets on each
leaf rotate on their axes, and their tips move towards the apex
of the leaf; they thus become imbricated with their lower
surfaces directed upwards, and with their midribs almost
parallel to the petiole. Consequently, this species differs from
all the others seen by us, with the exception of the following
one, in the leaflets not sinking down at night. A petiole, the
movement of which was measured, rose 8° at night.
Cassia Barclayana.—The leaflets of this Australian species are
numerous, very narrow, and almost linear. At night they rise up
a little, and also move towards the apex of the leaf. For instance,
two opposite leaflets which diverged from one another during
the day at an angle of 104°, diverged at night only 72°; so that
each had risen 16° above its diurnal position. The petiole of a
young leaf rose at night 34°, and that of an older leaf 19°.
Owing to the slight movement of the leaflets and the considerable movement of Ihe petiole, the bush presents a different
appearance at night to what it does by day; yet the leaves can
hardly be said to sleep.
The circumnutating movements of the leaves of C. floribunda,
calliantlia, and pubesce-ns were observed, each during three or four
days; they were essentially alike, those of the last-named species
being the simplest. The petiole of C. floribunda was secured t o
a stick at the base of the two terminal leaflets, and a filament
was fixed along the midrib of one of them. Its movements were
traced from 1P.M. on August 13th to 8.30 A.M. 17th; but those
during the last 2 h. are alone given in Fig. 156. From 8 A.M. on
each day (by which hour the leaf had assumed its diurnal position) to 2 or 3 P.M., it either zigzagged or circumnutated over
nearly the same small space; at between 2 and 3 P.M. the great
evening fall commenced. The lines representing this fall and
the early morning rise are oblique, owing to the peculiar manner
in which the leaflets sleep, as already described. After the
leaflet was asleep at 6 P.M., and whilst the glass filament hung
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perpendicularly down, the movement of its apex was traced
until 10.30 P.M.; and during this -whole time it swayed from
side to side, completing more than one ellipse.
Bauhinia (Tribe 15).—
Fig. 156
The nyctitropic movements
of four species were alike,
and were highly peculiar.
A plant raised from seed
sent us from South Brazil
by Fritz Müller, was more
especially observed. The
leaves are large and deeply
notched at their ends. At
night the two halves rise
up and close completely
a
together, like the opposite
leaflets of many Leguminosse. With very young
plants the petioles rise con4> 9
P
siderably at the same time;
a
m
one, which was inclined at
o .a
.
noon 4-5° above the horio £ a
t-,
^
o
zon, at night stood at 75°;
it thus rose 30°; another
&> 9
rose 34°. Whilst the two
a o o
halves of the leaf are closing,
P>
^
the midrib at first sinks
•J
vertically downwards and
afterwards
bends backwards, so as to pass close
s a g .
along one side of its own
upwardly inclined petiole;
the midrib being thus dis a «-a
rected towards the stem or
/
axis of the plant. The angle
j
^"2 J %
which the midrib formed
//
_
with the horizon was mea- y
J
sured in one case at different hours: at noon it stood horizontally; late in the evening it depended vertically; then rose to the opposite side, and
at 10.15 P.M. stood at only 27° beneath the horizon, being
directed towards the stem. It had thus travelled through 153°.
h

IRIS - LILLIAD - Université Lille 1

Owing to this movement—to the leaves being folded—and to
the petioles rising, the •whole plant is as much more compact at
night than during the day, as a fastigiate Lombardy poplar is
compared with any other species of poplar. It is remarkable
that when our plants had grown a little older, viz., to a height
of 2 or 3 feet, the petioles did not rise at night, and the midribs
of the folded leaves were no longer bent back along one side of
the petiole. We have noticed in some other genera that the
petioles of very young plants rise much more at night than do
those of older plants.
Tamarindus Indica (Tribe 16).—The leaflets approach or
meet each other at night, and are all directed towards the apex
of the leaf. They thus become imbricated with their midribs
parallel to the petiole. The movement is closely similar to
that of Haematoxylon (see former Fig. 153), but more striking
from the greater number of the leaflets.
Adenanthera, Prosopis, and Neptunia (Tribe 20).—With Adenanthera pavonia the leaflets turn edgeways and sink at night.
In Prosopis they turn upwards. With Neptunia oleracea the
leaflets on the opposite sides of the same pinna come into
contact at night and are directed forwards. The pinnae themselves move downwards, and at the same time backwards or
towards the stem of the plant. The main petiole rises.
Mimosa pudica (Tribe 20).—This plant has been the subject of
innumerable observations; but there are some points in relation to our subject which have not been sufficiently attended
to. At night, as is well known, the opposite leaflets come into
contact and point towards the apex of the leaf; they thus become neatly imbricated with their upper surfaces protected. T h e
four pinnae also approach each other closely, and the whole leaf
is thus rendered very compact. The main petiole sinks downwards during the day till late in the evening, and rises until
very early in the morning. The stem is continually circumnutating at a rapid rate, though not to a wide extent. Some very
young plants, kept in darkness, were observed during two days,
and although subjected to a rather lowtemperature of 57°—59° F . ,
the stem of one described four small ellipses in the course of
12 h. We shall immediately see that the main petiole is likewise continually circumnutating, as is each separate pinna a n d
each separate leaflet. Therefore, if the movement of the apex
of any one leaflet were to be traced, the course described would
be compounded of the movements of four separate parts.
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A filament had been fixed on the previous evening, longitudinally to the main petiole of a nearly full-grown, highlysensitive leaf (four inches in length), the stem having been
secured to a stick at its base; and a tracing was made on a
vertical glass in the hot-house under a high temperature. In
the figure given (Fig. 157), the
Fig. 157.
first dot was made at 8.30 A.M.
August 2nd, and the last at 7
P.M. on the 3rd. During 12 h. on
the first day the petiole moved
thrice downwards and twice
upwards. Within the same
length of time on the second
day, it moved five times downwards and four times upwards.
As the ascending and descending lines do not coincide, the
petiole manifestly circumnutates; the great evening fall
and nocturnal rise being an
exaggeration of one of the circumnutations. It should, however, be observed that the petiole fell much lower down in
the evenings than could be
seen on the vertical glass or is
represented in the diagram.
After 7 P.M. on the 3rd (when
the last dot in Fig. 157 was
made) the pot was carried into
a bed-room, and the petiole was
found at 12.50 A.M. (i.e. after
midnight) standing almost upright, and much more highly
inclined than it was at 10.40
P.M. When observed again at Mimosa pudica: circunmutation and
nyctitropic movement of main pe4 A.M. it had begun to fall, and
tiole, traced during 34 h. 30 m.
continued falling till 6.15 A.M.,
after which hour it zigzagged and again circumnutated. Similar
observations were made on another petiole, with nearly the
same result.
On two other occasions the movement of the main petiole
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was observed every two or three minutes, the plants being kept
at a rather high temperature, viz., on the first occasion at
77°—81° F., and the filament then described 2i ellipses in 69 m.
On the second occasion, when the temperature was 81°—86° F.,
it made rather more than 3 ellipses in 67 m. Therefore,
Fig. 157, though now sufficiently complex, would have been incomparably more so, if dots had been made on the glass every
2 or 3 minutes, instead of every hour or half-hour. Although
the main petiole is continually and rapidly describing small
ellipses during the day, yet after the great nocturnal rising
movement has commenced, if dots are made every 2 or 3
minutes, as was done for an hour between 9.30 and 10.30 P.M.
(temp. 84° F.), and the dots are then joined, an almost absolutely straight line is the result.
To show that the movement of the petiole is in all probability due to the varying turgescence of the pulvinus, and not
to growth (in accordance with the conclusions of Pfeffer), a very
old leaf, with some of its leaflets yellowish and hardly at all
sensitive, was selected for observation, and the plant was kept
at the highly favourable temp, of 80° F. The petiole fell from
8 A.M. till 10.15 A.M., it then rose a little in a somewhat zigzag
line, often remaining stationary, till 5 P.M., when the great
evening fall commenced, which was continued till at least
10 P.M. By 7 A.M. on the following morning it had risen to the
same level as on the previous morning, and then descended in
a zigzag line. But from 10.30 A.M. till 4.15 P.M. it remained
almost motionless, all power of movement being now lost. The
petiole, therefore, of this very old leaf, which must have long
ceased growing, moved periodically; but instead of circumnutating several times during the day, it moved only twice
down and twice up in the course of 24 h., with the ascending
and descending lines not coincident.
It has already been stated that the pinnae move independently
of the main petiole. The petiole of a leaf was fixed to a cork
support, close to the point whence the four pinnae diverge, with
a short fine filament cemented longitudinally to one of the two
terminal pinnae, and a graduated semicircle was placed close
beneath it. By looking vertically down, its angular or lateral
movements could be measured with accuracy. Between noon
and 4.15 P.M. the pinna changed its position to one side by only
7°; but not continuously in the same direction, as it moved
four times to one side, and three times to the opposite side,
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in one instance to the extent of 16°. This pinna, therefore,
circumnutated. Later in the evening the four pinnae approach
each other, and the one which was observed moved inwards
59° between noon and 6.45 P.M. Ten observations were made
in the course of 2 h. 20 m. (at average intervals of 14 m.),
between 4.25 and 6.45 P.M. ; and there was now, when the leaf
was going to sleep, no swaying from sido to side, but a steady
inward movement. Here therefore there is in the evening the
same conversion of a circumnutating into a steady movement
in one direction, as in the case of the main petiole.
I t has also been stated that each separate leaflet circumnutates. A pinna was cemented with shellac on the summit of
a little stick driven firmly into the ground, immediately beneath
a pair of leaflets, to the midribs of both of which excessively
fine glass filaments were attached. This treatment did not
injure the leaflets, for they went to sleep in the usual manner,
and long retained their sensitiveness. The movements of one
of them were traced during 49 h., as shown in K g . 158. On the
first day the leaflet sank down till 11.30 A.M., and then rose
till late in the evening in a zigzag line, indicating circumnutation. On the second day, when more accustomed to its
new state, it oscillated twice up and twice down during the
24 h. This plant was subjected to a rather low temperature,
viz., 62°—64° P.; had it been kept warmer, no doubt the movements of the leaflet would have been much more rapid and
complicated. It may be seen in the diagram that the ascending
and descending lines do not coincide; but the large amount of
lateral movement in the evening is the result of the leaflets
bending towards the apex of the leaf when going to sleep.
Another leaflet was casually observed, and found to be continually circumnutating during the same length of time.
The circumnutation of the leaves is not destroyed by their
being subjected to moderately long continued darkness; but the
proper periodicity of their movements is lost. Some very young
seedlings were kept during two days in the dark (temp. 57°—59°
I \ ) , except when the circumnutation of their stems was occasionally observed; and on the evening of the second day the
leaflets did not fully and properly go to sleep. The pot was
then placed for three days in a dark cupboard, under nearly the
same temperature, and at the close of this period the leaflets
showed no signs of sleeping, and were only slightly sensitive to
a touch. On the following day the stem was cemented to a
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stick, and the movements of two leaves were traced on a vertical
glass during 72 h. The plants were still kept in the dark, excepting that at each observation, which lasted 3 or 4 minutes,
Fig. 158.

ti'.s<fairii.
Mimosa pudioa: circumnutation and nyctitropic movement of a leaflet
(with pinna secured), traced on a vertical glass, from 8 A.M. Sept. 14th
to 9 A.M. 16th.

they were illuminated by two candles. On the third day the
leaflets still exhibited a vestige of sensitiveness when forcibly
pressed, but in the evening they showed no signs of sleepNevertheless, their petioles continued to circumnutate distinctly,
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although the proper order of their movements in relation to the
day and night was wholly lost. Thus, one leaf descended during
t h e first two nights (i.e. between 10 P.M. and 7 A.M. next morning) instead of ascending, and on the third night it moved
chiefly in a lateral direction. The second leaf behaved in an
equally abnormal manner, moving laterally during the first
night, descending greatly during the second, and ascending to
an unusual height during the third night.
With plants kept at a high temperature and exposed to the
light, the most rapid circumnutating movement of the apex
of a leaf which was observed, amounted to
of an inch in
one second; and this would have equalled £ of an inch in a
minute, had not the leaf occasionally stood still. The actual
distance travelled by the apex (as ascertained by a measure
placed close to the leaf) was on one occasion nearly £ of an inch
in a vertical direction in 15 m.; and on another occasion § of an
inch in 60 m.; but there was also some lateral movement.
Mimosa alhida*—The leaves of this plant, one of which is here
figured (Pig. 159) reduced to f of the natural size, present some
Fig. 159.

Mimosa albida : leaf seen from vertically above.

interesting peculiarities. It consists of a long petiole bearing
only two pinnse (here represented as rather more divergent
than is usual), each with two pairs of leaflets. But the inner
* Mr. Thistleton Dyer informs
us that this Peruvian plant (which
was sent to us from Kew) is considered by Mr. Bentham (' Trans.

Linn. Soe.,' vol. xxx. p. 390) to
be " the species or variety which
most commonly represents the M.
sensitiva of our gardens."
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basal leaflets are greatly reduced in size, owing probably to the
want of space for their full development, so that they may be
considered as almost rudimentary. They vary somewhat i n
size, and both occasionally disappear, or only one. Nevertheless, they are not in the least rudimentary in function, for they
are sensitive, extremely heliotropic, circumnutate at nearly the
same rate as the fully developed leaflets, and assume when
asleep exactly the same position. With M. pudica the inner
leaflets at the base and between the pinnse are likewise much
shortened and obliquely truncated; this fact was well seen in
some seedlings of M. pudica, in which the third leaf above the
cotyledons bore only two pinnae, each with only 3 or 4 pairs of
leaflets, of which the inner basal one was less than half as long
as its fellow; so that the whole leaf resembled pretty closely
that of M. albida. In this latter species the main petiole terminates in a little point, and on each side of this there is a pair
of minute, flattened, lancet-shaped projections, hairy on their
margins, which drop off and disappear soon after the leaf i s
fully developed. There can hardly be a doubt that these little
projections are the last and fugacious representatives of an
additional pair of leaflets to each pinna; for the outer one is
twice as broad as the inner one, and a little longer, viz.
of an
inch, whilst the inner one is only
long. Now if the basal
pair of leaflets of the existing leaves were to become rudimentary, we should expect that the rudiments would still exhibit
some trace of their present great inequality of size. The conclusion that the pinnse of the parent-form of M. albida possessed
at least three pairs of leaflets, instead of, as at present, only two,
is supported by the structure of the first true leaf; for this
consists of a simple petiole, often bearing three pairs of leaflets.
This latter fact, as well as the presence of the rudiments, both
lead to the conclusion that M. albida is descended from a form
the leaves of which bore more than two pairs of leaflets. The
second leaf above the cotyledons resembles in all respects the
leaves on fully developed plants.
When the leaves go to sleep, each leaflet twists half round,
so as to present its edge to the zenith, and comes into close
contact with its fellow. The pinnse also approach each other
closely, so that the four terminal leaflets come together. The
large basal leaflets (with the little rudimentary ones in contact
with them) move inwards and forwards, so as to embrace the
outside of the united terminal leaflets, and thus all eight leaflets
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(the rudimentary ones included) form together a single vertical
packet. The two pinnas at the same time that they approach
each other sink downwards, and thus instead of extending horizontally in the same line with the main petiole, as during the
day, they depend at night at about 45°, or even at a greater
angle, beneath the horizon. The movement of the main petiole
seems to be variable; we have seen it in the evening 27° lower
than during the day; but sometimes in nearly the same position.
Nevertheless, a sinking movement in the evening and a rising
one during the night is probably the normal course, for this
was well-marked in the petiole of the first-formed true leaf.
The circumnutation of the main petiole of a young leaf was
traced during 21 days, and was considerable in extent, but less
complex than that of M. pudica. The movement was much
more lateral than is usual with circumnutating leaves, and this
was the sole peculiarity which it presented. The apex of
one of the terminal leaflets was seen under the microscope to
travel -fa of an inch in 3 minutes.
Mimosa marginata.—The opposite leaflets rise up and approach
each other at night, but do not come into close contact, except in
the case of very young leaflets on vigorous shoots. Full-grown
leaflets circumnutate during the day slowly and on a small scale.
Schrankia uncinata (Tribe 20).—Aleaf consists of two or three
pairs of pinnse, each bearing many small leaflets. These, when
the plant is asleep, are directed forwards and become imbricated.
The angle between the two terminal pinnse was diminished at
night, in one case by 15°; and they sank almost vertically downwards. The hinder pairs of pinnae likewise s i D k downwards,
but do not converge, that is, move towards the apex of the leaf.
The main petiole does not become depressed, at least during the
evening. In this latter respect, as well as in the sinking of the
pinnse, there is a marked difference between the nyctitropic
movements of the present plant and of Mimosa pudica. It
should, however, be added that our specimen was not in a very
vigorous condition. The pinnae of Schrankia aculeata also sink
at night.
Acacia Farnesiana (Tribe 22).—The different appearance presented by a bush of this plant when asleep and awake is wonderful. The same leaf in the two states is shown in the following
figure (Pig. 160). The leaflets move towards the apex of the
pinna and become imbricated, and the pinnse then look like bits
of dangling string. The following remarks and measurements
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do not fully apply to the Email leaf here figured. The pinnsa
move forwards and at the same time sink downwards, whilst
the main petiole rises considerably. With respect to the degree
of movement: the two terminal pinna? of one specimen formed
together an angle of 100° during the day, and at night of only
38°j so each had moved 31° forwards. The penultimate pinnm
during the day formed together an angle of 180°, that is, they
stood in a straight line opposite one another, and at night each
had moved 65° forwards. The basal pair of pinna? were directed
Fig. 160.

A.

B.

Acacia Farnesiana: A, leaf during the day; B, the same leaf at night.

during the day, each about 21° backwards, and at night 38°
forwards, so each had moved 59° forwards. But the pinnae at
the same time sink greatly, and sometimes hang almost perpendicularly downwards. The main petiole, on the other hand,
rises much: by 8.30 P.M. one stood 34° higher than at noon,
and by 6.40 A.M. on the following morning it was still higher
by 10°; shortly after this hour the diurnal sinking movement commenced. The course of a nearly full-grown leaf was
traced during 14 h.; it was strongly zigzag, and apparently
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represented five ellipses, with their longer axes differently
directed.
Albizzia hphantha (Tribe 23).—The leaflets at night come into
contact with one another, and are directed towards the apex of
the pinna. The pinme approach one another, but remain in the
same plane as during the day; and in this respect they differ
much from those of the above Schrankia and Acacia. The main
petiole rises but little. The first-formed leaf above the cotyledons bore 11 leaflets on each side, and these slept like those
on the subsequently formed leaves; but the petiole of this first
leaf was curved downwards during the day and at night
straightened itself, so that the chord of its arc then stood 16°
higher than in the day-time.
Melaleuca ericcsfolia (Myrtacess).—According to Bouch^ (' Bot.
Zeit.,' 1874, p. 359) the leaves sleep at night, in nearly the same
manner as those of certain species of Pimelia.
(Enothera mollissima (Onagrarieaj).—According to Linnaeus
('Somnus Plantarum'), the leaves rise up vertically at night.
Passiflora gracilis (Passifloracse).—The young leaves sleep by
their blades hanging vertically downwards, and the whole length
of the petiole then becomes somewhat curved downwards.
Externally no trace of a pulvinus can be seen. The petiole of
the uppermost leaf on a young shoot stood at 10.45 A.M. at 33°
above the horizon; and at 10.30 P.M., when the blade was vertically dependent, at only 15°, so the petiole had fallen 18°. That
of the next older leaf fell only 7°. Prom some unknown cause
the leaves do not always sleep properly. The stem of a plant,
which had stood for some time before a north-east window, was
secured to a stick at the base of a young leaf, the blade of
which was inclined at 40° below the horizon. From its position
the leaf had to be viewed obliquely, consequently the vertically
ascending and descending movements appeared when traced
oblique. On the first day (Oct. 12th) the leaf descended in a
zigzag line until late in the evening; and by 8.15 A.M. on the
13th had risen to nearly the same level as on the previous
morning. A new tracing was now begun (Fig. 161). The
leaf continued to rise until 8.50 A.M., then moved a little to the
right, and afterwards descended. Between 11 A.M. and 5 P.M. it
circumnutated, and after the latter hour the great nocturnal
fall commenced. At 7.15 P.M. it depended vertically. The
dotted line ought to have been prolonged much lower down in
the figure. By 6.50 A.M. on the following morning (14th) the
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leaf had risen greatly, and continued to rise till 7.50 A.M., after
•which hour it redeseended. It should be observed that the lines
traced on this second morning would have coincided with and
confused those previously traced, had not the pot been slided
a very little to the left. In the evening (14th) a mark was
placed behind the filament attached to the apex of the leaf, and
its movement was carefully traced from 5 P.M. to 10.15 P.M.
Fig. 161.

Passifiora gracilis: circumnutation and nyctitropic movement of leaf,
traced on vertical glass, from 8.20 A.M. Oct. 13th to 10 A.M. 14th.
Figure reduced to two-thirds of original scale.

Between 5 and 7.15 P.M. the leaf descended in a straight line,
and at the latter hour it appeared vertically dependent. B u t
between 7.15 and 10.15 P.M. the line consisted of a succession
of steps, the cause of which we could not understand; it was,
however, manifest that the movement was no longer a simple
descending one.
Siegesbeckia orientalis (Composites).—Some seedlings were
raised in the middle of winter and kept in the hot-house; they
flowered, but did not grow well, and their leaves never showed
any signs of sleep. The leaves on other seedlings raised in May
were horizontal at noon (June 22nd), and depended at a consi-
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derable angle beneath the horizon at 10 P.M. In the case of four
youngish leaves, which were from 2 to 2 i inches in length,
these angles were found to be 50°, 56°, 60°, and 65°. At the
end of August, when the plants had grown to a height of 10 to 11
inches, the younger leaves were so much curved downwards at
night that they might truly be said to be asleep. This is one
Fig. 162.

Nicoticma glauca; shoots with leaves expanded during the day, and asleep
at night. Figures copied from photographs, and reduced.

of the species which must be well illuminated during the day
in order to sleep, for on two occasions when plants were kept
all day in a room with north-east windows, the leaves did not
sleep at night. The same cause probably accounts for the
leaves on our seedlings raised in the dead of the winter not
sleeping. Professor Pfeffer informs us that the leaves of
another species (8. Jorplknsis ?) hang vertically down at night.
2
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Ipomoea ccerulea and purpurea (Convolvulacese). —The leaves on
very young plants, a foot or two in height, are depressed at night
to between 68° and 80°
beneath the horizon;
and some hang quite
vertically downwards.
On the following morning they again rise into
a horizontal position.
The petioles become
at night downwardly
curved, either through
their entire length or in
the upper part alone;
and this apparently
causes the depression
of the blade. It seems
necessary
that
the
leaves should be well
illuminated during the
day in order to sleep,
for those which stood
on the back of a plant
before
a
north-east
window did not sleep.
Nicotiana
tabacum
(var. Virginian) and
SM'cunJS
glauca (Solanese).—The
young -leaves of both
these species sleep b y
bendinh vertically u p Mir
wards. Figures of t w o
shoots of N.
glauca,
S'p.mM'bX
VXp.m.1,
awake and asleep (Fig.
Nicotiana tabacum : circumnutation and nyc- 162), are given on p.
titropic movement of a leaf ( 5 | inches in
385 : one of the shoots,
length), traced on a vertical glass, from
3 P.M. July 10th to 8.10 A.M. 13th. Apex from which the photoof leaf 4 inches from glass. Temp. 1 7 J ° - graphs were taken, w a s
18$° C.
Figure reduced to one-half accidentally bent to one
. original scale.
side.
At the base of the petiole of N. tabacum, on the outside, there
is a mass of cells, which are rather smaller than elsewhere, and
F
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liave their longer axes differently directed from the cells of the
parenchyma, and may therefore be considered as forming a sort
of pulvinus. A young plant of N. tabacum was selected, and
the circumnutation of the fifth leaf above the cotyledons was
observed during three days. On the first morning (July 10th)
the leaf fell from 9 to 10 A.M., which is its normal course, but
rose during the remainder of the day; and this no doubt was
due to its being illuminated exclusively from above; for properly
the evening rise does not commence until 3 or 4 P.M. In the
figure as given on p. 386 (Pig. 163) the first dot was made at
3 P.M. ; and the tracing was continued for the following 65 h.
When the leaf pointed to the dot next above that marked 3 P.M.,
it stood horizontally. The tracing is remarkable only from its
simplicity and the straightness of the lines. The leaf each day
described a single great ellipse; for it should be observed that
the ascending and descending lines do not coincide. On the
evening of the 11th the leaf did not descend quite so low as
usual, and it now zigzagged a little. The diurnal sinking movement had already commenced each morning by 7 A.M. The broken
lines at the top of the figure, representing the nocturnal vertical
position of the leaf, ought to be prolonged much higher up.
MiraMis longiflora and jalapa (Nyctaginese).—The first pair
of leaves above the cotyledons, produced by seedlings of both
these species, were considerably divergent during the day, and
at night stood up vertically in close contact with one another.
The two upper leaves on an older seedling were almost horizontal
by day, and at night stood up vertically, but were not in close
contact, owing to the resistance offered by the central bud.
Polygonum avieulare (Polygoneas).—Professor Batalin informs
us that the young leaves rise up vertically at night. This is
likewise the case, according to Linnaeus, with several species
of Amaranthus (Amaranthacese); and we observed a sleep movement of this kind in one member of the genus. Again, with
Clienopodium album (Chenopodiea?), the upper young leaves of
some seedlings, about 4 inches in height, were horizontal or
sub-horizontal during the day, and at 10 P.M. on March 7th
were quite, or almost quite, vertical. Other seedlings raised in
the greenhouse during the winter (Jan. 28th) were observed day
and night, and no difference could be perceived in the position
of their leaves. According to Bouche (' Bot. Zeitung,' 1874,
p. 359) the leaves of Pimelia Unoides and spectabilis (Thymelese)
sleep at night.
·
- '
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Euphorbia jacquirtiwflora
(EuphorbiaceEe). — Mr. -Lynch
called our attention to the fact that the young leaves of this
plant sleep by depending vertically. The third leaf from t h e
summit (March 11th) was inclined during the day 30° beneath
the horizon, and at night hung vertically down, as did some of
the still younger leaves. It rose up to its former level on the
following morning. The fourth and fifth leaves from the summit
stood horizontally during the day, and sank down at night only
38°. The sixth leaf did not sensibly alter its position. The
sinking movement is due to the downward curvature of the
petiole, no part of which exhibits any structure like that of
a pulvinus. Early on the morning of June 7th a filament w a s
fixed longitudinally to a young leaf (the third from the summit;
and 2§ inches in length), and its movements were traced on
a vertical glass during 72 h., the plant being illuminated from
above through a skylight. Each day the leaf fell in a nearly
straight line from 7 A.M. to 5 P.M., after which hour it was so
much inclined downwards that the movement could no longer
be traced; and during the latter part of each night, or early i n
the morning, the leaf rose. It therefore circumnutated in a
very simple manner, making a single large ellipse every 24 h.,
for the ascending and descending lines did not coincide. On
each successive morning it stood at a less height than on the
previous one, and this was probably due, partly to the increasing
age of the leaf, and partly to the illumination being insufficient j
for although the leaves are very slightly heliotropic, yet, according to Mr. Lynch's and our own observations, their inclination
during the day is determined by the intensity of the light. On
the third day, by which time the extent of the descending
movement had much decreased, the line traced was plainly
much more zigzag than on any previous day, and it appeared
as if some of its powers of movement were thus expended. A t
10 P.M. on June 7th, when the leaf depended vertically, its movements were observed by a mark being placed behind it, and the
end of the attached filament was seen to oscillate slowly and
slightly from side to side, as well as upwards and downwards.
. Phyllanthus JSiruri (Euphorbiacese).— The leaflets of this
plant sleep, as described by Pfeffer,* in a remarkable manner,
apparently like those of Cassia, for they sink downwards at
night and twist round, so that their lower surfaces are turned
* ' D i e Period. P^veg.,' p. 159.
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outwards. They are furnished, as might have been expected
from this complex kind of movement, with a pulvinus.
G-YMNOSPEBMS.
Pinus Nordmanniana (Coniferse).—M. Chatin states * that the
leaves, which are horizontal during the day, rise up at night, so
as to assume a position almost perpendicular to the branch from
which they arise ; we presume that he here refers to a horizontal
branch. He adds : " En même temps, ce mouvement d'érection
est accompagne' d'un mouvement de torsion imprimé à la partie
basilaire de la feuille, et pouvant souvent parcourir un arc de
90 degrés." As the lower surfaces of the leaves are white,
whilst the upper are dark green, the tree presents a widely
different appearance by day and night. The leaves on a small
tree in a pot did not exhibit with us any nyctitropic movements. We have seen in a former chapter that the leaves of
Pinus pinaster and Austriaca are continually cireumnutating.
MONOCOTYLEDONS.
Thalia dealbata (Cannacese).—The leaves of this plant sleep
by turning vertically upwards ; they are furnished with a welldeveloped pulvinus. It is the only instance known to us of
a very large leaf sleeping. The blade of a young leaf, which
was as yet only 13i inches in length and 6è in breadth, formed
at noon an angle with its tall petiole of 121°, and at night stood
vertically in a line with it, and so had risen 59°. The actual
distance travelled by the apex (as measured by an orthogonic
tracing) of another large leaf, between 7.30 A.M. and 10 P.M., was
10i inches. The circumnutation of two young and dwarfed
leaves, arising amongst the taller leaves at the base of the plant,
was traced on a vertical glass during two days. On the first day
the apex of one, and on the second day the apex of the other leaf,
described between 6.40 A.M. and 4 P M . two ellipses, the longer
axes of which were extended in very different directions from the
lines representing the great diurnal sinking and nocturnal rising
movement.
Maranta arundin.ar.ea (Cannacese).—The blades of the leaves,
which are furnished with a pulvinus, stand horizontally during
* ' Comptes Rendus,' Jan. 1876, p. 171.
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the day or between 10° and 20° above the horizon, and at night
vertically upwards. They therefore rise between 70° and 90° at
night. The plant was placed at noon in the dark in the hothouse, and on the following day the movements of the leaves
were traced. Between 8.40 and 10.30 A.M. they rose, and then
fell greatly till 1.37 P.M. But by 3 P.M. they had again risen a
little, and continued to rise during the rest of the afternoon and
night; on the following morning they stood at the same level as
on the previous day. Darkness, therefore, during a day and a
half does not interfere with the periodicity of their movements.
On a warm but stormy evening, the plant whilst being brought
into the house, had its leaves violently shaken, and at night not
one went to sleep. On the next morning the plant was taken ·
back to the hot-house, and again at night the leaves did not
sleep; but on the ensuing night they rose in the usual manner
between 70° and 80°. This fact is analogous with what we
have observed with climbing plants, namely, that much agitation
checks for a time their power of circumnutation; but the effect
in this instance was much more strongly marked and prolonged.
Colocasia antiquorum, {Caladium esculentum, Hort.) (Aroidese).
—The leaves of this plant sleep by their blades sinking in the
evening, so as to stand highly inclined, or even quite vertically
with their tips pointing to the ground. They are not provided
with a pulvinus. The blade of one stood at noon 1° beneath the
horizon; at 4.20 P.M., '20°; at 6 P.M., 43°; at 7.20 P.M., 69°; and at
8.30 P.M., 68°; so it had now begun to rise ; at 10.15 P.M. it stood
at 65°, and on the following early morning at 11° beneath the
horizon. The circumnutation of anotber young leaf (with its
petiole only 3t inches, and the blade 4 inches in length), was
traced on a vertical glass during 48 h.; it was dimly illuminated
through a skylight, and this seemed to disturb the proper periodicity of its movements. Nevertheless, the leaf fell greatly
during both afternoons, till either 7.10 P.M. or 9 P.M., when it
rose a little and moved laterally. By an early hour on both
mornings, it had assumed its diurnal position. The well-marked
lateral movement for a short time in the early part of the night,
was the only interesting fact which it presented, as this caused
the ascending and descending lines not to coincide, in accordance with the general rule with circumnutating organs. The
movements of the leaves of this plant are thus of the most
simple kind; and the tracing is not worth giving. We have
seen that in another genus of the Aroideas, namely, Pistia, the
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leaves rise so much at night that they may almost be said td
sleep.
Strephium floribundum* (Graminese). — The oval leaves are
provided with a pulvinus, and are extended horizontally or
declined a little beneath the horizon during the day. Those
on the upright culms simply rise up vertically at night, so
that their tips are directed towards the zenith. (Fig. 164.)
Fig. 164.

Strephiumfloribundum:culms with leaves during the day, and when asleep
at night. Figures reduced.

Horizontally extended leaves arising from much inclined or
almost horizontal culms, move at night so that their tips
point towards the apex of the culm, with one lateral margin
directed towards the zenith; and in order to assume this
position the leaves have to twist on their own axes through an
angle of nearly 90°. Thus the surface of the blade always stands
vertically, whatever may bo the position of the midrib or of the
leaf as a whole.
The circumnutation of a young leaf (2*3 inches in length) was
traced during 48 h. (Pig. 165). The movement was remarkably
simple; the leaf descended from before 6.40 A.M. until 2 or
2.50 P.M., and then rose so as to stand vertically at about 6 P.M.,
descending again late in the night or in the very early morning.
* A. Brongniart first observed la Soe. Bot. de Prance,' torn. vii.
that the leaves of this plant and ' 1860, p. 470.
of Marsilea sleep: see ' Bull, de
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On the second day the descending line zigzagged slightly. A s
Fig. 165.
usual, the ascending and de,'\
^
scending lines did not coincide.
/ !
On another occasion, when the
' /
temperature was a little higher,
/'
viz., 24°-26i° C , a leaf was
/
observed 17 times between 8.50
I j
A.M. and 12.16 P.M. ; it changed
I i f
· its course by as much as a
I
|
rectangle six times in this iny I /
terval of 3 h. 26 m., and dei
;
scribed two irregular triangles
|
/
and a half. The leaf, thereforo,.
i j ,'
on this occasion circumnutated
j t ;'
rapidly and in a complex
| 11
manner.
j ;

ACOTYLEDONS.

Marsilea quadrifoliaia (Marsileacera).—The shape of a leaf,
expanded horizontally during
the day, is shown at A (Fig. 166).
Each leaflet is provided with
a well-developed
pulvinus.
"When the leaves sleep, the two
terminal leaflets rise up, twist
half round and come into contact with one another ( B ) , and
are afterwards embraced by the
two lower leaflets ( C ) ; so that
the four leaflets with their lower
surfaces turned outwards form
a vertical packet. The curvature of the summit of the petiole
of the leaf figured asleep, is
Strophiumfloribundum:circumnu- merely accidental. The plant
tation and nyctitropic movement was brought into a room, where
of a leaf, traced from 9 A.M. June the temperature was only a little
26th to 8.45 A.M. 27th ; filament
fixed along the midrib. Apex of above 60° F., and the movement
• leaf 8J inches from the vertical of one of the leaflets (the petiole
glass; plant illuminated from having been secured) was traced
above.

0

Temp. 23J°-24J C.
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during 24 h. (Fig. 167). The leaf fell from the early morning
till 1.50 P.M., and then rose till 6 P.M., when it was asleep. A
Fig. 166.

A. ·
B.
C.
Marsilea quadrifoliala: A, leaf during the day, seen from vertically above ;
B, leaf beginning to go to sleep, seen laterally; C, the same asleep.
Figures reduced to one-half of natural scale.

vertically dependent glass filament was now fixed to one of the
terminal and inner leaflets; and part of the tracing in Fig. 167,
after 6 P.M., shows that it continued to sink, making one zigzag,
until 10.40 P.M. At 6.45 A.M. on the following morning, the leaf
was awaking, and the filament pointed above the vertical glass,
Fig. 167.

MarsUea quadrifoliata: circumnutation and nyctitropic movement of leaflet
traced on vertical glass, during nearly 24 h. Figure reduced to two. thirds of'original scale. Plant kept at rather too low a temperature.

but by 8.25 A M. it occupied the position shown in the figure.
The diagram differs greatly in appearance from most of those
previously given; and this is due to the leaflet twisting and
moving laterally as it approaches and comes into contact with
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its fellow.
The movement of another leaflet, when asleep,
was traced between 6 P.M. and 10.35 P.M., and it clearly circumnutated, for it continued for two hours to sink, then rose,
and then sank still lower than it was at 6 P.M. It may be
seen in the preceding figure (167) that the leaflet, when the
plant was subjected to a rather low temperature in the house,
descended and ascended during the middle of the day in a
somewhat zigzag line; but when kept in the hot-house from
9 A.M. to 3 P.M. at a high but varying temperature (viz., between
72° and 83° F.) a leaflet (with the petiole secured) circumnutated
rapidly, for it made three large vertical ellipses in the course of
the six hours. According to Brongniart, Marsilea pubescens sleeps
like the present species. These plants are the sole cryptogamio
ones known to sleep.

Summary and Concluding Remarks on the Nyctitropic
or Sleep-movements of Leaves.—That these movements
are in some manner of high importance to the plants
which exhibit them, few will dispute who have observed how complex they sometimes are. Thus with
Cassia, the leaflets which are horizontal during the
day not only bend at night vertically downwards with
the terminal pair directed considerably backwards, but
they also rotate on their own axes, so that their lower
surfaces are turned outwards. The terminal leaflet
of Melilotus likewise rotates, by which movement one
of its lateral edges is directed upwards, and at the
same time it moves either to the left or to the right,
until its upper surface comes into contact with that of
the lateral leaflet on the same side, which has likewise rotated on its own axis. With Arachis, all four
leaflets form together during the night a single
vertical packet; and to effect this the two anterior
leaflets have to move upwards and the two posterior
ones forwards, besides all twisting on their own axes.
In the genus Sida the leaves of some species move at
night through an angle of 90° upwards, and of others-

IRIS - LILLIAD - Université Lille 1

through the same angle downwards. We have seen a
similar difference in the nyctitropic movements of the
cotyledons in the genus Oxalis. In Lupinus, again,
the leaflets move either upwards or downwards; and
in some species, for instance L. luteus, those on one
side of the star-shaped leaf move up, and those on the
opposite side move down ; the intermediate ones rotating on their axes ; and by these varied movements, the
whole leaf forms at night a vertical star instead of a
horizontal one, as during the day. Some leaves and
leaflets, besides moving either upwards or downwards,
become more or less folded at night, as in Bauhinia
and in some species of Oxalis. The positions, indeed,
which leaves occupy when asleep are almost infinitely
diversified; they may point either vertically upwards
or downwards, or, in the case of leaflets, towards the
apex or towards the base of the leaf, or in any intermediate position. They often rotate at least as much
as 90° on their own axes. The leaves which arise
from upright and from horizontal or much' inclined
branches on the same plant, move in some few cases
in a different manner, as with Porlieria and Strephium.
The whole appearance of many plants is wonderfully
changed at night, as may be seen with Oxalis, and
still more plainly with Mimosa. A bush of Acacia
Farnesiana appears at night as if covered with little
dangling bits of string instead of leaves. Excluding
a few genera not seen by ourselves, about which we
are in doubt, and excluding a few others the leaflets of
which rotate at night, and do not rise or sink much,
there are 37 genera in which the leaves or leaflets rise,
often moving at the same time towards the apex -or
towards the base of the leaf, and 32 genera in which
they sink at night.
The nyctitropic movements of leaves, leaflets, and
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petioles are effected in two different ways; firstly, by
alternately increased growth on their opposite sides,
preceded by increased turgescence of the cells; and
secondly by means of a pulvinus or aggregate of small
cells, generally destitute of chlorophyll, which become
alternately more turgescent on nearly opposite sides;
and this turgescence is not followed by growth except
during the early age of the plant. A pulvinus seems
to be formed (as formerly shown) by a group of cells
ceasing to grow at a very early age, and therefore does
not differ essentially from the surrounding tissues.
The cotyledons of some species of Trifolium are provided with a pulvinus, and others are destitute of one,
and so it is with the leaves in the genus Sida. We
see also in this same genus gradations in the state of
the development of the pulvinus; and in Nicotiana
we have what may probably be considered as the
commencing development of one. The nature of the
movement is closely similar, whether a pulvinus is
absent or present, as is evident from many of the
diagrams given in this chapter. It deserves notice
that when a pulvinus is present, the ascending and
descending lines hardly ever coincide, so that ellipses
are habitually described by the leaves thus provided,
whether they are young or so old as to have quite
ceased growing. This fact of ellipses being described,
shows that the alternately increased turgescence of
the cells does not occur on exactly opposite sides of the
pulvinus, any more than the increased growth which
causes the movements of leaves not furnished with
pulvini. When a pulvinus is present, the nyctitropic
movements are continued for a very much longer
period than when such do not exist. This has been
amply proved in the case of cotyledons, and Pfeffer
has given observations to the same effect with respect
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to leaves. We have seen that a leaf of Mimosa
pudica continued to move in the ordinary manner,
though somewhat more simply, until it withered and
died. It may be added that some leaflets of Trifolium
pratense were pinned open during 1 0 days, and on the
first evening after being released they rose up and
slept in the usual manner. Besides the long continuance of the movements when effected by the aid
of a pulvinus (and this appears to be the final cause
of its development), a twisting movement at night, as
Pfeffer has remarked, is almost confined to leaves thus
provided.
It is a very general rule that the first true leaf,
though it may differ somewhat in shape from the
leaves on the mature plant, yet sleeps like them ; and
this occurs quite independently of the fact whether or
not the cotyledons themselves sleep, or whether they
sleep in the same manner. But with Phaseolus BoxTmrghii the first unifoliate leaves rise at night almost
sufficiently to be said to sleep, whilst the leaflets of
the secondary trifoliate leaves sink vertically at night.
On young plants of Sida rhomhxfolia, only a few
inches in height, the leaves did not sleep, though on
rather older plants they rose up vertically at night.
On the other hand, the leaves on very young plants of
Cytisus fragrans slept in a conspicuous manner, whilst
on old and vigorous bushes kept in the greenhouse,
the leaves did not exhibit any plain nyctitropic move*
ment. In the genus Lotus the basal stipule-like
leaflets rise up vertically at night, and are provided
with pulvini.
As already remarked, when leaves or leaflets change
their position greatly at night and by complicated
movements, it can hardly be doubted that these must
be in some manner beneficial to the plant. If so, we
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must extend the same conclusion to a large number of
sleeping plants; for the most complicated and the
simplest nyctitropic movements are connected together
by the finest gradations. But owing to the causes specified in the beginning of this chapter, it is impossible
in some few cases to determine whether or not certain
movements should be called nyctitropic. Generally,
the position which the leaves occupy at night indicates with sufficient clearness, that the benefit thus
derived, is the protection of their upper surfaces from
radiation into the open sky, and in many cases the
mutual protection of all the parts from cold by their
being brought into close approximation. It should be
remembered that it was proved in the last chapter, that
leaves compelled to remain extended horizontally at
night, suffered much more from radiation than those
which were allowed to assume their normal vertical
position.
The fact of the leaves of several plants not sleeping
unless they have been well illuminated during the
day, made us for a time doubt whether the protection of their upper surfaces from radiation was in
all cases the final cause of their well-pronounced
nyctitropic movements. But we have no reason to
suppose that the illumination from the open sky,
during even the most clouded day, is insufficient for
this purpose; and we should bear in mind that leaves
which are shaded from being seated low down on the
plant, and which sometimes do not sleep, are likewise
protected at night from full radiation. Nevertheless,
we do not wish to deny that there may exist cases in
which leaves change their position considerably at
night, without their deriving any benefit from such
movements.
..Although with sleeping plants the blades almost
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always assume at night a vertical, or nearly vertical
position, it is a point of complete indifference whether
the apex, or the base, or one of the lateral edges, is
directed to the zenith. It is a rule of wide generality,
than whenever there is any difference in the degree of
exposure to radiation between the upper and the lower
surfaces of leaves and leaflets, it is the upper which is
the least exposed, as may be seen in Lotus, Cytisus,
Trifolium, and other genera. In several species of
Lupinus the leaflets do not, and apparently from
their structure cannot, place themselves vertically at
night, and consequently their upper surfaces, though
highly inclined, are more exposed than the lower; and
here we have an exception to our rule. But in other
species of this genus the leaflets succeed in placing
themselves vertically; this, however, is effected by a
very unusual movement, namely, by the leaflets on
the opposite sides of the same leaf moving ill opposite
directions.
It is again a very common rule that when leaflets
come into close contact with one another, they do so
by their upper surfaces, which are thus best protected.
In some cases this may be the direct result of their
rising vertically; but it is obviously for the protection of the upper' surfaces that', the leaflets of
Cassia rotate in so wonderful a manner .whilst sinking
downwards; and that the terminal leaflet of Melilotus
rotates and moves to one side until it meets the lateral
leaflet on the same side. When opposite leaves or
leaflets sink vertically down without any twisting,
their lower surfaces approach each other and sometimes come into contact; but this is the direct and
inevitable result of their position. With many species
of Oxalis the lower surfaces of the adjoining leaflets
are pressed together, and are thus better protected
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than the upper surfaces; but this depends merely on
each leaflet becoming folded at night so as to be able
to sink vertically downwards. The torsion or rotation
of leaves and leaflets, which occurs in so many cases,
apparently always serves to bring their upper surfaces
into close approximation with one another, or with
other parts of the plant, for their mutual protection.
We see this best in such cases as those of Arachis,
Mimosa albida, and Marsilea, in which all the leaflets
form together at night a single vertical packet. If
with Mimosa pudiea the opposite leaflets had merely
moved upwards, their upper surfaces would have come
into contact and been well protected; but as it is,
they all successively move towards the apex of the
leaf; and thus not only their upper surfaces are protected, but the successive pairs become imbricated and
mutually protect one another as well as the petioles.
This imbrication of the leaflets of sleeping plants is a
common phenomenon.
The nyctitropic movement of the blade is generally effected by the curvature of the uppermost part
of the petiole, which has often been modified into a
pulvinus; or the whole petiole, when short, may be
thus modified. But the blade itself sometimes curves
or moves, of which fact Bauhinia offers a striking
instance, as the two halves rise up and come into
close contact at night. Or the blade and the upper
part of the petiole may both move. Moreover, the
petiole as a whole commonly either rises or sinks at
night. This movement is sometimes large: thus the
petioles of Cassia pubescens stand only a little above
the horizon during the day, and at night rise up
almost, or quite, perpendicularly. The petioles of the
younger leaves of Desmodium gyrans also rise up vertically at night. On the other hand, with Amphi-
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carpasa, the petioles of some leaves sank down as
much as 57° at night; with Arachis they sank 39°,
and then stood at right angles to the stem. Generally, when the rising or sinking of several petioles on'
the same plant was measured, the amount differed
greatly. This is largely determined by the age of the
leaf: for instance, the petiole of a moderately old leaf
of Desmodium gyrans rose only 46°, whilst the young
ones rose up vertically; that of a young leaf of Cassia
fioribunda rose 41°, whilst that of an older leaf rose
only 12°. It is a more singular fact that the age of
the plant sometimes influences greatly the amount of
movement; thus with some young seedlings of a Bauhinia the petioles rose at night 30° and 34°, whereas
those on these same plants, when grown to a height
of 2 or 3 feet, hardly moved at all. The position of
the leaves on the plant as determined by the light,
seems also to influence the amount of movement
of the petiole; for no other cause was apparent
why the petioles of some leaves of Melilotus officinalis
rose as much as 59°, and others only 7° and 9° at
night.
- In the case of many plants, the petioles move at
night in one direction and the leaflets in a directly
opposite one. Thus, in three genera of Phaseoleae the
leaflets moved vertically downwards at night, and the
petioles rose in two of them, whilst in the third they
sank. Species in the same genus often differ widely
in the movements of their petioles. Even on the same
plant of Lupinus pubescens some of the petioles rose 30°,
others only 6°, and others sank 4° at night. The
leaflets of Cassia Barclayana moved so little at night
that they could not be said to sleep, yet the petioles
of some young leaves rose as much as 34°. These
several facts apparently indicate that the movements
2 D

IRIS - LILLIAD - Université Lille 1

402

MODIFIED CIROUMNUTATION,

CHAP. VIL

of the petioles are not performed for any special purpose ; though a conclusion of this kind is generally
rash. When the leaflets sink vertically down at night
and the petioles rise, as often occurs, it is certain that
the upward movement of the latter does not aid the
leaflets in placing themselves in their proper position at night, for they have to move through a
greater angular space than would otherwise have been
necessary.
Notwithstanding what has just been said, it may be
strongly suspected that in some cases the rising of
the petioles, when considerable, does beneficially serve
the plant by greatly reducing the surface exposed to
radiation at night. If the reader will compare the
two drawings (Fig. 155, p. 371) of Cassia pubescens,
copied from photographs, he will see that the diameter of the plant at night is about one-third of
what it is by day, and therefore the surface exposed
to radiation is nearly nine times less. A similar
conclusion may be deduced from the drawings (Fig.,
149, p. 358) of a branch awake and asleep of Des*
modium gyrans. So it was in a very striking manner
with young plants of Bauhinia, and with Oxalis
Ortegesii.
We are led to an analogous conclusion with respect
to the movements of the secondary petioles of certain
pinnate leaves. The pinnas of Mimosa púdica converge at night; and thus the imbricated and closed
leaflets on each separate pinna are all brought close
together into a single bundle, and mutually protect
one another, with a somewhat smaller surface exposed
to radiation. With Albizzia lophaniha the pinnas close
together in the same manner. Although the pinnae
of Acacia Farnesiana do not converge much, they
sink downwards. Those of Neptunia olerácea likewise
1
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move downwards, as well as backwards, towards the
base of the leaf,' whilst the main petiole rises. With
Schrankia, again, the pinnse are depressed at night.
Now in these three latter cases, though the pinna?
do not mutually protect one another at night, yet
after having sunk down they expose, as does a
dependent sleeping leaf, much less surface to the
zenith and to radiation than if they had remained
horizontal.
Any one who had never observed continuously a
sleeping plant, would naturally suppose that the leaves
moved only in the evening when going to sleep, and
in the morning when awaking; but he would be quite
mistaken, for we have found no exception to the rule
that leaves which sleep continue to move during the
whole twenty-four hours; they move, however, more
quickly when going to sleep and when awaking than
at other times. That they are not stationary during
the day is shown by all the diagrams given, and by
the many more which were traced. It is troublesome
to observe the movements of leaves in the middle of
the night, but this was done in a few cases; and
tracings were made during the early part of the night
of the movements, in the case of Oxalis, Amphicarpsea,,
two species of Erythrina, a Cassia, Passifiora, Euphorbia
and Marsilea; and the leaves after they had gone to
sleep, were found to be in constant movement. When,
however, opposite leaflets come into close contact with
one another or with the stem at night, they are, as we
believe, mechanically prevented from moving, but this
point was not sufficiently investigated.
When the movements of sleeping leaves are traced
during twenty-four hours, the ascending and descending lines do not coincide, except occasionally and by
accident for a short space; so that with many plants a.
2 D 2
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single large ellipse is described during each twenty-four
hours. Such ellipses are generally "narrow and vertically directed, for the amount of lateral movement is
small. That there is some lateral movement is shown
by the ascending and descending lines not coinciding,
and occasionally, as with JDesinodium gijrans and Thalia
dealhata, it was strongly marked. In the case of Melilotus the ellipses described by the terminal leaflet
during the day are laterally extended, instead of vertically, as is usual; and this fact evidently stands in
relation with the terminal leaflet moving laterally
when it goes to sleep. With the majority of sleeping
plants the leaves oscillate more than once up and
down in the twenty-four hours; so that frequently two
ellipses, one of moderate size, and one of very large size
which includes the nocturnal movement, are described
within the twenty-four hours. For instance, a leaf
which stands vertically up during the night will sink
in the morning, then rise considerably, again sink in
the afternoon, and in the evening reascend and assume
its vertical nocturnal position. It will thus describe,
in the course of the twenty-four hours, two ellipses of
unequal sizes. Other plants describe within the same
time, three, four, or five ellipses. Occasionally the
longer axes of the several ellipses extend in different
directions, of which Acacia Farnesiana offered a good
instance. The following cases will give an idea of the
rate of movement: Oxalis acetosella completed two
ellipses at the rate of 1 h. 25 m. for each; Marsilea
quadrifoliata, at the rate of 2 h.; Trifolium suhterraneum,
\ one in 3 h. 30 m.; and Arachis hypogssa, in 4 h. 50 m.
But the number of ellipses described within a given
time depends largely on the state of the plant and
.. on the conditions to which it is exposed. It often happens that a single ellipse may be described during one
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day, and two on the next. Erythrina corallodendron
made four ellipses on the first day of observation
and only a single one on the third, apparently owing
to having been kept not sufficiently illuminated and
perhaps not warm enough. But there seems likewise
to be an innate tendency in different species of the
same genus to make a different number of ellipses in
the twenty-four hours: the leaflets of Trifolium repens
made only one; those of T. resupinatum two, and those
of T. suhterraneum three in this time. Again, the
leaflets of OxaKs Plumierii made a single ellipse; those
of 0. bupleurifolia, two; those of 0. Valdiviana, two or
three; and those of 0. aeetosella, at least five in the
twenty-four hours.
The line followed by the apex of a leaf or leaflet,
whilst describing one or more ellipses during the day,
is often zigzag, either throughout its whole course or
only during the morning or evening: Eobinia offered
an instance of zigzagging confined to the morning,
and a similar movement in the evening is shown in
the diagram (Fig. 126) given under Sida. The amount
of the zigzag movement depends largely on the plant
being placed under highly favourable conditions. But
even under such favourable conditions, if the dots which
mark the position of the apex are made at considerable intervals of time, and the dots are then joined,
the course pursued will still appear comparatively
simple, although the number of the ellipses will be
increased; but if dots are made every two or three
minutes and these are joined, the result often is that
all the lines are strongly zigzag, many small loops,,
triangles, and other figures being also formed. This
fact is shown in two parts of the diagram (Fig.loOJ
of the movements of Desmodium gyrans. Btrefhiiim
floribundum, observed under a high temperature!!
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made several little triangles at the rate of 43 m,
for each. Mimosa pudica, similarly observed, described three little ellipses in 67 m.; and the apex
of a leaflet crossed
of an inch in a second, or
0 12 inch in a minute. The leaflets, of Averrhoa
made a countless number of little oscillations when
the temperature was high and the sun shining. The
zigzag movement may in all cases be considered as
an attempt to form small loops, which are drawn out
by a prevailing movement in some one direction. The
rapid gyrations of the little lateral leaflets of Desmodium belong to the same class of movements,
somewhat exaggerated in rapidity and amplitude.
The jerking movements, with a small advance and
still smaller retreat, apparently not exactly in the
same line, of the hypocotyl of the cabbage and of
the leaves of Dionsea, as seen under the microscope,
all probably come under this same head. We may
suspect that we here see the energy which is freed
during the incessant chemical changes in progress in
the tissues, converted into motion. Finally, it should
be noted that leaflets and probably some leaves, whilst
describing their ellipses, often rotate slightly on their
axes; so that the plane of the leaf is directed first to
one and then to another side. This was plainly seen
to be the case with the large terminal leaflets of Desmodium, Erythrina and Amphicarpsea, and is probably
common to all leaflets provided with a pulvinus.
With respect to the periodicity of the movements of
sleeping leaves, Pfeffer* has so clearly shown that
this depends on the daily alternations of light and
darkness, that nothing farther need be said on this
-

* ' D i e Periodischen Bewegungen der Blattorgane,' 1875, p. 30, et

passim.
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head. But we may recall the behaviour of Mimosa"
in the North, where the sun does not set, and the
complete inversion of the daily movements by artificial
light and darkness. It has also been shown by us,
that although leaves subjected to darkness for a moderately long time continue to circumnutate, yet the
periodicity of their movements is soon greatly disturbed, or quite annulled. The presence of light or
its absence cannot be supposed to be the direct cause
of the movements, for these are wonderfully diversified
even with the leaflets of the same leaf, although all
have of course been similarly exposed. The movements depend on innate causes, and are of an adaptive
nature. The alternations of light and darkness
merely give notice to the leaves that the period has
arrived for them to move in a certain manner. We
may infer from the fact of several plants (Tropseolum,
Lupinus, &c.) not sleeping unless they have been well
illuminated during the day, that it is not the actual
decrease of light in the evening, but the contrast
between the amount at this hour and during the early
part of the day, which excites the leaves to modify
their ordinary mode of circumnutation.
As the leaves of most plants assume their proper
diurnal position in the morning, although light be
excluded, and as the leaves of some plants continue to
move in the normal manner in darkness during at
least a whole day, we may conclude that the periodicity of their movements is to a certain extent inherited.* The strength of such inheritance differs
* Pfeffer denies snob, inheritance; he attributes (' Die Period.
Bewegungen,' pp. 30-56) tlie
periodicity when prolonged for
a day or two in darkness, to

"Nachwirkung," or the aftereffects of light and darkness.
B u t we are unable to follow his
train of reasoning. There does
not seem to be anymore reason for
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much in different species, and seems never to be rigid;
for plants have been introduced from all parts of the
world into our gardens and greenhouses; and if their
movements had been at all strictly fixed in relation to
the alternations of day and night, they would have
slept in this country at very different hours, which
is not the case. Moreover, it has been observed that
sleeping plants in their native homes change their
times of sleep with the changing seasons.*
We may now turn to the systematic list (p. 320).
This contains the names of all the sleeping plants
known to us, though the list undoubtedly is very
imperfect. It may be premised that, as a general
rule, all the species in the same genus sleep in
nearly the same manner. But there are some exceptions; in several large genera including many
sleeping species (for instance, Oxalis), some do not
sleep. One species of Melilotus sleeps like a Trifolium, and therefore very differently from its congeners ; so does one species of Cassia. In the genus
Sida, the leaves either rise or fall at night; and with
Lupinus they sleep in three different methods. Returning to the list, the first point which strikes us, is
that there are many more genera amongst the Leguminosse (and in almost every one of the Leguminous
tribes) than in all the other families put together;
and we are tempted to connect this fact with the great
attributing such movements to this
cause than, for instance, the iuherited habit of winter and
summer wheat to grow best at
different seasons ; for this habit
is lost after a few years, like the
movements of leaves in darkness
after a few days. No doubt some

effect must be produced on the
seeds by the long-continued oultivation of the parent-plants under
different climates, but no one probably would call this the " N a c h wirkung " of the climates,
* Pfefier, ibid., p. 46.
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mobility of the stems and leaves in this family, as
shown by the large number of climbing species which
it contains. Next to the Leguminosaa come the Malvaceae, together with some closely allied families. But
by far the most important point in the list, is that we
meet with sleeping plants in 28 families, in all the
great divisions of the Phanerogamic series, and in one
Cryptogam. Now, although it is probable that with
the Leguminosse the tendency to sleep may have been
inherited from one or a few progenitors, and possibly
60 in the cohorts of the Malvales and Chenopodiales,
yet it is manifest that the tendency must have been
acquired by the several genera in the other families,
quite independently of one another. Hence the question naturally arises, how has this been possible ?
and the answer, we cannot doubt, is that leaves owe
their nyctitropic movements to. their habit of circumnutating, — a habit common to all plants, and
everywhere ready for any beneficial development of
modification.
It has been shown in the previous chapters that the
leaves and cotyledons of all plants are continually
moving up and down, generally to a slight but sometimes to a considerable extent, and that they describe
either one or several ellipses in the course of twentyfour hours; they are also so far affected by the alternations of day and night that they generally, or
at least often, move periodically to a small extent;
and here we have a basis for the development of the
greater nyctitropic movements. That the movements
of leaves and cotyledons which do not sleep come
within the class of circumnutating movements cannot
be doubted, for they are closely similar to those of
hypocotyls, epicotyls, the stems of mature plants, and
of various other organs. Now, if we take the simplest
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case of a sleeping leaf, we see that it makes a single
ellipse in the twenty-four hours, which resembles one
described by a non-sleeping leaf in every respect, except
that it is much larger. In both cases the course pursued
is often zigzag. As all non-sleeping leaves are incessantly circumnutating, we must conclude that a part
at least of the upward and downward movement of one
that sleeps, is due to ordinary circumnutation; and it
seems altogether gratuitous to rank the remainder of
the movement under a wholly different head. With
a multitude of climbing plants the ellipses which they
describe have been greatly increased for another purpose, namely, catching hold of a support. With these
climbing plants, the various circumnutating organs have
been so far modified in relation to light that, differently
from all ordinary plants, they do not bend towards it.
With sleeping plants the rate and amplitude of the
movements of the leaves have been so far modified in
relation to light, that they move in a certain direction
with the waning light of the evening and with the
increasing light of the morning more rapidly, and to
a greater extent, than at other hours,
. But the leaves and cotyledons of many non-sleeping
plants move in a much more complex manner than in
the cases just alluded to, for they describe two, three,
or more ellipses in the course of a day. Now, if a
plant of this kind were converted into one that slept,
one side of one of the several ellipses which each
leaf daily describes, would have to be greatly increased
in length in the evening, until the leaf stood vertically, when it would go on circumnutating about the
same spot. On the following morning, the side of
another ellipse would have to be similarly increased
in length, so as to bring the leaf back again into its
diurnal position, when it would again circumnutate
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until the evening. If the reader will look, for instance, at the diagram (Kg. 142, p. 3 5 1 ) , representing
the nyctitropic movements of the terminal leaflet of
Trifolium subterraneum, remembering that the curved
broken lines at the top ought to be prolonged much
higher up, he will see that the great rise in the evening
and the great fall in the morning together form a
large ellipse like one of those described during the
daytime, differing only in size. Or, he may look at
the diagram (Fig. 1 0 3 , p. 2 3 6 ) of the 3 ± ellipses
described in the course of 6 h. 3 5 m. by a leaf of
Lupinus speoiosus, which is one of the species in this
genus that does not sleep; and he will see that by
merely prolonging upwards the line which was already
rising late in the evening, and bringing it down
again next morning, the diagram would represent the
movements of a sleeping plant.
With those sleeping plants which describe several
ellipses in the daytime, and which travel in a strongly
zigzag line, often making in their course minute loops,
triangles, &c, if as soon as one of the ellipses begins
in the evening to be greatly increased in size, dots are
made every 2 or 3 minutes and these are joined, the
line then described is almost strictly rectilinear, in
strong contrast with the lines made during the daytime. This was observed with Desmodium gyrans and
Mimosa pudica. With this latter plant, moreover, the
pinnae converge in the evening by a steady movement, whereas during the day they are continually
converging and diverging to a slight extent. In all
such cases it was scarcely possible to observe the
difference in the movement during the day and evening, without being convinced that in the evening the
plant saves the expenditure of force by not moving
laterally, and that its whole energy is now expended
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in gaining quickly its proper nocturnal position by
a direct course. In several other cases, for instance,
when a leaf after describing during the day one OT
more fairly regular ellipses, zigzags much in the
evening, it appears as if energy was being expended,
so that the great evening rise or fall might coincide with the period of the day proper for this
movement.
The most complex of all the movements performed
by sleeping plants, is that when leaves or leaflets,
after describing in the daytime several vertically
directed ellipses, rotate greatly on their axes in the
evening, by which twisting movement they occupy
a wholly different position at night to what they do
during the day. For instance, the terminal leaflets
of Cassia not only move vertically downwards in the
evening, but twist round, so that their lower surfaces
face outwards. Such movements are wholly, or almost
wholly, confined to leaflets provided with a pulvinus.
But this torsion is not a new kind of movement
introduced solely for the purpose of sleep; for it
has been shown that some leaflets whilst describing
their ordinary ellipses during the daytime rotate
slightly, causing their blades to face first to one side
and then to another. Although we can see how the
slight periodical movements of leaves in a vertical
plane could be easily converted into the greater yet
simple nyctitropic movements, we do not at present
know by what graduated steps the more complex
movements, effected by the torsion of the pulvini,
have been acquired. A probable explanation could
be given in each case only after a close investigation
of the movements in all the allied forms.
From the facts and considerations now advanced we
may conclude that nyctitropism, or the sleep of leaves
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and cotyledons, is merely a modification of their ordinary circumnutating movement, regulated in its period
and amplitude by the alternations of light and darkness. The object gained is the protection of the upper
surfaces of the leaves from radiation at night, often
combined with the mutual protection of the several
parts by their close approximation. In such cases as
those of the leaflets of Cassia—of the terminal leaflets
of Melilotus—of all the leaflets of Arachis, Marsilea,
&c.—we have ordinary circumnutation modified to the
extreme extent known to us in any of the several great
classes of modified circumnutation. On this view of
the origin of nyctitropism we can understand how it
is that a few plants, widely distributed throughout the
Vascular series, have been able to acquire the habit of
placing the blades of their leaves vertically at night,
that is, of sleeping,—a fact otherwise inexplicable.
The leaves of some plants move during the day in
a manner, which has improperly been called diurnal
sleep; for when the sun shines brightly on them, they
direct their edges towards it. To such cases we shall
recur in the following chapter on Heliotropism. It
has been shown that the leaflets of one form of
Porlieria hygrometrica keep closed during the day, as
long as the plant is scantily supplied with water, in
the same manner as when asleep; and this apparently
" serves to check evaporation. There is only one other
analogous case known to us, namely, that of certain
Gramineae, which fold inwards the sides of their narrow
leaves, when these are exposed to the sun and to a
dry atmosphere, as described by Duval-Jouve.* We
have also observed the same phenomenon in Elymus
arenareus.
* ' Annal. des So. Nat. (Bot.),' 1875, torn. i. pp. 326-329.
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There is another movement, which since the time
of Linnseus has generally been called sleep, namely,
that of the petals of the many flowers which close at
night. These movements have been ably investigated
by Pfeffer, who has shown (as was first observed by
Hofmeister) that they are caused or regulated more
by temperature than by the alternations of light and
darkness. Although they cannot fail to protect the
organs of reproduction from radiation at night, this
does not seem to be their chief function, but rather
the protection of the organs from cold winds, and
especially from rain, during the day. The latter
seems probable, as Kerner * has shown that a widely
different kind of movement, namely, the bending down
of the upper part of the peduncle, serves in many
cases the same end. The closure of the flowers will
also exclude nocturnal insects which may be ill-adapted
for their fertilisation, and the well-adapted kinds at
periods when the temperature is not favourable for
fertilisation. Whether these movements of the petals
consist, as is probable, of modified circumnutation we
do not know.
'Embryology of Leaves.—A few facts have been incidentally given in this chapter on what may be called
the embryology of leaves. With most plants the
first leaf which is developed after the cotyledons,
resembles closely the leaves produced by the mature plant, but this is not always the case. The first
leaves produced by some species of Drosera, for instance
by D. Capensis, differ widely in shape from those
borne by the mature plant, and resemble closely the
leaves of D. rotundifolia, as was shown to us by Prof.
Williamson of Manchester. The first true leaf of
* «Die Schutzmittel des Pollens,' 1873, pp. 30-39. '
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t h e gorse, or TJlex, is not narrow and spinose like the
O l d e r leaves.
On the other hand, with many Leguminous plants, for instance, Cassia, Acacia lophantha, &c,
the first leaf has essentially the same character as theolder leaves, excepting that it bears fewer leaflets. In
Trifolium the first leaf generally bears only a single
leaflet instead of three, and this differs somewhat in
shape from the corresponding leaflet on the older leaves.
Now, with Trifolium Pannonicwm the first true leaf on
some seedlings was unifoliate, and on others completely
trifoliate; and between these two extreme states there
were all sorts of gradations, some seedlings bearing
a single leaflet more or less deeply notched on one
o r both sides, and some bearing a single additional
and perfect lateral leaflet. Here, then, we have the
rare opportunity of seeing a structure proper to a more
advanced age, in the act of gradually encroaching on
and replacing an earlier or embryological condition.
The genus Melilotus is closely allied to Trifolium, and
the first leaf bears only a single leaflet, which at night
rotates on its axis so as to present one lateral edge to
the zenith. Hence it sleeps like the terminal leaflet
o f a mature plant, as was observed in 15 species, and
wholly unlike the corresponding leaflet of Trifolium,
which simply bends upwards. It is therefore a curious,
fact that in one of these 15 species, viz., M. Taurica (and
in a lesser degree in two others), leaves arising from
young shoots, produced on plants which had been cut
down and kept in pots during the winter in the greenhouse, slept like the leaves of a Trifolium, whilst the
leaves on the fully-grown branches on these same
plants afterwards slept normally like those of a Melilotus. If young shoots rising from the ground may
be considered as new individuals, partaking to a certain
extent of the nature of seedlings, then the peculiar
manner in which their leaves slept may be considered-
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as an ernbryological habit, probably the result of Meli-,
lotus being descended from some form which slept like
a Trifolium. This view is partially supported by the
leaves on old and young branches of another species,
M. Messanensis (not included in the above 15 species),
always sleeping like those of a Trifolium.
The first true leaf of Mimosa albida consists of a
simple petiole, often bearing three pairs of leaflets, all
of which are of nearly equal size and of the same
shape: the second leaf differs widely from the first,
and resembles that on a mature plant (see Fig. 159,
p. 379), for it consists of two pinnae, each of which
bears two pairs of leaflets, of which the inner basal
one is very small. But at the base of each pinna
there is a pair of minute points, evidently rudiments
of leaflets, for they are of unequal sizes, like the two.
succeeding leaflets. These rudiments are in one sense
ernbryological, for they exist only during the youth of
the leaf, falling off and disappearing as soon as it is
fully grown.
With De.imodium gyrans the two lateral leaflets are
very much smaller than the corresponding leaflets in
most of the species in this large genus; they vary
also in position and size ; one or both are sometimes,
absent; and they do not sleep like the fully-developed
leaflets. They may therefore be considered as almost
rudimentary; and in accordance with the general principles of embryology, they ought to be more constantly
and fully developed on very young than on old plants.
But this is not the case, for they were quite absent
on some young seedlings, and did not appear until
from 10 to 20 leaves had been formed. This fact
leads to the suspicion that D. gyrans is descended
through a unifoliate form (of which some exist) from
a trifoliate species ; and that the little lateral leaflets
reappear through reversion. However this may be,
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the interesting fact of the pulvini or organs of movement of these little leaflets, not having been reduced
nearly so much as their blades—taking the large
terminal leaflet as the standard of comparison—gives
us probably the proximate cause of their extraordinary
power of gyration.
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CHAPTEK VIII.
MODIFIED CIRCUMNCTATIOS : MOVEMENTS EXCITED BY LIGHT.
Distinction between heliotropism and the effcots of light on the periodicity of the movements of leaves—Heliotropic movements of B e t a ,
Solanum, Zea, and Avena—Holiotropie movements towards a n
Obscure light in Apios, Brassica, Phalaris, Tropaeolum, and Cassia
—Aplieliotropio movements of tendrils of Bignonia—Of flowerpeduncles of Cyclamen — Burying of the pods—Heliotropism
and apheliotropism modified forms of circumnutation—Steps b y
winch one movement is converted into the other—Transversalheliotropismus or diaheliotropism, influenced by epinasty, t h e
weight of the part and apogeotropism—Apogeotropism overcome
during the middle of the day by diaheliotropism—Effects of t h e
weight of the blades of cotyledons—So-called diurnal sleep—Chlorophyll injured by intense light—Movements to avoid intense light,
v

SACHS first clearly pointed out the important difference between the action of light in modifying the
periodic movements of leaves, and in causing them to
bend towards its source.* The latter, or heliotropic
movements are determined by the direction of the light,
whilst periodic movements are affected by changes in
its intensity and not by its direction. The periodicity
of the circumnutating movement often continues for
some time in darkness, as we have seen in the last
chapter; whilst heliotropic bending ceases very quickly
when the light fails. Nevertheless, plants which have
ceased through long-continued darkness to move periodically, if re-exposed to the light are still, according
to Sachs, heliotropic.
Apheliotropism, or, as usually designated, negative
* ' Physiologie Veg.' (French Translation), 18G8, pp. 42, 517, &c.
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heliotropisin, implies that a plant, when unequally
illuminated on the two sides, bends from the light,
instead of, as in the last sub-class of cases, towards it;
but apheliotropism is comparatively rare, at least in a
well-marked degree. There is a third and large subclass of cases, namely, those of " Transversal-Heliotropismus " of Frank, which we will here call diaheliotropism. Parts of plants, under this influence, place
themselves more or less transversely to the direction
whence the light proceeds, and are thus fully illuminated. There is a fom'th sub-class, as far as the final
cause of the movement is concerned; for the leaves of
some plants when exposed to an intense and injurious
amount of light direct themselves, by rising or sinking
or twisting, so as to be less intensely illuminated.
Such movements have sometimes been called diurnal
sleep. If thought advisable, they might be called
paraheliotropic, and this term would correspond with
our other terms.
It will be shown in the present chapter that all the
movements included in these four sub-classes, consist of modified circumnutation. We do not pretend to
say that if a part of a plant, whilst still growing, did not
circumnutate—though such a supposition is most improbable—it could not bend towards the light; but, as
a matter of fact, heliotropism seems always to consist
of modified circumnutation. Any kind of movement
in relation to light will obviously be much facilitated
by each part circumnutating or bending successively
iu all directions, so that an already existing movement
has only to be increased in some one direction, and to
be lessened or stopped in the other directions, in order
that it should become heliotropic, apheliotropic, &c,
as the case' may be. In the next chapter some observations on the sensitiveness of plants to light, their
2 is 2
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rate of bending towards it, and the accuracy with,
which they point towards its source, &c, will be
given. Afterwards it will be shown—and this seems
to us a point of much interest—that sensitiveness to
light is sometimes confined to a small part of the
plant; and that this part when stimulated by light,
transmits an influence to distant parts, exciting them
to bend.
. Heliotropism. — When a plant which is strongly
heliotropic (and species differ much in this respect)
is exposed to a bright lateral light, it bends quickly
towards it, and the course pursued by the stem is
quite or nearly straight. But if the light is much
dimmed, or occasionally interrupted, or admitted in
m* 168
^
^ S ^ y oblique direction,
the course pursued is more or less
zigzag; and as we have seen and
shall again see, such zigzag movement results from the elongation or
drawing out of the ellipses, loops,
&c, which the plant would have described, if it had been illuminated
from above. On several occasions
Beta tulgans: circumnu- W6 Were much Struck With this fact,
tation of hypocotyl,, de- whilst observing the circumnutao n
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instance, two young seedlings of
dots. Figure reduced to Bet® vulgaris were placed m the middle
one-third of the original of a room with north-east windows, and
were kept covered up, except during
each observation which lasted for only a minute or. two; but the
result was that their hypocotyls bowed themselves to the side,
^vhence some light occasionally entered, in lines which were
scale
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only slightly zigzag. Although not a single ellipse was even
approximately formed, we inferred from the zigzag lines—and,
as it proved, correctly—that their hypocotyls were circumnutating, for on the following day these same seedlings were placed
in a completely darkened room, and were observed each time by
the aid of a small wax taper held almost
Fig. 169.
•directly above them, and their movements
were traced on a horizontal glass above;
and now their hypocotyls clearly circumnutated ( K g . 168, and K g . 39, formerly
given, p. 52); yet they moved a short
distance towards the side where the taper
was held up. If we look at these diagrams,
and suppose that the taper had been held
more on one side, and that the hypocotyls,
still circumnutating, had bent themselves
within the same time much more towards
the light, long zigzag lines would obviously have been the result.
Again, two seedlings of Solarium l.ycopersicum were illuminated from above,
but accidentally a little more light entered
on one than on any other side, and their
hypocotyls became slightly bowed towards
the brighter side; they moved in a zigzag
line and described in their course two little
triangles, as seen in K g . 37 (p. 50), and
in another tracing not given. The sheathlike cotyledons of Zea mays behaved, under
8ta.MI
nearly similar circumstances, in a nearly
similar manner, as described in our first
[
heliotropia
i
i ,
i
,
,
movement and circumchapter (p. 64), for they bowed themselves nutation of sheath-like
cotyledon (1J incli in
during the whole day towards one side,
making, however, in their course some height) traced on horizontal glass from 8 A.M.
conspicuous flexures. Before we knew
to 10.25 P.M. Oct. 16th.
how greatly ordinary circumnutation was
modified by a lateral light, some seedling oats, with rather old
and therefore not highly sensitive cotyledons, were placed in
front of a north-east window, towards which they bent all day in
a strongly zigzag course. On the following day they continued
to bend in the same direction (Kg. 169), but zigzagged much
less. The sky, however, became between 12.40 and 2.35 P.M.
A
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overcast •with extraordinarily dark thunder-clouds, and it w a s
interesting to note how plainly the cotyledons circumnutated
during this interval.
The foregoing observations are of s o m e
Fig. 170.
value, from having been made when we w e r e
not attending to heliotropism; and they l e d
us to experiment on several kinds of seedlings, by exposing them to a dim lateral l i g h t ,
so as to observe the gradations between
ordinary circumnutation and heliotropism.
Seedlings in pots were placed in front of,
and about a yard from, a north-east w i n d o w ;
on each side and over the pots black boards
et 00
I
were placed; in the rear the pots were open
^g.
to the diffused light of the room, w h i c h
had a second north-east and a north-west
•J ^
window. By hanging up one or more blinds
a©
before the window where the seedlings stood,
^-j
it was easy to dim the light, so that very
.5 o
little more entered on this side than on t h e
o opposite one, which received the diffused
¡5 -i
light of the room. Late in the evening t h e
^TS
blinds were successively removed, and as t h e
•g g
plants had been subjected during the day t o
cL.g
a very obscure light, they continued to bend
J?
towards the window later in the evening t h a n
o~
would otherwise have occurred. Most of t h e
g
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seedlings were selected because they were
known to be highly sensitive to light, a n d
some, because they were but little sensitive,
or had become so from having grown old.
The movements were traced in the u s u a l
manner on a horizontal glass cover; a fine
glass filament with little triangles of paper
having been cemented in an upright position
to the hypocotyls. Whenever the stem or
hypocotyl became much bowed towards t h e
light, the latter part of its course had to
be traced on a vertical glass, parallel to t h e
window, and at right angles to the horizontal
glass cover.
Jpios graveolens.—Tke hypocotyl bends in a few hours rectans

a
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gularly towards a bright lateral light. In order to ascertain
how straight a course it would pursue when fairly well illuminated on one side, seedlings were first placed before a south-west
window on a cloudy and rainy morning; and the movement of
two hypocotyls were traced for 3 h., during which time they
became greatly bowed towards the light. One of these tracings
is given on p. 422 (Pig. 170), and the course may be seen to be
almost straight. But the amount of light on this occasion was
superfluous, for two seedlings were placed before a north-east
window, protected by an ordinary linen and two muslin blinds,
yet their hypocotyls moved towards this rather -dim light in
only slightly zigzag lines; but after 4 P.M., as the light waned,
the lines became distinctly zigzag. Ono of these seedlings,
moreover, described in the afternoon an ellipse of considerable
size, with its longer axis directed towards the window.
W e now determined that the light should be made dim
enough, so we began by exposing several seedlings before a
north-east window, protected by one linen blind, three muslin
blinds, and a towel. But so little light entered that a pencil
cast no perceptible shadow on a white card, and the hypocotyls
did not bend at all towards the window. During this time,
from 8.15 to 10.50 A.M., the hypocotyls zigzagged or circumnutated near the same spot, as may be seen at A, in Fig. 171.
The towel, therefore, was removed at 10.50 A.M., and replaced
by two muslin blinds, and now the light passed through
one ordinary linen and four muslin blinds. When a pencil
was held upright on a card close to the seedlings, it cast a
shadow (pointing from the window) which could only just
be distinguished. Yet this very slight excess of light on
one side sufficed to cause the hypocotyls of all the seedlings
immediately to begin bending in zigzag lines towards the
window. The course of one is shown at A (Fig. 171): after
moving towards the window from 10.50 A.M. to 12.48 P.M. it
bent from the window, and then returned in a nearly parallel
line; that is, it almost completed between 12.48 and 2 P.M.
a narrow ellipse. Late in the evening, as the light waned,
the hypocotyl ceased to bend towards the window, and circumnutated on a small scale round the same spot; during the night
it moved considerably backwards, that is, became more upright,
through the action of apogeotropism. At B, we have a tracing
of the movements of another seedling from the hour (10.50 A.M.)
when the towel was removed; and it is in all essential respects
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similar to the previous one. In these two cases there could b e
no doubt that the ordinary circumnutating movement of t h e
hypocotyl was modified and rendered heliotropic.
Fig. 171.
5"S3'

.

Apios grareolcns: heliotropic movement and circumnutation of the hypocotyls of two seedlings towards a dim lateral light, traced on a horizontal
glass during the day. The broken lines show their return nocturnal
courses. Height of hypocotyl of A -5, and of B '55 inch. Figure reduced
to one-half of original scale.

Brassica oleracea.—The hypocotyl of the cabbage, when not"
disturbed by a lateral light, circumnutates in a complicated
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manner over nearly the same space, and a figure formerly given
i s here reproduced (Pig. 172). If the hypocotyl is exposed to
a moderately strong lateral light it moves quickly towards this
side, travelling in a straight, or nearly straight, line. But when
the lateral light is very dim its course is extremely tortuous, and
evidently consists of modified circumnutation. Seedlings were
placed before a north-east window, protected by a linen and
muslin blind and by a towel. The sky was cloudy, and whenever the clouds grew a little lighter an additional muslin blind
was temporarily suspended. The light from the window was
Fig. .172.

JBrassica oJeracea: ordinary circumnutating movement of the hypocotyl of
a seedling plant.

thus so much obscured that, judging by the unassisted eye, the
seedlings appeared to receive more light from the interior
of the room than from the window; but this was not really
the case, as was shown by a very faint shadow cast by a pencil
on a card. Nevertheless, this extremely small excess of light
o n one side caused the hypocotyls, which in the morning had
stood upright, to bend at right angles towards the window,
so that in the evening (after 4.23 P.M.) their course had to be
traced on a vertical glass parallel to the window. It should be
stated that at 3.30 P.M., by which time the sky had become
darker, the towel was removed and replaced by an additionalmuslin blind, which itself was removed at 4 P.M., the other two
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blinds being left suspended. In Fig. 173 the course pursued,
between 8.9 A.M. and 7.10 P.M., by one of the hypocotyls thus
Fig. 173.

Brassica oleracea: heliotropic movement and circumnutation of a hypocotyl
towards a very dim lateral light, traced during 11 hours, on a horizontal
glass in the morning, and on a vertical glass in the evening. Figure
reduced to one-third of the original scale.

exposed is shown. It may be observed that during the first
16 m. the hypocotyl moved obliquely from the light, and t h i s ,
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no doubt, was due to its then circumnutating in this direction.
Similar cases were repeatedly observed, and a dim light rarely
or never produced any effect until from a quarter to threequarters of an hour had elapsed. After 5.15 P.M., by which
time the light had become
obscure, the hypocotyl
began to circumnutate
about the same spot. The
.contrast between the two
figures (172 and 173)
would have been more
striking, if they had been
originally drawn on the
same scale, and had been
equally reduced. But the
movements shown in Fig.
172 were at first more magnified, and have been reduced to only one-half of
the original scale; whereas
those in Fig. 173 were at
first less magnified, and
have been reduced to a
one-third scale. A tracing
made at the same time
with the last of the
movements of a second
hypocotyl, presented a
closely analogous appearance ; but it did not bend
quite so much towards the
light, and it circumnutated rather more plainly. Phalaris Canariensis: heliotropio movement
and circumnutation of a rather old coty-

Ehalaris Canariensis.—
ledon, towards a dull lateral light, traced
The sheath-like cotyledons on a horizontal glass from 8.15 A . M . Sept.
16th to 7.45 A . M . 17th. Figure reduced
of this monocotyledonous
to one-third of original scale.
plant were selected for
trial, because they are very sensitive to light and circumnutate
well, as formerly shown (see Fig. 49, p. 63). Although we felt
no doubt about the result, some seedlings were first placed
before a south-west window on a moderately bright morning, and
the movements of one were traced. As is so common, it moved
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for the first 45 m. in a zigzag line; it then felt the full influence
of the light, and travelled towards it for the next 2 h. 30 m. in a n
almost straight line. The tracing has not been given, as it w a s
almost identical with that · of Apios under similar circumstances (Fig. 170). By noon it had bowed itself to its full
extent; it then circumnutated about the same spot and described
two ellipses; by 5 P.M. it had retreated considerably from the
light, through the action of apogeotropism. After some preliminary trials for ascertaining the right degree of obscurity,
some seedlings were placed (Sept. 16th) before a north-east
window, and light was admitted through an ordinary linen
and three muslin blinds. A pencil held close by the pot now
cast a very faint shadow on a white card, pointing from t h e
window. In the evening, at 4.30, and again at 6 P.M., some of
the blinds were removed. In Fig. 174 we see the course pursued
under these circumstances by a rather old and not very sensitive
cotyledon, 1*9 inch in height, which became much bowed,
but was never rectangularly bent towards the light.
From
11 A.M., when the sky became rather duller, until 6.30 P.M., the
zigzagging was conspicuous, and evidently consisted of drawnout ellipses. After 6.30 P.M. and during the night, it retreated
in a crooked line from the window. Another and younger seedling moved during the same time much more quickly and to a
much greater distance, in an only slightly zigzag line towards
the light; by 11 A.M. it was bent almost rectangularly in this
direction, and now circumnutated about the same place.
Tropceolum majus.—Some very young seedlings, bearing only
two leaves, and therefore not as yet arrived at the climbing
stage of growth, were first tried before a north-east window
without any blind. The epicotyls bowed themselves towards
the light so rapidly that in little more than 3 h. their tips
pointed rectangularly towards it. The lines traced were either
nearly straight or slightly zigzag; and in this latter case w e
see that a trace of circumnutation was retained even under the
influence of a moderately bright light. Twice whilst these
epicotyls were bending towards the window, dots were made
every 5 or 6 minutes, in order to detect any trace of lateral
movement, but there was hardly any; and the lines formed b y
their junction were nearly straight, or only very slightly zigzag,
as in the other parts of the figures. After the epicotyls had
bowed themselves to the full extent towards the light, ellipses
of considerable size were described in the usual manner.

IRIS - LILLIAD - Université Lille 1

After having seen how the epicotyls moved towards a moderately bright light, seedlings were placed at 7.48 A.M. (Sept. 7th)
before a north-east window, covered by a towel, and shortly
afterwards by an ordinary linen blind, but the epicotyls still
moved towards the window. At 9.13 A.M. two additional muslin
blinds were suspended, so that the seedlings received very little
more light from the window than from the interior of the room.
The sky varied in brightness, and the seedlings occasionally
Fig. 175.

Vjs'a.m*
Tropceolum majns: heliotropic movement and ciroumnutation of theepicotyl
of a young seedling towards a dull lateral light, traced on a horizontal
glass from 7.48 A.M. to 10.40 P.M. Figure reduced to one-half of the
original scale.

received for a short time less light from the window than from
the opposite side (as ascertained by the shadow cast), and then
one of the blinds was temporarily removed. In the evening
the blinds were taken away, one by one. The course pursued
by an epicotyl under these circumstances is shown in K g . 175.
During the whole day, until 6.45 P.M., it plainly bowed itself
towards the light; and the tip moved over a considerable space.
After 6.45 P.M. it moved backwards, or from the window, till
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10.40 P.M., when the last dot was made. Here, then, we have
a distinct heliotropic movement, effected by means of s i s
elongated figures (which if dots had been made every few
minutes would have been more or less elliptic) directed towards
the light, with the apex of each successive ellipse nearer to the window
than the previous one. Now, if the
light had been only a little brighter,
the epicotyl would have bowed itself
more to the light, as we may safely
- oonclude from the previous trials;
there would also havo been less
lateral movement, and the ellipses or
other figures would have been drawn
out into a strongly marked zigzag
line, with probably one or two small
loops still formed. If the light had
been much brighter, we should have
had a slightly zigzag line, or one
quite straight, for there would have
been more movement in the direction of the light, and much less from
side to side.
Sachs states that the older internodes of this Tropaeolum are apheliotopic; we therefore placed a
plant, l i t inches high, in a box,
blackened within, but open on one
side in front of a north-east window
Tropmolum majus: heliotropic without any blind. A filament was
movement and circumnuta- fixed to the third internode from
tiou of an old internode towards a lateral light, traced the summit on one plant, and to
on a horizontal glass from 8 the fourth internode of another.
A.M. Nov. 2nd to 10.20 A.M. These internodes were either not
Nov. 4th. Broken lines show
old enough, or the light was not sufthe nocturnal course.
ficiently bright, to induce apheliotropism, for both plants bent slowly towards, instead of from
the window during four days. The course, during two da) s of
tho first-mentioned internode, is given in Fig. 176 ; and we see
that it either circumnutated on a small scale, or travelled in a
zigzag line towards the light. We have thought this case .of
feoble heliotropism in one of the older internodes of a plant,
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which, whilst young, is so extremely sensitive to light, worth
giving.
Cassia torn. — The cotyledons of this plant are extremely
sensitive to light, whilst the
hypocotyls are much less
S- e^mST*
sensitive than those of most
other seedlings, as we had
often observed with surprise.
It seemed therefore worth
while to trace their movements. They were exposed
to a lateral light before a
north-east window, which
was at first covered merely
by a muslin blind, but as
the sky grew brighter about
11 A.M., an additional linen
blind was suspended. After
4 P.M. one blind and then the
other was removed. The
seedlings were protected on
•o°io'j3.m7?>
each side and above, but were
open to the diffused light
of the room in the rear. Upright filaments were fixed to
the hypocotyls of two seedlings, which stood vertically
i n the morning. The accompanying figure (Pig. 177)
shows the course pursued by
one of them during two days;
but it should be particularly
7f
noticed that during the
second day the seedlings were *WJ"?V
kept in darkness, and they Cassia tora: heliotropic movement aud
circumnutation of a hypocotyl (1J
then circumnutated round
inch in height) traced on a horizontal
nearly the same small spaee.
glass from 8 A.M. to 10.10 P.M. Oct.
7th.
Also its circumnutation in
On the first day (Oct. 7th)
darkness from 7 A.M. Oct. 8th to 7.45
the hypocotyl moved from
A.M. Oct. 9th.
8 A.M. to 12.23 P.M., toward
the light in a zigzag line, then turned abruptly to the left
and afterwards described a small ellipse. Another irregular
B
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ellipse was completed between 3 P.M. and about 5.30 P.M.,
the hypocotyl still bending towards the light. The hypocotyl
was straight and upright in the morning, but by 6 P.M. its upper half was
bowed towards the light, so that the
chord of the arc thus formed stood at
an angle of 20° with the perpendicular.
After 6 P.M. its course was reversed
through the action of apogeotropism,
and it continued to bend from the
window during the night, as shown b y
the broken line, On the next day it
was kept in the dark (excepting when
each observation was made by the aid
of a taper), and the course followed
from 7 A.M. on the 8th to 7.45 A.M. o n
the 9th is here likewise shown. The
difference between the two parts of the
figure (177), namely, that described
during the daytime on the 7th, when
exposed to a rather dim lateral light,
and that on the 8th in darkness, i s
striking. The difference consists in the
lines during the first day having been
drawn out in the direction of the light.
The movements of the other seedling,
traced under the same circumstances,
were closely similar.
Apheliotropism..—We succeeded i n
observing only two cases of apheliotropism, for these are somewhat rare;
and the movements are generally so
slow that they would have been very
Bignonia oapreolata: apheliotropic movement of a troublesome to trace.
tendril, traced on a hori-'
Bignonia capreolata.—No organ of
zontal glass from 6.45 any plant, as far as we have seen, bends
A.M. July 19th to 10 A.M.
20th.
Movements
as away so quickly from the light as do
They
originally traced, little the tendrils of this Bignonia.
magnified, here reduced are also remarkable from circumto two-thirds of the
nutating much less regularly than
original scale.
most other tendrils, often remaining
stationary; they dopend on apheliotropism for coming into
1 7 g
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contact with the trunks of trees.* The stem of a young plant
was tied to a stick at the base of a pair of fine tendrils, which
projected almost vertically upwards; and it was placed in
front of a north-east window, being protected on all other sides
from the light. The first dot was made at 6.45 A.M., and by
7.35 A.M. both tendrils felt the full influence of the light, for
they moved straight away from it until 9.20 A.M., when they
circumnutated for a time, still moving, but only a little, from
the light (see Fig. 178 of the left-hand tendril). After 3 P.M:
they again moved rapidly away from the light in zigzag lines.
By a late hour in the evening both had moved so far, that
they pointed in a direct line from the light. During the night
they returned a little in a nearly opposite direction. On the
following morning they again moved from the light and converged, so that by the evening they had become interlocked,
still pointing from the light. The right-hand tendril, whilst
converging, zigzagged much more than the one figured. Both
tracings showed that the apheliotropic movement was a modified form of circumnutation.
Cyclamen Persicum.—Whilst this plant is in flower the peduncles
stand upright, but their uppermost part is hooked so that the
flower itself hangs downwards. As soon as the pods begin to
swell, the peduncles increase much in length and slowly curve
downwards, but the short, upper, hooked part straightens itself.
Ultimately the pods reach the ground, and if this is covered
with moss or dead leaves, they bury themselves. We have often
seen saucer-like depressions formed by the pods in damp sand
or sawdust; and one pod (*3 of inch in diameter) buried itself
in sawdust for three-quarters of its length, f We shall have
occasion hereafter to consider the object gained by this burying
process. The peduncles can change the direction of their curvature, for if a pot, with plants having their peduncles already
bowed downwards, be placed horizontally, they slowly bend
at right angles to their former direction towards the centre of
the earth. We therefore at first attributed the movement to
geotropism; but a pot which had lain horizontally with the pods
* ' T h e Movements and Habits
of Climbing Plants,' 1875, p. 97.
t T h e peduncles of several
other species of Cyclamen twist
themselves into a spire, and according to Erasmus Darwin, (' Bo-

tanic Garden,' Canto., iii. p. 126),
the pods forcibly penetrate the
earth.
See also Grenier and
Godron, 'Florede France,' torn. ii.
p. 459.

2

IRIS - LILLIAD - Université Lille 1

F

all pointing to the ground, was reversed, being still kept horizontal, so that the pods now pointed directly upwards; it w a s
then placed in a dark cupboard, but the pods still pointed u p wards after four days and nights. The pot, in the same position,
was next brought back into the light, and after two days there
was some bending downwards of the peduncles, and on the fourth
day two of them pointed to the centre of the earth, as did t h e
others after an additional day or two. Another plant, in a pot
which had always stood upright, was left in the dark cupboard
for six days; it bore 3 peduncles, and only one became within this
Fig. 179.

9

Cyclamen Persicum: downward apheliotropic movement of a flower-peduncle,
greatly magnified (about 47 times ?), traced on a horizontal glass from
1 P.M. Feb. 18th to 8 A.M. 21st.

time at all bowed downwards, and that doubtfully. The weight,
therefore, of the pods is not the cause of the bending down.
This pot was then brought back into the light, and after three
days the peduncles were considerably bowed downwards. W e
are thus led to infer that the downward curvature is due to
apheliotropism; though more trials ought to have been made.
In order to observe the nature of this movement, a peduncle
bearing a large pod which had reached and rested on the
ground, was lifted a little up and secured to a stick. A filament
was fixed across the pod with a mark beneath, and its move-
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merit, greatly magnified, was traced on a horizontal glass during
67 h. The plant was illuminated during the day from above. A
copy of the tracing is given on p. 434 (Pig. 179); and there can
be no doubt that the descending movement is one of modified
circumnutation, but on an extremely small scale. The observation was repeated on another pod, which had partially buried
itself in sawdust, and which was lifted up a quarter of an inch
above the surface; it described three very small circles in 24 h.
Considering the great length and thinness of the peduncles
and the lightness of the pods, we may conclude that they
would not be able to excavate saucer-like depressions in sand
or sawdust, or bury themselves in moss, &c, unless they were
aided by their continued rocking or circumnutating movement.

Relation between Circumnutatwn and Heliotropism.—
Any one who will look at the foregoing diagrams,
showing the movements of the stems of various plants
towards a lateral and more or less dimmed light, will
be forced to admit that ordinary circumnutation and
heliotropism graduate into one another. When a
plant is exposed to a dim lateral light and continues
during the whole day bending towards it, receding
late in the evening, the movement unquestionably is
one of heliotropism. Now, in the case of Tropseolum
(Fig. 175) the stem or epicotyl obviously circumnutated during the whole day, and yet it continued at
the same time to move heliotropically; this latter
movement being effected by the apex of each successive elongated figure or ellipse standing nearer to
the light than the previous one. In the case of
Cassia (Fig. 177) the comparison of the movement of
the hypocotyl, when exposed to a dim lateral light and
to darkness, is very instructive; as is that between
the ordinary circumnutating movement of a seedling
Brassica (Figs. 172, 173), or that of Phalaris (Figs.
49, 174), and their heliotropic movement towards a
window protected by blinds. In both these cases,
2
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and in many others, it was interesting to notice how
gradually the stems began to circumnutate as the
light waned in the evening. We have therefore many
kinds of gradations from a movement towards the light,
which must be considered as one of circumnutation
very slightly modified and still consisting of ellipses
or circles,—though a movement more or less strongly
zigzag, with loops or ellipses occasionally formed,—to
a nearly straight, or even quite straight, heliotropic
course.
A plant, when exposed to a lateral light, though
this may be bright, commonly moves at first in a
zigzag line, or even directly from the light; and
this no doubt is due to its circumnutating at the
time in a direction either opposite to the source of
the light, or more or less transversely to it. As soon,
however, as the direction of the circumnutating movement nearly coincides with that of the entering light,
the plant bends in a straight course towards the light,
if this is bright. The course appears to be rendered
more and more rapid and rectilinear, in accordance with
the degree of brightness of the light—firstly, by the
longer axes of the elliptical figures, which the plant
continues to describe as long as the light remains very
dim, being directed more or less accurately towards
its source, and by each successive ellipse being described nearer to the light. Secondly, if the light
is only somewhat dimmed, by the acceleration and
increase of the- movement towards it, and by the
retardation or arrestment of that from the light, some
lateral movement being still retained, for the light
will interfere less with a movement at right angles
to its direction, than with one in its own direction.*
* In his paper, 'TJeber ortliotrope und plagiotrope Pfianzen-

theile' ('Arbeiten des Bot. Inst,
in Wiirzburg,' Band ii. Heft ii.
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The result is that the course is rendered more or less
zigzag and unequal in rate. Lastly, when the light
is very bright all lateral movement is lost; and the
whole energy of the plant is expended in rendering
the circumnutating movement rectilinear and rapid in
one direction alone, namely, towards the light.
The common view seems to be that heliotropism is
a quite distinct kind of movement from circumnutation; and it may be urged that in the foregoing
diagrams we see heliotropism merely combined with,
or superimposed on, circumnutation. But if so, it must
be assumed that a bright lateral light completely
stop's circumnutation, for a plant thus exposed moves
in a straight line towards it, without describing any
ellipses or circles. If the light be somewhat obscured,
though amply sufficient to cause the plant to bend
towards it, we have more or less plain evidence of stillcontinued circumnutation. It must further be assumed
that it is only a lateral light which has this extraordinary power of stopping circumnutation, for we know
that the several plants above experimented on, and
all the others which were observed by us whilst growing, continue to circumnutate, however bright the light
may be, if it comes from above. Nor should it be
forgotten that in the life of each plant, circumnutation precedes heliotropism, for hypocotyls, epicotyls,
and petioles circumnutate before they have broken
through the ground and have ever felt the influence of
light.
• We are therefore fully justified, as it seems to us, in
believing that whenever light enters laterally, it is the
1879), Sachs has discussed the
manner in which geotropism and
heliotropism are affected' by differences in the a.ngles at which

the organs of plants stand with
respect to the direction of the
incident force,
. .
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movement of circumnutation which gives rise to, or is
converted into, heliotropism and apheliotropism. On
this view we need not assume against all analogy that
a lateral light entirely stops circumnutation; it merely
excites the plant to modify its movement for a time
in a beneficial manner. The existence of every possible gradation, between a straight course towards a
lateral light and a course consisting of a series of loops
or ellipses, becomes perfectly intelligible. Finally,
the conversion of circumnutation into heliotropism or
apheliotropism, is closely analogous to what takes place
with sleeping plants, which during the daytime describe one or more ellipses, often moving in zigzag lines
and making little loops; for when they begin in the
evening to go to sleep, they likewise expend all their
energy in rendering their course rectilinear and rapid.
In the case of sleep-movements, the exciting or regulating cause is a difference in the intensity of the
light, coming from above, at different periods of the
twenty-four hours; whilst with heliotropic and apheliotropic movements, it is a difference in the intensity
of the light on the two sides of the plant.
Transversal-heliotropismus (of Frank *) or Diaheliotropism.—The cause of leaves placing themselves
more or less transversely to the light, with their
upper surfaces directed towards it, has been of late
the subject of much controversy. We do not here
refer to the object of the movement, which no doubt
is that their upper surfaces may be fully illuminated,
but the means by which this position is gained.
Hardly a better or more simple instance can be given
* ' Die natürliche Wagereohte
Richtung von Pflanzentheilen,'
1870 See also some interesting
articles by the same author, " Zur

Frage über Transversal-Geo-und
Heliotropismus," ' Bot. Zeitung,'
1873, p. 17 et seq.
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of diaheliotropism than that offered by many seedlings, the cotyledons of which are extended horizontally. When they first burst from their seed-coats
they are in contact and stand in various positions,
often vertically upwards; they soon diverge, and this
is. effected by epinasty, which, as we have seen, is a
modified form of circumnutation. After they have
diverged to their full extent, they retain nearly the
same position,, though brightly illuminated all day
long from above, with their lower surfaces close to the
ground and thus much shaded. There is therefore a
great contrast in the degree of illumination of their
upper and lower surfaces, and if they were heliotropic
they would bend quickly upwards. It must not, however, be supposed that such cotyledons are immovably
fixed in a horizontal position. When seedlings are
exposed before a window, their hypocotyls, which are
highly heliotropic, bend quickly towards it, and the
upper surfaces of their cotyledons still remain exposed at right angles to the light; but if the hypo-'
cotyl is secured so that it cannot bend, the cotyledons
themselves change their position. If the two are
placed in the line of the entering light, the one
furthest from it rises up and that nearest to it often
sinks down; if placed transversely to the light, they
twist a little laterally; so that in every case they
endeavour to place their upper surfaces at right angles
to the light. So it notoriously is with the leaves on
plants nailed against a wall, or grown in front of a
window. A moderate amount of light suffices to induce such movements; all that is necessary is that the
light should steadily strike the plants in an oblique
direction. With respect to the above twisting movement of cotyledons, Frank has given many and much
more striking instances in the case of the leaves on
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branches which had been fastened in various positions
or turned upside down.
In our observations on the cotyledons of seedling
plants, we often felt surprise at their persistent horizontal position during the day, and were convinced
before .we had read Frank's essay, that some special
explanation was necessary. De Vries has shown*
that the more or less horizontal position of leaves is
in most cases influenced by epinasty, by their own
weight, and by apogeotropism. A young cotyledon
or leaf after bursting free is brought down into its
proper position, as already remarked, by epinasty,
which, according to De Yries, long continues to act
on the midribs and petioles. Weight can hardly be
influential in the case of cotyledons, except in a few
cases presently to be mentioned, but must be so with
large and thick leaves. With respect to apogeotropism,
De Vries maintains that it generally comes into play,
and of this fact we shall presently advance some
indirect evidence. But over these and other constant
forces we believe that there is in many cases, but we
do not say in all, a preponderant tendency in leaves
and cotyledons to place themselves more or less transversely with respect to the light.
In the cases above alluded to of seedlings exposed
to a lateral light with their hypocotyls secured, it is
impossible that epinasty, weight and apogeotropism,
either, in opposition or combined, can be the cause of
the rising of one cotyledon, and of the sinking of the
other, since the forces in question act equally on both;
and since epinasty, weight and apogeotropism all act
in a vertical plane, they cannot cause the twisting of
the petioles, which occurs in seedlings under the
* ' Arbeiten des Bot. Instituta in Wiirzburg,'. Heft, ii. 1872, pp.
223-277.
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above conditions of illumination. All these movements
evidently depend in some manner on the obliquity of
the light, but cannot be called heliotropic, as this
implies bending towards the light ; whereas the cotyledon nearest to the light bends in an opposed direction or downwards, and both place themselves as nearly
as possible at right angles to the light. The movement, therefore, deserves a distinct name. As cotyledons and leaves are continually oscillating up and
down, and yet retain all day long their proper position
with their upper surfaces directed transversely to the
light, and if displaced reassume this position, diaheliotropism must be considered as a modified form of
circumnutation. This was often evident when the
movements of cotyledons standing in front of a window
were traced. We see something analogous in the case
of sleeping leaves or cotyledons, which after oscillating
up and down during the whole day, rise into a vertical
position late in the evening, and on the following
morning sink down again into their horizontal or diaheliotropic position, in direct opposition to heliotropism. This return into their diurnal position, which
often requires an angular movement of 90°, is analogous to thè movement of leaves on displaced branches,
which recover their former positions. It deserves
notice that any force such as apogeotropism, will act
with different degrees of power* in the different positions of those leaves or cotyledons which oscillate
largely up and down during the day; and yet they
recover their horizontal or diaheliotropic position.
We may therefore conclude that diaheliotropic
movements cannot be fully explained by the direct
action of light, gravitation, weight, &c, any more
* See former note, in reference to Sachs' remarks on this subjeot.
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than can the nyctitropic movements of cotyledons
and leaves. In the latter case they place themselves
so that their upper surfaces may radiate at night
as little as possible into open space, with the upper
surfaces of the opposite leaflets often in contact. These
movements, which are sometimes extremely complex,
are regulated, though not directly caused, by the alternations of light and darkness. In the case of diaheliotropism, cotyledons and leaves place themselves so
that their upper surfaces may be exposed to the light,
and this movement is regulated, though not directly
caused, by.the direction whence the light proceeds. In
both cases the movement consists of circumnutation
modified by innate or constitutional causes, in the
same manner as with climbing plants, the circumnutation of which is increased in amplitude and rendered
more circular, or again with very young cotyledons
and leaves which are thus brought down into a horizontal position by epinasty.
We have hitherto referred only to those leaves and
cotyledons which occupy a permanently horizontal
position; but many stand more or less obliquely, and
some few upright. The cause of these differences of
position is not known; but in accordance with Wiesner's
views, hereafter to be given, it is probable that some
leaves and cotyledons would suffer, if they were fully
illuminated by standing at right angles to the light.
We have seen in the second and fourth chapters
that those cotyledons and leaves which do not alter
their positions at night sufficiently to be said to sleep,
commonly rise a little in the evening and fall again
on the next morning, so that they stand during the
night at a rather higher inclination than during the
middle of the day. It is incredible that a rising
movement of 2° or 3°, or even of 10° or 20°, can be of
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any service to the plant, so as to have been specially
acquired. It must be the result of some periodical
change in the conditions to which they are subjected,
and there can hardly be a doubt that this is the daily
alternations of light and darkness. De Vries states in
the paper before referred to, that most petioles and
midribs are apogeotropic ;* and apogeotropism would
account for the above rising movement, which is common to so many widely distinct species, if we suppose it
to be conquered by diaheliotropism during the middle
of the day, as long as it is of importance to the plant
that its cotyledons and leaves should be fully exposed
to the light. The exact hour in the afternoon at which
they begin to bend slightly upwards, and the extent of
the movement, will depend on their degree of sensitiveness to gravitation and on their power of resisting its action during the middle of the day, as well as
on the amplitude of their ordinary circumnutating
movements; and as these qualities differ much in different species, we might expect that the hour in the
afternoon at which they begin to rise would differ
much in different species, as is the case. Some other
agency, however, besides apogeotropism, must come
into play, either directly or indirectly, in this upward
movement. Thus a young bean (Vicia faba), growing
in a small pot, was placed in front of a window in a
klinostat; and at night the leaves rose a little, although
* According to Prank (' Die
nat. Wagerechte Eichtung von
Pflanzentheilen,' 1870, p. 46) the
root-leaves of many plants, kept
in darkness, rise up and even become vertical ; and so it is in some
cases with shoots. (See Bauwenhoff, ' Archives Néerlandaises,'
torn. xii. p. 32.) These movements
indicate apogeotropism ; but when

organs have been long kept in the
dark, the amount of water and of
mineral matter which they contain is so much altered, and their
regular growth is so much disturbed, that it is perhaps rash to
infer from their movements what
would occur under normal conditions. (See G-odlewski, 'Bot.
Zeitung,' Peb. 14th, 1879.)
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the action of apogeotropism was quite eliminated.
Nevertheless, they did not rise nearly so much at
night, as when subjected to apogeotropism.
Is it
not possible, or even probable, that leaves and cotyledons, which have moved upwards in the evening
through the action of apogeotropism during countless
generations, may inherit a tendency to this movement ?
We have seen that the hypocotyls of several Leguminous plants have from a remote period inherited a
tendency to arch themselves; and we know that the
sleep-movements of leaves are to a certain extent
inherited, independently of the alternations of light
and darkness.
In our observations on the circumnutation of those
cotyledons and leaves which do not sleep at night, we
met with hardly any distinct cases of their sinking
a little in the evening, and rising again in the morning,—that is, of movements the reverse of-those just
discussed. We have no doubt that such cases occur,
inasmuch as the leaves of many plants sleep by
sinking vertically downwards. How to account for the
few cases which were observed must be left doubtful.
The young leaves of Cannabis sativa sink at night
between 30° and 40° beneath the horizon; and Eraus
attributes this to epinasty in conjunction with the
absorption of water. Whenever epinastic growth is
vigorous, it might conquer diaheliotropism in the
evening, at which time it would be of no importance to the plant to keep its leaves horizontal.
The cotyledons of Anoda Wriglitii, of one variety of
Gossypium, and of several species of Ipomoea, remain
horizontal in the evening whilst they are very young;
as they grow a little older they curve a little downwards, and when large and heavy sink so much that
they come under our definition of sleep. In the case of
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the Anoda and of some species of Ipomcea, it was proved
that the downward movement did not depend on the
weight of the cotyledons; but from the fact of the movement being so much more strongly pronounced after
the cotyledons have grown large and heavy, we may
suspect that their weight aboriginally played some part
in determining that the modification of the circumnutating movement should be in a downward direction.
The so-called Diurnal Sleep of Leaves, or Paraheliotropism.—This is another class of movements, dependent
on the action of light, which supports to some extent
the belief that the movements above described are
only indirectly due to its action. We refer to the
movements of leaves and cotyledons which when
moderately illuminated are diaheliotropic; but which
change their positions and present their edges to the
light, when the sun shines brightly on them. These
movements have sometimes been called diurnal sleep;
but they differ wholly with respect to the objec
gained from those properly called nyctitropic; and in
some cases the position occupied during the day is the
reverse of that during the night.
It has long been known* that when the sun shines brightly
on the leaflets of Eobinia, they rise up and present their edges
to the light; whilst their position at night is vertically downwards. We have observed the same • movement, when the
sun shone brightly on the leaflets of an Australian Acacia.
Those of Amphicarpcea monoica turned their edges to the sun;
and an analogous movement of the little almost rudimentary
basal leaflets of Mimosa albida was on one occasion so rapid that
it could be distinctly seen through a lens. The elongated, unifoliate, first leaves of Phaseolus Roxburgh™ stood at 7 A.M. at 20°
above the horizon, and no doubt they afterwards sank a little
lower. At noon, after having been exposed for about 2 h, to
> * Pfeffer gives the names and dutes of several ancient writers in his
' D i e Periodischen Bewegungen,' 1875, p. 62,
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a bright sun, they stood at 56° above the horizon; they were
then protected from the rays of the sun, but were left w e l l
illuminated from above, and after 30 m. they had fallen 40°, for
they now stood at only 16° above the horizon. Some y o u n g
plants of Phaseolus Hernande&ii had been exposed to the. s a m e
bright sunlight, and their broad, unifoliate, first leaves n o w
stood up almost or quite vertically, as did many of the leaflets
on the trifoliate secondary leaves; but some of the leaflets had
twisted round on their own axes by as much as 90° w i t h o u t
rising, so as to present their edges to the sun. The leaflets on
the same leaf sometimes behaved in these two different maimers,
but always with the result of being less intensely illmninated.
These plants were then protected from the sun, and were looked
at after 11 h.; and now all the leaves and leaflets had reassumed their ordinary sub-horizontal positions. The coppercoloured cotyledons of some seedlings of Cassia mimosoides were
horizontal in the morning, but after the sun had shone o n
them, each had risen 454° above the horizon. The movement
in these several cases must not be confounded with the sudden
closing of the leaflets of Mimosa pudica, which may sometimes
be noticed when a plant which has been kept in an obscure
place is suddenly exposed to the sun ; for in this case the light
seems to act, as if it were a touch.
From Prof. Wiesner's interesting observations, it is probable
that the above movements have been acquired for a special
purpose. The chlorophyll in leaves is often injured by too
intense a light, and Prof. Wiesner* believes that it is protected
by the most diversified means, such as the presence of hairs,
colouring matter, &c, and amongst other means by the leaves
presenting their edges to the sun, so that the blades t h e n
receive much less light. He experimented on the young leaflets
of Rebinia, by fixing them in such a position that they could
not escape being intensely illuminated, whilst others were
allowed to place themselves obliquely; and the former began t o
suffer from the light in the course of two days.
In the cases above given, the leaflets move either upwards
* ' D i e Natürlichen Einriebtungen zum Schutze des Chlorophylls,' &c, 1876. Pringsheim
has recently observed under the
microscope the destruction of
chlorophyll in a few minutes by

the action of
from the sun,
oxygen. See,
protection of
intense light,
1880.
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concentrated l i g h t
i n the presence of
also, Stahl on t h e
chlorophyll from
in 'Bot. Zeitung,'

or twist laterally, so as to place their edges in the direction of the
sun's light; but Cohn long ago observed that the leaflets of
Oxalis bend downwards when fully exposed to the sun. We
•witnessed a striking instance of this movement in the very
large leaflets of 0. Ortegesii. A similar movement may frequently be observed with the leaflets of Averrhoa hiliinbi (a
member of the Oxalidse); and a leaf is here represented (Fig.
180) on which the sun had shone. A diagram (Fig. 134) was
given in the last chapter, representing the oscillations by which
a leaflet rapidly descended under these circumstances; and the
movement may be seen closely to resemble that (Fig. 133) by
Fig. 180.

Averrhoa bilimbi: leaf with leaflets depressed after exposure to sunshine;
but the leaflets are sometimes more depressed than is here shown.
Figure much reduced.

which it assumed its nocturnal position. It is an interesting
fact in relation to our present subject that, as Prof. Batalin
informs us in a letter, dated February, 1879, the leaflets of
Oxalis acetosetta may be daily exposed to the sun during many
weeks, and they do not suffer if they are allowed to depress
themselves; but if this be prevented, they lose their colour and
wither in two or three days. Yet the duration of a leaf is about
two months, when subjected only to diffused light; and in this
case the leaflets never sink downwards during the day.

As the upward movements of the leaflets of Kobinia,
and the downward movements of those of Oxalis, have
been proved to be highly beneficial to these plants
when subjected to bright sunshine, it seems probable
that they have been acquired for the special purpose
of avoiding too intense an illumination. As it would
have been very troublesome in all the above cases to
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have watched for a fitting opportunity and to have
traced the movement of the leaves whilst they were
fully exposed to the sunshine, we did not ascertain
whether paraheliotropism always consisted of modified circumnutation; but this certainly was the case
with the Averrhoa, and probably with the other species,
as their leaves were continually circumnutating.
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CHAPTEK IX.
SENSITIVENESS OP PLANTS TO LIGHT: ITS TRANSMITTED EFFECTS.
Uses of heliotropism—Insectivorous and climbing plants not heliotropio
—Same organ heliotropic at one age and not at another—Extraordinary sensitiveness of some plants to light—The effects of light do
not correspond with its intensity—Effects of previous illumination
—Time required for the action of light—After-effects of light—
Apogeotropism acts as soon as light fails—Accuracy with which
plants bend to the light—This dependent on the illumination of
one whole side of the part—Localised sensitiveness to light and its
transmitted effects—Cotyledons of Phalaris, manner of bending—
Results of the exclusion of light from their tips—Effects transmitted beneath the surface of the ground—Lateral illumination of
the tip determines the direction of the curvature of the base—Cotyledons of Avena, curvature of basal part due to the illumination of
upper part—Similar results with the hypoeotyls of Brassica and
Beta—Badicles of Sinapis npheliotropic, due to the sensitiveness of
their tips^Coneludiug remarks and summary of chapter—Means
by which circurnnutation has been converted into heliotropism or
apheliotropism.

No one can look at the plants growing on a bank or
on the borders of a thick wood, and doubt that the
young stems and leaves place themselves so that the
leaves may be well illuminated. They are thus enabled
to decompose carbonic acid. But the sheath-like cotyledons of some Graminese, for instance, those of Phalaris, are not green and contain very little starch;
from which fact we may infer that they decompose
little or no carbonic acid. Nevertheless, they are extremely heliotropic; and this probably serves them in
another way, namely, as a guide from the buried seeds
through fissures in the ground or through overlying
masses of vegetation, into the light and air. This view
2 G
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is strengthened by the fact that with Phalaris and
Avena the first true leaf, which is bright green and no
doubt decomposes carbonic acid, exhibits hardly a
trace of heliotropism. The heliotropic movements of
many other seedlings probably aid them in like
manner in emerging from the ground; for apogeotropism by itself would blindly guide them upwards,
against any overlying obstacle.
Heliotropism prevails so extensively among the
higher plants, that there are extremely few, of which
some part, either the stem, flower-peduncle, petiole,
or leaf, does not bend towards a lateral light.
Drosera rotundifolia is one of the few plants the
leaves of which exhibit no trace of heliotropism. Nor
could we see any in Dionsea, though the plants were
not so carefully observed. Sir J. Hooker exposed the
pitchers of Sarracenia for some time to a lateral light,
but they did not bend towards it.* We can understand
the reason why these insectivorous plants should not
be heliotropic, as they do not live chiefly by decomposing carbonic acid ; and it is much more important
to them that their leaves should occupy the best
position for capturing insects, than that they should
be fully exposed to the light.
Tendrils, which consist of leaves or of other organs
modified, and the stems of twining plants, are, as
Mohl long ago remarked, rarely heliotropic; and here
again we can see the reason why, for if they had
moved towards a lateral light they would have - been
drawn away from their supports. But some tendrils are
apheliotropic, for instance those of Bignonia capreolata
* According to P. Kurtz (' Verhandl. des Bot. Vereins der Provinz Brandenburg,' Bd. x x . 1878)
the leaves or pitchers of Darling-

tonia Californica
are s t r o n g l y
apheliotropic We failed to detect
this movement in a plant w h i c h
we possessed for a short time.
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and of Smttax aspera ; and the stems of some plants
which climb by rootlets, as those of the Ivy and Tecotna
radicans, are likewise apheliotropic, and they thus find
a support. The leaves, on the other hand, of most
climbing plants are heliotropic; but we could detect
no signs of any such movement in those of Mutisia
clematis.
As heliotropism is so widely prevalent, and as
twining plants are distributed throughout the whole
vascular series, the apparent absence of any tendency
in their stems to bend towards the light, seemed to
us so remarkable a fact as to deserve further investigation, for it implies that heliotropism can be
readily eliminated. When twining plants are exposed
to a lateral light, their stems go on revolving or circumnutating about the same spot, without any evident
deflection towards the light; but we thought that
we might detect some trace of heliotropism by comparing the average rate at which the stems moved to
and from the light during their successive revolutions.*
Three young plants (about a foot in height) of Ipomoea
cmrulea and four of I. purpurea, growing in separate
pots, were placed on a bright day before a north-east
window in a room otherwise darkened, with the tips
of their revolving stems fronting the window. When
the tip' of each plant pointed directly from the window,
and when again towards it, the times were recorded.
This was continued from 6.45 A.M. till a little after
2 P.M. on June 17th. After a few observations we
concluded that we could safely estimate the time
* Some erroneous statements
are unfortunately given on this
subject, in ' The Movements and
Habits of Climbing PJants,' 1875,
pp. 2 8 , 3 2 , 4 0 , and 53. Conclusions
were drawn from an insufficient

number of observations, for we did
not then know at how unequal
a rate the stems and teudrils of
climbing plants sometimes travel
in different parts of the same revolution.

2
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taken by each semicircle, within a limit of error of at
most 5 minutes. Although the rate of movement i n
different parts of the same revolution varied greatly,
yet 22 semicircles to the light were completed, each
on an average in 73*95 minutes; and 22 semicircles
from the light each in 73*5 minutes. It may, therefore, be said that they travelled to and from the light
at exactly the same average rate; though probably
the accuracy of the result was in part accidental. I n
the evening the stems were not in the least deflected
towards the window. Nevertheless, there appears to
exist a vestige of heliotropism, for with 6 out of the
7 plants, the first semicircle from the light, described
in the early morning after they had been subjected to
darkness during the night and thus probably rendered
more sensitive, required rather more time, and the first
semicircle to the light considerably less time, than the
average. Thus with all 7 plants, taken together, the
mean time of the first semicircle in the morning from
the light, was 76*8 minutes, instead of 73 5 minutes,
which is the mean of all the semicircles during the
day from the light; and the mean of the first semicircle to the light was only 63 l, instead of • 73*95
minutes, which was the mean of all the semicircles
during the day to the light.
• ·.'·:.·•·..'>
Similar observations were made on Wistaria Sinensis,
and the mean of 9 semicircles from the light was
117 minutes, and of 7 semicircles to the' light 122
minntes, and this difference does not exceed the'pro-'
bable limit of error. During the three days' of exposure, the shoot did not become at all bent towards the
window before which it stood. In this case the first
semicircle from the light in the early morning of each
day, required rather less time for its performance than
did the first semicircle to the light; and this result,
-

-

:
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if not accidental, appears to indicate that the shoots
retain a trace of an original apheliotropic tendency.
With Lonicera hrachypoda the semicircles from and to
the light differed considerably in time; for 5 semicircles from the light required on a mean 202 4
minutes, and 4 to the light, 229*5 minutes; but the
shoot moved very irregularly, and under these circumstances the observations were much too few.
It is remarkable that the same part on the same
plant may be affected by light in a widely different
manner at different ages, and as it appears at different
seasons. The hypocotyledonous stems of Ipomcea
cserulea and purpurea are extremely heliotropic, whilst
the stems of older plants, only about a foot in height,
are, as we have just seen, almost wholly insensible to
light. Sachs states (and we have observed the same
fact) that the hypocotyls of the Ivy (Sedera helix) are
slightly heliotropic; whereas the stems of plants grown
to a few inches in height become so strongly apheliotropic, that they bend at right angles away from the
light. Nevertheless, some young plants which had
behaved in this manner early in the summer again
became distinctly heliotropic in the beginning of
September; and the zigzag courses of their stems, as
they slowly curved towards a north-east window, were
traced during 10 days. The stems of very young
plants of Tropseolum tnajus are highly heliotropic, whilst
those of older plants, according to Sachs, are slightly
apheliotropic. In all these cases the heliotropism of
the very young stems serves to expose the cotyledons,
or when the cotyledons are hypogean the first true
leaves, fully to the light; and the loss of this power
by the older stems, or their becoming apheliotropic,
is connected with their habit of climbing.
Most seedling plants are strongly heliotropic, and
-
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it. is no doubt a great advantage to them in their
struggle for life to expose their cotyledons to the
light as quickly and as fully as possible, for the sake
of obtaining carbon. It has been shown in the first
chapter that the greater number of seedlings circumnutate largely and rapidly; and as heliotropism consists of modified circumnutation, we are tempted to
look at the high development of these two powers in
seedlings as intimately connected. Whether there are
any plants which circumnutate slowly and to a small
extent, and yet are highly heliotropic, we do not
know; but there are several, and there is nothing
surprising in this fact, which circumnutate largely and
are not at all, or only slightly, heliotropic. Of such
cases Drosera rotundifolia offers an excellent instance.
The stolons of the strawberry circumnutate almost
like the stems of climbing plants, and they are not at
all affected by a moderate light; but when exposed
late in the summer to a somewhat brighter light they
were slightly heliotropic; in sunlight, according to
De Vries, they are apheliotropic. Climbing plants
circumnutate much more widely than any other plants,
yet they are not at all heliotropic.
Although the stems of most seedling plants are
strongly heliotropic, some few are but slightly heliotropic, without our being able to assign any reason.
This is the case with the hypocotyl of Cassia tora, and
we were struck with the same fact with some other
seedlings, for instance, those of Reseda odorata. W i t h
respect to the degree of sensitiveness of the more
sensitive kinds, it was shown in the last chapter that
seedlings of several species, placed before a north-east
window protected by several blinds, and exposed i n
the rear to the diffused light of the room, moved
•with unerring certainty towards the window, although
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it was impossible to judge, excepting by the shadow
cast by an upright pencil on a white card, on which
side most light entered, so that the excess on one side
must have been extremely small.
A pot with seedlings of Phalaris Canariensis, which
had been raised in darkness, was placed in a completely darkened room, at 12 feet from a very small
lamp. After 3 h. the cotyledons were doubtfully
curved towards the light, and after 7 h. 40 m. from
the first exposure, they were all plainly, though
slightly, curved towards the lamp. Now, at this distance of 12 feet, the light was so obscure that we could
not see the seedlings themselves, nor read the large
Roman figures on the white face of a watch, nor see a
pencil line on paper, but could just distinguish a line
made with Indian ink. It is a more surprising fact
that no visible shadow was cast by a pencil held
upright on a white card; the seedlings, therefore,
were acted on by a difference in the illumination of
their two sides, which the human eye could not distinguish. On another occasion even a less degree of
light acted, for some cotyledons of Phalaris became
slightly curved towards the same lamp at a distance
of 20 feet; at this distance we could not see a circular dot 2'29 mm. (-09 inch) in diameter made with
Indian ink on white paper, though we could just see a
dot 3*56 mm. ("14 inch) in diameter; yet a dot of
the former size appears large when seen in the light.*
We next tried how small a beam of light would act;
as this bears on light serving as a guide to seedlings/
whilst they emerge through fissured or encumbereu,
ground. A pot with seedlings of Phalaris was covered:
* Strasburger says (' Wirkung
Haematococcus moved to/a lignty
des Liohtes auf Schw'armsporen,'
which only just sufficed™ »a$low
1878, p. 52), that the spores of . middle-sized type to b/readr' / _
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by a tin-vessel, having on one side a circular hole
1"23 mm. in diameter (i.e. a little less than the -^th of
an inch); and the box was placed in front of a paraffin
lamp and on another occasion in front of a window;
and both times the seedlings were manifestly bent
after a few hours towards the little hole.
A more severe trial was now made; little tubes of
very thin glass, closed at their upper ends and coated
with black varnish, were slipped over the cotyledons
of Phalaris (which had germinated in darkness) and
just fitted them. Narrow stripes of the varnish had
been previously scraped off one side, through which
alone light could enter; and their dimensions were
afterwards measured under the microscope. As a
control experiment, similar unvarnished and transparent tubes were tried, and they did not prevent the
cotyledons bending towards the light. Two cotyledons
were placed before a south-west window, one of which
was illuminated by a stripe in the varnish, only "004
inch (04 mm.) in breadth and *016 inch ( 0 4 mm.) i n
length; and the other by a stripe 008 inch in breadth
and '06 inch in length. The seedlings were examined
after an exposure of 7 h. 40 m., and were found to be
manifestly bowed towards the light. Some other cotyledons were at the same time treated similarly, excepting that the little stripes were directed not to the
sky, but in such a manner that they received only the
diffused light from the room ; and these cotyledons did
not become at all bowed. Seven other cotyledons were
illuminated through narrow, but comparatively long,
cleared stripes in the varnish—namely, in breadth
between "01 and "026 inch, and in length between *15
and 3 inch ; and these all became bowed to the side,
by which light entered through the stripes, whether
these were directed towards the sky or to one side of
-

-
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the room. That light passing through a hole only
"004 inch in breadth by 016 in length, should induce
curvature, seems to us a surprising fact.
Before we knew how extremely sensitive the cotyledons of Phalaris were to light, we endeavoured to
trace their circumnutation in darkness by the aid of
a slnall wax taper, held for a minute or two at each
observation in nearly the same position, a little on the
left side in front of the vertical glass on which the
tracing was made. The seedlings were thus observed
seventeen times in the course of the day, at intervals of
from half to three-quarters of an hour; and late in the
evening we were surprised to find that all the 29 cotyledons were greatly curved and pointed towards the
vertical glass, a little to the left where the taper had
been held. The tracings showed that they had travelled in zigzag lines. Thus, an exposure to a feeble
light for a very short time at the above specified
intervals, sufficed to induce well-marked heliotropism.
An analogous case was observed with the hypocotyls
of Solanum lyeopersicum. We at first attributed this
result to the after-effects of the light on each occasion;
but since reading Wiesner's observations,* which will
be referred to in the last chapter, we cannot doubt that
an intermittent light is more efficacious than a continuous one, as plants are especially sensitive to any
contrast in its amount.
-

The cotyledons of Phalaris bend much more slowly
towards a very obscure light than towards a bright
one. Thus, in the experiments with seedlings placed
in a dark room at 12 feet from a very small lamp, they
were just perceptibly and doubtfully curved towards it
after 3 h., and only slightly, yet certainly, after 4 h.
> * ' Sitz. der k. Akad. der Wissenscb..' (Vienna), Jan. 1880, p. 12.
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After 8 h. 40 m. the chords of their arcs were deflected,
from the perpendicular by an average angle of only
16°. Had the light been bright, they would have
become much more curved in between 1 and 2 h.
Several trials were made with seedlings placed at
various distances from a small lamp in a dark room;
but we will give only one trial. Six pots were placed
at distances of 2, 4, 8, 12, 16, and 20 feet from the
lamp, before which they were left for 4 h. As light
decreases in a geometrical ratio, the seedlings in the
2nd pot received ^-th, those in the 3rd pot iVth,
those in the 4th -^Vth, those in the 5th ^Vth, and those
in the 6th -r-^th of the light received by the seedlings i n
the first or nearest pot. Therefore it might have been
expected that there would have been an immense difference in the degree of their heliotropic curvature in the
several pots; and there was a well-marked difference
between those which stood nearest and furthest from
the lamp, but the difference in each successive pair of
pots was extremely small. In order to avoid prejudice,
we asked three persons, who knew nothing about the
experiment, to arrange the pots in order according to
the degree of curvature of the cotyledons. The first
person arranged them in proper order, but doubted
long between the 12 feet and 16 feet pots ; yet these
two received light in the proportion of 36 to 64. The
second person also arranged them properly, but
doubted between the 8 feet and 12 feet pots, which
received light in the proportion of 16 to 36. The
third person arranged them in wrong order, and
doubted about four of the pots. This evidence shows
conclusively how little the curvature of the seedlings
differed in the successive pots, in comparison with the
great difference in the amount of light which they
received; and it should be noted that there was no
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excess of superfluous light, for the cotyledons became
but little and slowly curved even in the nearest pot.
Close to the 6th pot, at the distance of 20 feet from
the lamp, the light allowed us just to distinguish
a dot 3'56 mm. ("14 inch) in diameter, made with
Indian ink on white paper, but not a dot 2-29 mm.
(•09 inch) in diameter.
The degree of curvature of the cotyledons of Phalaris
within a given time, depends not merely on the
amount of lateral light which they may then receive,
but on that which they have previously received from
above and on all sides. Analogous facts have been
given with respect to the nyctitropic and periodic
movements of plants. Of two pots containing seedlings
of Phalaris which had germinated in darkness, one was
still kept in the dark, and the other was exposed (Sept.
26th) to the light in a greenhouse during a cloudy day
and on the following bright morning. On this morning (27th), at 10.30 A.M., both pots were placed in a
box, blackened within and open in front, before a
north-east window, protected by a linen and muslin
blind and by a towel, so that but little light was
admitted, though the sky was bright. Whenever the
pots were looked at, this was done as quickly as possible, and the cotyledons were then held transversely
with respect to the light, so that their curvature could
not have been thus increased or diminished. After
50 m. the seedlings which had previously been kept
in darkness, were perhaps, and after 70 m. were certainly, curved, though very slightly, towards the
window. After 85 m. some of the seedlings, which
had previously been illuminated, were perhaps a little
affected, and after 100 m. some of the younger ones
were certainly a little curved towards the light. At
this time (i.e. after 100 m.) there was a plain difference
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in the curvature of the seedlings in the two pots.
After 2 h. 12 m. the chords of the arcs of four of
the most strongly curved seedlings in each pot were
measured, and the mean angle from the perpendicular
of those which had previously been kept in darkness
was 19°, and of those which had previously been illuminated only 7°. Nor did this difference diminish
during two additional hours. As a check, the seedlings in both pots were then placed in complete darkness for two hours, in order that apogeotropism should
act on them; and those in the one pot which were
little curved became in this time almost completely
upright, whilst the more curved ones in the other pot
still remained plainly curved.
Two days afterwards the experiment was repeated,
with the sole difference that even less light was
admitted through the window, as it was protected by a
linen and muslin blind and by two towels; the sky,
moreover, was somewhat less bright. The result was
the same as before, excepting that everything occurred
rather slower. The seedlings which had been previously kept in darkness were not in the least curved
after 54 m., but were so after 70 m. Those which had
previously been illuminated were not at all affected
until 130 m. had elapsed, and then only slightly.
After 145 m. some of the seedlings in this latter pot
were certainly curved towards the light; and there
was now a plain difference between the two pots. After
3 h. 45 m. the chords of the arcs of 3 seedlings in
each pot were measured, and the mean angle from the
perpendicular was 16° for those in the pot which had
previously been' kept in darkness, and only 5° for
those which had previously been illuminated.
. The curvature of the cotyledons of Phalaris towards
a lateral light is therefore certainly influenced by the
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degree to which they haye been previously illuminated. We shall presently see that the influence
of light on their bending continues for a short time
after the light has been extinguished. These facts, as
well as that of the curvature not increasing or decreasing in nearly the same ratio with that of the
amount of light which they receive, as shown in the
trials with the plants before the lamp, all indicate
that light acts on them as a stimulus, in somewhat
the same manner as on the nervous system of animals,
and not in a direct manner on the cells or cell-walls
which by their contraction or expansion cause the
curvature.
It has already been incidentally shown how slowly
the cotyledons of Phalaris bend towards a very dim
light; but when they were placed before a bright
paraffin lamp their tips were all curved rectangularly
towards it in 2 h. 20 m. The hypocotyls of Solatium
lycopersioum had bent in the morning at right angles
towards a north-east window. At 1 P.M. (Oct. 21st) the
pot was turned round, so that the seedlings now pointed
from the light, but by 5 P.M. they had reversed their
curvature and again pointed to the light. They had
thus, passed through 180° in 4 h., having in the
morning previously passed through about 90°. But the
reversal of the first-half of the curvature will have
been aided by apogeotropism. Similar cases were
observed with other seedlings, for instance, with those
of Sinapis alba.
• We attempted to ascertain in how short a time
light acted on the cotyledons of Phalaris, but this
was difficult on account of their rapid circumnutating
movement; moreover, they differ much in sensibility,
according to age; nevertheless, some of our observations are worth giving. Pots with seedlings were
1
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placed under a microscope provided with an eye-piece
micrometer, of which each division equalled 3-0-0-th of a n
inch (O051 mm.); and they were at first illuminated
by light from a paraffin lamp passing through a solution of bichromate of potassium, which does not induce
heliotropism. Thus the direction in which the cotyledons were circumnutating could be observed independently of any action from the light; and they could
be made, by turning round the pots, to circumnutate
transversely to the line in which the light would strike
them, as soon as the solution was removed. The fact
that the direction of the circumnutating movement
might change at any moment, and thus the plant
might bend either towards or from the lamp independently of the action of the light, gave an element of
uncertainty to the results. After the solution had
been removed, five seedlings which were circumnutating transversely to the line of light, began to move
towards it, in 6, 4, 7£, 6, and 9 minutes. In one of
these cases, the apex of the cotyledon crossed five
of the divisions of the micrometer (i.e. To"oth of an
inch, or 0 254 mm.) towards the light in 3 m. Of two
seedlings which were moving directly from the light at
the time when the solution was removed, one began t o
move towards it in 13 m., and the other in 15 m.
This latter seedling was observed for more than an
hour and continued to move towards the light; i t
crossed at one time 5 divisions of the micrometer
(0-254 mm.) in 2 m. 30 s. In all these cases, t h e
movement towards the light was extremely unequal i n
rate, and the cotyledons often remained almost stationary for some minutes, and two of them retrograded
a little. Another seedling which was circumnutating
transversely to the line of light, moved towards it i n
4 m. after the solution was removed; it then remained
-
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almost stationary for 10 m.; then crossed 5 divisions
of the micrometer in 6 m.; and then 8 divisions in
11 m. This unequal rate of movement,, interrupted
by pauses, and at first with occasional retrogressions,
accords well with our conclusion that heliotropism
consists of modified circumnutation.
In order to observe how long the after-effects of
light lasted, a pot with seedlings of Phalaris, which
had germinated in darkness, was placed at 10.40 A.M.
before a north-east window, being protected on all
other sides from the light; and the movement of a
cotyledon was traced on a horizontal glass. It circumnutated about the same space for the first 24 rn.,
and during the next 1 h. 33 m. moved rapidly towards
the light. The light was now (i.e. after 1 h. 57 m.)
completely excluded, but the cotyledon continued
bending in the same direction as before, certainly for
more than 15 m., probably for about 27 m. The doubt
arose from the necessity of not looking at the seedlings often, and thus' exposing them, though momentarily, to the light. This same seedling was now kept
in the dark, until 2.18 P.M., by which time it had
reacquired through apogeotropism its original upright
position, when it was again exposed to the light from
a clouded sky. By 3 P.M. it had moved a very short
distance towards the light, but during the next 45 m.
travelled quickly towards it. After this exposure of
1 h. 27 m. to a rather dull sky, the light was again
completely excluded, but the cotyledon continued to
bend in the same direction as before for 14 m. within
a very small limit of error. It was then placed in
the dark, and it now moved backwards, so that after
1 h.. 7 m. it stood close to where it had started from at
2.18 P.M. These observations show that the cotyledons of Phalaris, after being exposed to a lateral
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light, continue to bend in the same direction for
between a quarter and half an hour.
In the two experiments just given, the cotyledons
moved backwards or from the window shortly after
being subjected to darkness; and whilst tracing t h e
circumnutation of various kinds of seedlings exposed,
to a lateral light, we repeatedly observed that late i n
the evening, as the light waned, they moved from it.
This fact is shown in some of the diagrams given i n
the last chapter. We wished therefore to learn whether
this was wholly due to apogeotropism, or whether an
organ after bending towards the light tended from
any other cause to bend from it, as soon as the l i g h t
failed. Accordingly, two pots of seedling Phalaris
and one pot of seedling Brassica were exposed for 8 h.
before a paraffin lamp, by which time the cotyledons
of the former and the hypocotyls of the latter were bent
rectangularly towards the light. The pots were now
quickly laid horizontally, so that the upper parts of
the cotyledons and of the hypocotyls of 9 seedlings
projected vertically upwards, as proved by a plumb-line.
In this position they could not be acted on by apogeotropism, and if they possessed any tendency to
straighten themselves or to bend in opposition to their
former heliotropic curvature, this would be exhibited,
for it would be opposed at first very slightly by apogeotropism. They were kept in the dark for 4 h., during
which time they were twice looked at; but no uniform
bending in opposition to their former heliotropic
curvature could be detected. We have said uniform
bending, because they circumnutated in their new
position, and after 2 h. were inclined in different
directions (between 4° and 11°) from the perpendicular.
Their directions were also changed after two additional
hours, and again on the following morning. We m a y
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therefore conclude that the bending back of plants
from a light, when this becomes obscure or is extinguished, is wholly due to apogeotropism.*
In our various experiments we were often struck
with the accuracy with which seedlings pointed to a
light although of small size. To test this, many seedlings of Phalaris, which had germinated in darkness in
a very narrow box several feet in length, were placed
in a darkened room near to and in front of a lamp
having a small cylindrical wick. The cotyledons at
the two ends and in the central part of the box, would
therefore have to bend in widely different directions
in order to point to the light. After they had become
rectangularly bent, a long white thread was stretched
by two persons, close over and parallel, first to one and
then to another cotyledon; and the thread was found
in almost every case actually to intersect the small
circular wick of the now extinguished lamp. The
deviation from accuracy never exceeded, as far as we
could judge, a degree or two. This extreme accuracy
seems at first surprising, but is not really so, for an
upright cylindrical stem, whatever its position may
be with respect to the light, would have exactly half
its circumference illuminated and half in shadow; and
as the difference in illumination of the two sides is
the exciting cause of heliotropism, a cylinder would
naturally bend with much accuracy towards the light.
The cotyledons, however, of Phalaris are not cylindrical, but oval in section; and the longer axis was
to the shorter axis (in the one which was measured)
as 100 to 70. Nevertheless, no difference could be
" It appears from a reference
in Wiesner (' D i e Undnlirende
Nutation der Internodien,' p. 7),
that H . Miiller of Thurgau found
that a stem which is bending

heliotropically is at the same time
striving, through apogeotropism,
to raise itself into a vertical poBition.

2
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detected in the accuracy of their, bending, whether
they stood with their broad or narrow sides facing
the light, or in any intermediate position; and so it
was with the cotyledons of Avena sativa, which are
likewise oval in section. Now, a little reflection will
show that in whatever position the cotyledons m a y
stand, there will be a line of greatest illumination,
exactly fronting the light, and on each side of this
line an equal amount of light will be received; but
if the oval stands obliquely with respect to the light,
this will be diffused over a wider surface on one side
of the central line than on the other. We may therefore infer that the same amount of light, whether
diffused over a wider surface or concentrated on a
smaller surface, produces exactly the same effect; for
the cotyledons in the long narrow box stood in all
sorts of positions with reference to the light, yet all
pointed truly towards it.
That the bending of the cotyledons to the l i g h t
depends on the illumination of one whole side or on
the obscuration of the whole opposite side, and not on
a narrow longitudinal zone in the line of the l i g h t
being affected, was shown by the effects of painting
longitudinally with Indian ink one side of five cotyledons of Phalaris. These were then placed on a table
near to a south-west window, and the painted half was
directed either to the right or left. The result was that
instead of bending in a direct line towards the window,
they were deflected from the window and towards t h e
unpainted side, by the following angles, 35°, 83°, 31°,
43°, and 39°. It should be remarked that it was hardly
possible to paint one-half accurately, or to place all
the seedlings which are oval in section in quite t h e
same position relatively to the light; and this will
account for the differences in the angles. Five coty-
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ledons of Avena were also painted in the same manner,
but with greater care; and they were laterally deflected from the line of the window, towards the
unpainted side, by the following angles, 44°, 44°, 55°,
51°, and 57°. This deflection of the cotyledons from
the window is intelligible, for the whole unpainted
side must have received some light, whereas the opposite and painted side received none; but a narrow
zone on the unpainted side directly in front of the
window will have received most light, and all the
hinder parts (half an oval in section) less and less light
in varying degrees; and we may conclude that the
angle of deflection is the resultant of the action of the
light over the whole of the unpainted side.
It should have been premised that painting with
Indian ink does not injure .plants, at least within
several hours; and it could injure them only by stopping, respiration. To ascertain whether injury was thus
soon caused, the upper halves of 8 cotyledons of Avena
were thickly coated with transparent matter,—4 with
gum, and 4 with gelatine; they were placed in the
morning before a window, and by the evening they
were normally bowed towards the light, although the
coatings now consisted of dry crusts of gum and
gelatine. Moreover, if the seedlings which were painted
longitudinally with Indian ink had been injured on
the painted side, the opposite side would have gone
on growing, and they would consequently have become
bowed towards the painted side; whereas the curvature
was always, as we have seen, in the opposite direction,
or towards the unpainted side which was exposed to
the light. We witnessed the effects of injuring longitudinally one side of the cotyledons of Avena and
Phalaris; for before we knew that grease was highly
injurious to them, several were painted down one side
2 H 2
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with a mixture of oil and lamp-black, and were then
exposed before a window; others similarly treated were
afterwards tried in darkness. These cotyledons soon
became plainly bowed towards the blackened side,
evidently owing to the grease on this side having
checked their growth, whilst growth continued on the
opposite side. But it deserves notice that the curvature differed from that caused by light, which ultimately becomes abrupt near the ground. These
seedlings did not afterwards die, but were much injured
and grew badly.
LOCALISED SENSITIVENESS TO LIGHT, AND ITS
TRANSMITTED EFFECTS.

Phalaris Oanariensis^-Whilst observing the accuracy with which the cotyledons of this plant became
bent towards the light of a small lamp, we .were
impressed with the idea that the uppermost part determined the direction of the curvature of the lower part.
When the cotyledons are exposed to a lateral light,
the upper part bends first, and afterwards the bending
gradually extends down to the base, and, as we shall
presently see, even a little beneath the ground.
This holds good' with cotyledons from less than
•1 inch (one was observed to act in this manner which
was only •03 in height) to about '5 of an inch in
height; but when they have grown to nearly an inch
in height, the basal part, for a length of "15 to 2 of
an inch above the ground, ceases to bend. As with
young cotyledons the lower part goes on bending,
after the upper part has become well arched towards
a lateral light, the apex would ultimately point to
the ground instead of to the light, did not the upper
part reverse its curvature and straighten itself, as
-

IRIS - LILLIAD - Université Lille 1

soon as the upper convex surface of the boweddown portion received more light than the lower
concave surface. The position ultimately assumed by
young and upright cotyledons, exposed to light entering obliquely from above through a window, is shown
in the accompanying figure (Fig. 181); and here it
may be seen that the whole upper part has become
very nearly straight. When the cotyledons were
exposed before a bright lamp, standing on the same
level with them, the upper part, which was at first
Fig. 181.

Phalaris Oanariensis: cotyledons after exposure in a box open on one side
in front of a south-west window during 8 h. Curvature towards the
light accurately traced. The short horizontal lines show the level of
the ground.

greatly arched towards the light, became straight and
strictly parallel with the surface of the soil in the
pots; the basal part being now rectangularly bent.
All this great amount of curvature, together with the
subsequent straightening of the upper part, was often
effected in a few hours.
After the uppermost part has become bowed a little to the
light, its overhanging weight must tend to increase the curvature of the lower part; but any such effect was shown in several
ways to be quite insignificant. When little caps of tin-foil
(hereafter to be described) were placed on the summits of the
cotyledons, though this must have added considerably to their
weight, the rate or amount of bending was not thus increased.
But the best evidence was afforded by placing pots with seedlings
of Phalaris before a lamp in such a position, that the cotyledons
were horizontally extended and projected at right angles to the
line of light. In the course of 54 h. they were directed towards
the light with their bases bent at right angles; and this abrupt
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curvature could not have been aided in the least by the weight
of the upper part, which acted at right angles to the plane of
curvature.
It will be shown that when the upper halves of the cotyledons of Phalaris and Avena were enclosed in little pipes of
tin-foil or of blackened glass, in which case the upper part was
mechanically prevented from bending, the lower and unenclosed
part did not bend when exposed to a lateral light; and it
occurred to us that this fact might be due, not to the exclusion
of the light from the upper part, but to some necessity of the
bending gradually travelling down the cotyledons, so that
unless the upper part first became bont, the lower could not
bend, however much it might be stimulated. I t was necessary
for our purpose to ascertain whether this notion was true, and it
was proved false; for the lower halves of several cotyledons
became bowed to the light, although their upper halves were
enclosed in little glass tubes (not blackened), which prevented,
as far as we could judge, their bending. Nevertheless, as the
part within the tube might possibly bend a very little, fine rigid
rods or flat splinters of thin glass were cemented with shellac to
one side of the upper part of 15 cotyledons; and in six cases
they were in addition tied on with threads. They were thus
forced to remain quite straight. The result was that the lower
halves of all became bowed to the light, but generally not in so
great a degree as the corresponding part of the free seedlings
in the same pots; and this may perhaps be accounted for by
some slight degree of injury having been caused by a considerable surface having been smeared with shellac. I t may be
added, that when the cotyledons of Phalaris and Avena are
acted on by apogeotropism, it is the upper part which begins
first to bend; and when this part was rendered rigid in the
manner just described, the upward curvature of the basal part
was not thus prevented.
To test our belief that the upper part of the cotyledons of
Phalaris, when exposed to a lateral light, regulates the bending
of the lower part, many experiments were tried; but most of our
first attempts proved useless from various causes not worth
specifying. Seven cotyledons had their tips cut off for lengths
varying between "1 and 16 of an inch, and these, when left
exposed all day to a lateral light, remained upright. I n another
set of 7 cotyledons, the tips were cut off for a length of only
about 05 of an inch ( l 2 7 mm.) and these became bowed towards
-

-

-
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a lateral light, but not nearly so much as the many other seedlings in the same pots. This latter case shows that cutting off
the tips does not by itself injure the plants so seriously as to
prevent heliotropism; but we thought at the time, that such
injury might follow when a greater length was cut off, as in the
first set of experiments. Therefore, no more trials of this kind
were made, which we now regret; as we afterwards found that
when the tips of three cotyledons were cut off for a length of
•2 inch, and of four others for lengths of "14, -12, *1, and 07
inch, and they were extended horizontally, the amputation did
not interfere in the least with their bending vertically upwards,
through the action of apogeotropism, like unmutilated specimens. It is therefore extremely improbable that the amputation
of the tips for lengths of from "1 to -14 inch, could from the
injury thus caused have prevented the lower part from bending
towards the light.
We next tried the effects of covering the upper part of the
cotyledons of Phalaris with little caps which were impermeable
to light; the whole lower part being left fully exposed before a
south-west window or a bright paraffin lamp. Some of the caps
were made of extremely thin tin-foil blackened within; these
had the disadvantage of occasionally, though rarely, being too
heavy, especially when twice folded. The basal edges could be
pressed into close contact with the cotyledons; though this
again required care to prevent injuring them. Nevertheless,
any injury thus caused could be detected by removing the caps,
and trying whether the cotyledons were then sensitive to light.
Other caps were made of tubes of the thinnest glass, which
when painted black served well, with the one great disadvantage
that the lower ends could not be closed. But tubes were used
which fitted the cotyledons almost closely, and black paper was
placed on the soil round each, to check the upward reflection of
light from the soil. Such tubes were in one respect far better
than caps of tin-foil, as it was possible to cover at the same
time some cotyledons with transparent and others with opaque
tubes; and thus our experiments could be controlled. It should
be kept in mind that young cotyledons were selected for trial,
and that these when not interfered with become bowed down
to the ground towards the light.
We will begin with the glass-tubes. The summits of nine
cotyledons, differing somewhat in height, were enclosed for
rather less than half their lengths in uncoloured or transparent
-
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tubes; and these were then exposed before a south-west window
on a bright day for 8 h. All of them became strongly curved
towards the light, in the same degree as the many other free
seedlings in the same pots; so that the glass-tubes certainly did
not prevent the cotyledons from bending towards the light.
Nineteen other cotyledons were, at the same time, similarly
enclosed in tubes thickly painted with Indian ink. On five of
them, the paint, to our surprise, contracted after exposure
to the sunlight, and very narrow cracks were formed, through
which a little light entered; and these five cases were rejected.
Of the remaining 14 cotyledons, the lower halves of which had
been fully exposed to the light for the whole time, 7 continued
quite straight and upright; 1 was considerably bowed to the
light, and 6 were slightly bowed, but with the exposed bases of
most of them almost or quite straight. It is possible that some
light may have been reflected upwards from the soil and entered
the bases of these 7 tubes, as the sun shone brightly, though
bits of blackened paper had been placed on the soil round
them. Nevertheless, the 7 cotyledons which were slightly
bowed, together with the 7 upright ones, presented a most remarkable contrast in appearance with the many other seedlings
in the same pots to which nothing had been done. The
blackened tubes were then removed from 10 of these seedlings,
and they were now exposed before a lamp for 8 h.: 9 of them
became greatly, and 1 moderately, curved towards the light,
proving that the previous absence of any curvature in the
basal part, or the presence of only a slight degree of curvature
there^ was due to the exclusion of light from the upper part.
Similar observations were made on 12 younger cotyledons
with their upper halves enclosed within glass-tubes coated with
black varnish, and with their lower halves fully exposed to
bright sunshine. In these younger seedlings the sensitive zone
seems to extend rather lower down, as was observed on some
other occasions, for two became almost as much curved towards
the light as the free seedlings; and the remaining ten were
slightly curved, although the basal part of several of them,
which normally becomes more curved than any other part,
exhibited hardly a trace of curvature.
These 12 seedlings
taken together differed greatly in their degree of curvature from
all the many other seedlings in the same pots.
Better evidence of the efficiency of the blackened tubes was
incidentally afforded by some experiments hereafter to be given,
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in which the tipper halves of 14 cotyledons were enclosed in
tubes from which an extremely narrow stripe of the black
varnish had been scraped off.
These cleared stripes were
not directed towards the window, but obliquely to one side
of the room, so that only a very little light could act on the
upper halves of the cotyledons. These 14 seedlings remained
during eight hours of exposure before a south-west window on
a hazy day quite upright; whereas all the other many free
seedlings in the same pots became greatly bowed towards the
light.
We will now turn to the trials with caps made of very thin
tin-foil. These were pjaced at different times on the summits of
24 cotyledons, and they extended down for a length of between
•15 and '2 of an inch. The seedlings were exposed to a lateral
light for periods varying between 6 h. ¡30 m. and 7 h. 45 m.,
which sufficed to cause all the other seedlings in the same pots
to become almost rectangularly bent towards the light. They
varied in height from only 04 to 1*15 inch, but the greater
number were about "75 inch. Of the 24 cotyledons with their
summits thus protected, 3 became much bent, but not in the
direction of the light, and as they did not straighten themselves
through apogeotropism during the following night, either the
caps were too heavy or the plants themselves were in a weak
condition; and these three cases may be excluded. There
are left for consideration 21 cotyledons; of these 17 remained
all the time quite upright; the other 4 became slightly inclined
to the light, but not in a degree comparable with that of the
many free seedlings in the same pots. As the glass-tubes, when
unpainted, did not prevent the cotyledons from becoming
greatly bowed, it cannot be supposed that the caps of very
thin tin-foil did so, except through the exclusion of the light.
To prove that the plants had not been injured, the caps were
removed from 6 of the upright seedlings, and these were exposed
before a paraffin lamp for the same length of time as before,
and they now all became greatly curved towards the light.
-

A s caps between -15 and "2 of an inch in depth were thus
proved to be highly efficient in preventing the cotyledons from
bending towards the light, 8 other cotyledons were protected
with caps between only '06 and 12 in depth. Of these, two
remained vertical, one was considerably and five slightly curved
towards the light, but far less so than the free seedlings in the
same pots.
-
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Another trial was made in a different manner, namely, by
bandaging with strips of tin-foil, about '2 in breadth, the upper
part, but not the actual summit, of eight moderately young
seedlings a little over half an inch in height. The summits and
the basal parts were thus left fully exposed to a lateral light
during 8 h.; an upper intermediate zone being protected.
With four of these seedlings the summits were exposed for
a length of 05 inch, and in two of them this part became
curved towards the light, but the whole lower part remained
quite upright; whereas the entire length of the other two
seedlings became slightly curved towards the light. The
summits of the four other seedlings were- exposed for a length
of 04 inch, and of these one remained almost upright, whilst
the other three became considerably curved towards the light.
The many free seedlings in the same pots were all greatly
curved towards the light.
From these several sets of experiments, including those with
the glass-tubes, and those when the tips were cut off, we may
infer that the exclusion of light from the upper part of the
cotyledons of Phalaris prevents the lower part, though fully
exposed to a lateral light, from becoming curved. The summit
for a length of "04 or 05 of an inch, though it is itself sensitive
and curves towards the light, has only a slight power of causing
the lower part to bend. Nor has the exclusion of light from the
summit for a length of '1 of an inch a strong influence on the
curvature of the lower part. On the other hand, an exclusion
for a length of between "15 and 2 of an inch, or of the whole
upper half, plainly prevents the lower and fully illuminated
part from becoming curved in the manner (see Fig. 181) which
invariably occurs when a free cotyledon is exposed to a lateral
light. With very young seedlings the sensitive zone seems to
extend rather lower down relatively to their height than in older
seedlings. We must therefore conclude that when seedlings
are freely exposed to a lateral light some influence is trans*
mitted from the upper to the lower part, causing the latter to
bend.
-

-

-

-

This conclusion is supported by what may be seen to occur
on a small scale, especially with young cotyledons, without any
artificial exclusion of the light; for they bend beneath the earth
where no light can enter. Seeds of Phalaris were covered
with a layer one-fourth of an inch in thickness of very fine
Sand, consisting of extremely minute grains of silex coated with
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oxide of iron. A layer of this sand, moistened to the same
degree as that over the seeds, was spread over a glass-plate; and
when the layer was 05 of an inch in thickness (carefully measured) no light from a bright sky could be seen to pass through
it, unless it was viewed through a long blackened tube, and
then a trace of light could be detected, but probably much too
little to affect any plant. A layer 1 of an inch in thickness was
quite impermeable to light, as judged by the eye aided by the tube.
It may be worth adding that the layer, when dried, remained
equally impermeable to light. This sand yielded to very slight
pressure whilst kept moist, and in this state did not contract
or crack in the least. In a first trial, cotyledons which had
grown to a moderate height were exposed for 8 h. before a paraffin
lamp, and they became greatly bowed. At their bases on the
shaded side opposite to the light, well-defined, crescentic, open
furrows were formed, which (measured under a microscope with
a micrometer) were from -02 to '03 of an inch in breadth, and
these had evidently been left by the bending of the buried bases
of the cotyledons towards the light. On the side of the light
the cotyledons were in close contact with the sand, which was a
very little heaped up. By removing with a sharp knife the
sand on one side of the cotyledons in the line of the light, the
bent portion and the open furrows were found to extend down
to a depth of about -1 of an inch, where no light could enter.
The chords of the short buried arcs formed in four cases angles
of 11°, 13°, 15°, and 18°, with the perpendicular. By the
following morning these short bowed portions had straightened
themselves through apogeotropism.
-

-

In the next trial much younger cotyledons were similarly
treated, but were exposed to a rather obscure lateral light.
After some hours, a bowed cotyledon, · 3 inch in height, had an
open furrow on the shaded side '04 inch in breadth; another
cotyledon, only '13 inch in height, had left a furrow "02 inch in
breadth. But the most curious case was that of a cotyledon which
had just protruded above the ground and was only "03 inch in
height, and this was found to be bowed in the direction of the
light to a depth of *2 of an inch beneath the surface. From
What we know of the impermeability of this sand to light, the
Upper illuminated part in these several cases must have determined the curvature of the lower buried portions. But an
apparent cause of doubt may be suggested: as the cotyledons
are continually circumnutating, they tend to form a minute
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crack or furrow all round their bases, which would admit a
little light on all sides; but this would not happen when they
were illuminated laterally, for we know that they quickly bend
towards a lateral light, and they then press so firmly against the
sand on the illuminated side as to furrow it,' and this would
effectually exclude light on this side. Any light admitted on
the opposite and shaded side, where an open furrow is formed,
would tend to counteract the curvature towards the lamp or
other source of the light. It may be added, that the use of fine
moist sand, which yields easily to pressure, was indispensable
in the above experiments; for seedlings raised in common soil,
not kept especially damp, and exposed for 9 h. 30 m. to a strong
lateral light, did not form an open furrow at their bases on the
shaded side, and were not bowed beneath the surface.
Perhaps the most striking proof of the action of the upper
on the lower part of the cotyledons of Phalaris, when laterally
illuminated, was afforded by the blackened glass-tubes (before
alluded to) with very narrow stripes of the varnish scraped
off on one side, through which a little light was admitted;
The breadth of these stripes or slits varied between •Ol and
•02 inch ("25 and '51 mm.). Cotyledons with their upper
halves enclosed in such tubes were placed before a south-west
window, in such a position, that the scraped stripes did not
directly face the window, but obliquely to one side. The seedlings were left exposed for 8 h., before the close of which time
the many free seedlings in the same pots had become greatly
bowed towards the window. Under these circumstances, the
whole lower halves of the cotyledons, which had their summits
enclosed in the tubes, were fully exposed to the light of the
sky, whilst their upper halves received exclusively or chiefly
diffused light from the room, and this only through a very
narrow slit on one side. Now, if the curvature of the lower
part had been determined by the illumination of this part, all
the cotyledons assuredly would have become curved towards
the window; but this was far from being the case. Tubes
of the kind just described were placed on several occasions
over the upper halves of 27 cotyledons; 14 of them remained
all the time quite vertical; so that sufficient diffused light
did not enter through the narrow slits to produce any effect
whatever; and they behaved in the same manner as if their
upper halves had been enclosed in completely blackened tubes.
The lower halves of the 13 other cotyledons became bowed
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not directly in the line of the window, but obliquely towards
i t ; one pointed at an angle of only 18°, but the remaining 12
at angles varying between 45° and 62° from the line of the
window. At the commencement of the experiment, pins had
been laid on the earth in the direction towards which the slits in
the varnish faced; and in this direction alone a small amount
of diffused light entered. At the close of the experiment, 7 of
the bowed cotyledons pointed exactly in the line of the pins,
and 6 of them in a line between that of the pins and that of the
window. This intermediate position is intelligible, for any light
from the sky which entered obliquely through the slits would
be much more efficient than the diffused light which entered
directly through them. After the 8 h. exposure, the contrast
in appearance between these 13 cotyledons and the many other
seedlings in the same pots, which were all (excepting the above
14 vertical ones) greatly bowed in straight and parallel lines
towards the window, was extremely remarkable. It is therefore
certain that a little weak light striking the TIPPER halves of the
cotyledons of Phalaris, is far more potent in determining the
direction of the curvature of the lower halves, than the full
illumination of the latter during the whole time of exposure.
In confirmation of the above results, the effect of .thickly
painting with Indian ink one side of the upper part of three cotyledons of Phalaris, for a length of • 2 inch from their tips, may be
worth giving. These were placed so that the unpainted surface
was directed not towards the window, but a little to one side ;
and they all became bent towards the unpainted side, and from
the line of the window by angles amounting to 31°, 35°, and 83°;
The curvature in this direction extended down to their bases,
although the whole lower part was fully exposed to the light
from the window.
Finally, although there can be no doubt that the illumination
of the upper part of the cotyledons of Phalaris greatly affects
the power and manner of bending of the lower part, yet some
observations seemed to render it probable that the simultaneous
stimulation of the lower part by light greatly favours, or is
almost necessary, for its well-marked curvature; but our experiments were not conclusive, owing to the difficulty of excluding
light from the lower halves without mechanically preventing
,. their curvature.
Avena sativa.—The cotyledons of this plant become quickly
bowed towards a lateral light, exactly like those of Phalaris.
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Experiments similar to the foregoing ones were tried, and we"
will give the results as briefly as possible. They are somewhat
less conclusive than in the case of Phalaris, and this may
possibly be accounted for by the sensitive zone varying in extension, in a species so long cultivated and variable as the common
Oat. Cotyledons a little under three-quarters of an inch in
height were selected for trial: six had their summits protected
from light by tin-foil caps, "25 inch in depth, and two others by
caps 3 inch in depth. Of these 8 cotyledons, five remained
upright during 8 hours of exposure, although their lower parts
were fully exposed to the light all the time; two were very slightly,
and one considerably, bowed towards it. Caps only • 2 or · 22 inch
in depth were placed over 4 other cotyledons, and now only one
remained upright, one was slightly, and two considerably bowed
-

• to the light. In this and the following cases all the free seedlings
in the same pots became greatly bowed to the light.
Our next trial was made with short lengths of thin and
fairly transparent quills; for glass-tubes of sufficient diameter
to go over the cotyledons would have been too heavy. Firstly,
the summits of 13 cotyledons were enclosed in unpainted
quills, and of these 11 became greatly and 2 slightly bowed
to the light; so that the mere act of enclosure did not prevent
• the lower part from becoming bowed. Secondly, the summits
of 11 cotyledons were enclosed in quills "3 inch in length, painted
so as to be impermeable to light; of these, 7 did not become at all inclined towards the light, but 3 of them were
slightly bent more or less transversely with respect to the line
of light, and these might perhaps have been altogether excluded ; one alone was slightly bowed · towards the light.
Painted quills, "25 inch in length, were placed over the summits
of 4 other cotyledons; of these, one alone remained upright, a
second was slightly bowed, and the two others as much bowed
to the light as the free seedlings in the same pots. These two
latter cases, considering that the caps were 25 in length, are
inexplicable.
Lastly, the summits of 8 cotyledons were coated with flexible
and highly transparent gold-beaters' skin, and all became as
much bowed to the light as the free seedlings. The summits of
9 other cotyledons were similarly coated with gold-beaters' skin,
which was then painted to a depth of between 25 and 3 inch,
so as to be impermeable to light; of these 5 remained upright,
and 4 were well bowed to the light, almost or quite as well as
1

-
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the free seedlings. These latter four cases, as well as the two
in the last paragraph, offer a strong exception to the rule that
the illumination of the upper part determines the curvature of
the lower part. Nevertheless, 5 of these 8 cotyledons remained
quite upright, although their lower halves were fully illuminated
all the time; and it would almost be a prodigy to find five free
seedlings standing vertically after an exposure for several hours
to a lateral light.
The cotyledons of Avena, like those of Phalaris, when growing
in soft, damp, fine sand, leave an open crescentric furrow on the
shaded side, after bending to a lateral light; and they become
bowed beneath the surface at a depth to which, as we know,
light cannot penetrate. The arcs of the chords of the buried
bowed portions formed in two cases angles of 20° and 21° with
the perpendicular. The open furrows on the shaded side were,
in four cases, "008, "016, "024, and 024 of an inch in breadth,
Brassica oleracea (Common Red).—It will here be shown that
the upper half of the hypocotylof the cabbage, when illuminated
by a lateral light, determines the curvature of the lower half.
It is necessary to experimentise on young seedlings about half
an inch or rather less in height, for when grown to an inch and
upwards the basal part ceases to bend. We first tried painting
the hypocotyls with Indian ink, or cutting off their summits for
Various lengths; but these experiments are not worth giving,
though they confirm, as far as they can be trusted, the results
^f the following ones. These were made by folding gold-beaters'
skin once round the upper halves of young hypocotyls, and
.painting it thickly with Indian ink or with black grease. As
a control experiment, the same transparent skin, left unpainted,
Was folded round the upper halves of 12 hypocotyls; and these
all became greatly curved to the light, excepting one, which was
only moderately curved. Twenty other young hypocotyls had
the skin round their upper halves painted, whilst their. lower
halves were left quite uncovered. These seedlings were then
exposed, generally for between 7 and 8 h., in a box blackened
•within and open in front, either before a south-west window or
a paraffin lamp. This exposure was amply sufficient, as was
shown by the strongly-marked heliotropism of all the free seedlings in the same pots; nevertheless, some were left exposed
to the light for a much longer time. Of the 20 hypocotyls
thus treated, 14 remained quite upright, and 6 became slightly
howed to the light; but 2 of these latter cases were not really
-
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exceptions, for on removing the skin the paint was found im- •
perfect and was penetrated by many small transparent spaces
on the side which faced the light. Moreover, in two other cases
the painted skin did not extend quite halfway down the hypocotyl. Altogether there was a wonderful contrast in the several
pots between these 20 hypocotyls and the other many free
seedlings, which were all greatly bowed down to their bases in
the direction of the light, some being almost prostrate on the
ground.
The most successful trial on any one day (included in the
above results) is worth describing in detail. Six young seedlings were selected, the hypocotyls of which were nearly -4:5 inch,
excepting one, which was 6 inch in height, measured from the
bases of their petioles to the ground. Their upper halves,
judged as accurately as could be done by the eye, were folded
once round with gold-beaters' skin, and this was painted
thickly with Indian ink. They were exposed in an otherwise
darkened room before a bright paraffin lamp, which stood on
a level with the two pots containing the seedlings. They
were first looked at after an interval of 5 h. 10 m., and five
of the protected hypocotyls were found quite erect, the sixth
being very slightly inclined to the light; whereaS all the many
free seedlings in the same two pots were greatly bowed
to the light. They were again examined after a continuous
exposure to the light of 20 h. 35 m.; and now the contrast
between the two sets was wonderfully great; for the free seedlings had their hypocotyls extended almost horizontally in the
direction of the light, and were curved down to the ground;
whilst those with the upper halves protected by the painted
skin, but with their lower halves fully exposed to the light, still
remained quite upright, with the exception of the one which
retained the same slight inclination to the light which it had
before. This latter seedling was found to have been rather
badly painted, for on the side facing the light the red colour
of the hypocotyl could be distinguished through the paint.
We next tried nine older seedlings, the hypocotyls of which
varied between 1 and 1*6 inch in height. The gold-beaters'
skin round their upper parts was painted with black grease to
a depth of only *3 inch, that is, from less than a third to a fourth
or fifth of their total heights. They were exposed to the light
for 7 h. 15 m.; and the result showed that the whole of the
sensitive zone, which determines the curvature of the lower
-
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part, was not protected from the action of the light; for all 9
became curved towards it, 4 of them very slightly, 3 moderately,
and 2 almost as much as the unprotected seedlings. Nevertheless, the whole 9 taken together differed plainly in their degree
of curvature from the many free seedlings, and from some
which were wrapped in unpainted skin, growing in the same
two pots.
Seeds were covered with about a quarter of an inch of the fine
sand described under Phalaris; and when the hypocotyls had
grown to a height of between · 4 and · 55 inch, they were exposed
during 9 h . before a paraffin lamp, their bases being at first
closely surrounded by the damp sand. They all became bowed
down to the ground, so that their upper parts lay near to and
almost parallel to the surface of the soil. On the side of the
light their bases were in close contact with the sand, which was
here a very little heaped u p ; on the opposite or shaded side
there were open, crescentic cracks or furrows, rather above · 01
of an inch in width; but they were not so sharp and regular
as those made by Phalaris and Avena, and therefore could not
be so easily measured under the microscope. The hypocotyls
were found, when the sand was removed on one side, to be
curved to a depth beneath the surface in three cases of at least
' 1 inch, in a fourth case of · 11, and in a fifth of · 15 inch. The
chords of the arcs of the short, buried, bowed portions formed
angles of between 11° and 15° with the perpendicular. From
what we have seen of the impermeability of this sand to light,
the curvature of the hypocotyls certainly extended down to a
depth where no light could enter; and the curvature must
have been caused by an influence transmitted from the upper
illuminated part.
The lower halves of five young hypocotyls were surrounded by
unpainted gold-beaters' skin, and these, after an exposure of 8 h.
before a paraffin lamp, all became as much bowed to the light
as the free seedlings. The lower halves of 10 other young
hypocotyls, similarly surrounded with the skin, were thickly
painted with Indian ink; their upper and unprotected halves
became well curved to the light, but their lower and protected
halves remained vertical in all the cases excepting one, and on
this the layer of paint was imperfect. This result seems to
prove that the influence transmitted from the upper part i s
not sufficient to cause the lower part to bend, unless it be at
the same time illuminated; but there remains the doubt, as in
2 I-
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the case of Phalaris, whether the skin covered with a rather
thick crust of dry Indian ink did not mechanically prevent
their curvature.
Beta vulgaris.—A few analogous experiments were tried on
this plant, which is not very well adapted for the purpose, as the
basal part of the hypocotyl, after it has grown to above half an
inch in height, does not bend much on exposure to a lateral
light. Pour hypocotyls were surrounded close beneath their
petioles with strips of thin tin-foil, · 2 inch in breadth, and they
remained upright all day before a paraffin lamp; two others
were surrounded with strips •15 inch in breadth, and one of
these remained upright, the other becoming bowed; the bandages in two other cases were only ' 1 inch in breadth, and both
of these hypocotyls became bowed, though one only slightly,
towards the light. The free seedlings in the same pots were
all fairly well curved towards the light; and during the following night became nearly upright. The pots were now turned
round and placed before a window, so that the opposite sides
of the seedlings were exposed to the light, towards which all
the unprotected hypocotyls became bent in the course of 7 h.
Seven out of the 8 seedlings with bandages of tin-foil remained
upright, but one which had a bandage only *1 inch in breadth,
became curved to the light. On another occasion, the upper
halves of 7 hypocotyls were surrounded with painted goldbeaters' skin; of these 4 remained upright, and 3 became a little
curved to the light: at the same time 4 other seedlings surrounded with unpainted skin, as well as the free ones in the
same pots, all became bowed towards the lamp, before which
they had been exposed during 22 hours.
Radicles of Sinapis alba.—The radicles of some plants are
indifferent, as far as curvature is concerned, to the action of
light; whilst others bend towards and others from it.* Whether
these movements are of any service to the plant is very doubtful,
at least in the case of subterranean roots; they probably result
from the radicles being sensitive to contact, moisture, and gravitation, and as a consequence to other irritants which are never
naturally encountered. The radicles of Sinapis alba, when
immersed in water and exposed to a lateral light, bend from it,
or are apheliotropic. They become bent for a length of about
4'mm. from their tips. To ascertain whether this movement
1

* Sachs, ' Physiologic Ve'ge"tale,' 1868, p. 44.
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generally occurred, 41 radicles, which had germinated in damp
sawdust, were immersed in water and exposed to a lateral light;
and they all, with two doubtful exceptions, became curved from
the light. At the same time the tips of 54 other radicles,
similarly exposed, were just touched with nitrate of silver.
They were blackened for a length of from "05 to -07 mm., and
probably killed; but it should be observed that this did not
check materially, if at all, the growth of the upper part; for
several, which were measured, increased in the course of only
8-9 h. by 5 to 7 mm. in length. Of the 54 cauterised radicles
one case was doubtful, 25 curved themselves from the light in
the normal manner, and 28, or more than half, were not in the
least apheliotropic. There was a considerable difference, which
we cannot account for, in the results of the experiments tried
towards the end of April and in the middle of September.
Fifteen radicles (part of the above 54) were cauterised at the
former period and were exposed to sunshine, of which 12 failed
to be apheliotropic, 2 were still apheliotropic, and 1 was doubtful. In September, 39 cauterised radicles were exposed to a
northern light, being kept at a proper temperature; and now
23 continued to be apheliotropic in the normal manner, and
only 16 failed to bend from the light. Looking at the aggregate
results at both periods, there can be no doubt that the destruction of the tip for less than a millimeter in length destroyed
in more than half the cases their power of moving from the
light. It is probable that if the tips had been cauterised for
the length of a whole millimeter, all signs of apheliotropism
would have disappeared. It may be suggested that although
the application of caustic does not stop growth, yet enough may
be absorbed to destroy the power of movement in the upper
part; but this suggestion must be rejected, for we have seen
and shall again see, that cauterising one side of the tip of various
kinds of radicles actually excites movement. The conclusion
seems inevitable that sensitiveness to light resides in the tip
of the radicle of Sinapis alba; and that the tip when thus
stimulated transmits some influence to the upper part, causing
it to bend. The case in this respect is parallel with that of
the radicles of several plants, the tips of which are sensitive to
contaot and to other irritants, and, as will be shown in the
eleventh chapter, to gravitation.

2
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CONCLUDING REMARKS AND SUMMARY OP CHAPTER.

We do not know whether it is a general rule with
seedling plants that the illumination of the upper
part determines the curvature of the lower part. But
as this occurred in the four species examined by us,
belonging to such distinct families as the Grainineae,
Crucifera^ and Chenopodese, it is probably of common
occurrence. It can hardly fail to be of service to seedlings, by aiding them to find the shortest path from
the buried seed to the light, on nearly the same
principle that the eyes of most of the lower crawling
animals are seated at the anterior ends of their bodies.
It is extremely doubtful whether with fully developed
plants the illumination of one part ever affects the
curvature of another part. The summits of 5 young
plants of Asparagus officinalis (varying in height between 1"1 and 2 7 inches, and consisting of several
short internodes) were covered with caps of tin-foil
from 0 3 to 0*35 inch in depth; and the lower uncovered parts became as much curved towards a lateral
light, as were the free seedlings in the Same pots.
Other seedlings of the same plant had their summits
painted with Indian ink with the same negative result.
Pieces of blackened paper were gummed to the edges
and over the blades of some leaves on young plants of
Tropmolum majus and Ranunculus Jiearia; these were
then placed in a box before a window, and the petioles
of the protected leaves became curved towards the
light, as much as those of the unprotected leaves.
The foregoing cases with respect to seedling plants
have been fully described, not only because the transmission of any effect from light is a new physiological
fact, but because we think it tends to modify somewhat
the current views on heliotropic movements. Until
-

-
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lately such movements were believed to result simply
from increased growth on the shaded side. At present
it is commonly admitted * that diminished light increases the turgescence of the cells, or the extensibility
of the cell-walls, or of both together, on the shaded
side, and that this is followed by increased growth.
But Pfeffer has shown that a difference in the- turgescence on the two sides of a pulvinus,—that is, an
aggregate of small cells which have ceased to grow at
an early age,—is excited by a difference in the amount
of light received by the two sides; and that movement is thus caused without being followed by increased growth on the more turgescent side.t All
observers apparently believe that light acts directly
on the part which bends, but we have seen with the
above described seedlings that this is not the case.
Their lower halves were brightly illuminated for hours,
and yet did not bend in the least towards the light,
though this is the part which under ordinary circumstances bends the most. It is a still more striking
fact, that the faint illumination of a narrow stripe on
one side of the upper part of the cotyledons of Phalaris
determined the direction of the curvature of the lower
part; so that this latter part did not bend towards the
bright light by which it had been fully illuminated,
* Emil Godlewski has given
(•Bot. Zeitung,' 1879, Nos. 6-9)
an excellent account (p. 120) of
the present state of the question.
See also Vines in ' Arbeiten des
Bot. Inst, in Würzburg,' 1878, B.
Ü. pp. 114-147. H u g o de Yries
has recently published a still
more important article on this
subject : ' Bot. Zeitung,' Dec. 19th
and 26th, 1879.
t ' Die Periodischen Bewegungen der Blattorgane,' 1875, pp, 7,

63, 123, &o. Frank has also
insisted (' Die Naturliche wagerechte Richtung von Pflanzentheilen,' 1870, p. 53) on the
important part which the pulvini
of the leaflets of compound leaves
play in placing the leaflets in a
proper position with respect to the
light. This holds good, especially
with the leaves of climbing plants,
whioh are carried into all sorts
of positions, ill-adapted for the
action of the light.
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but obliquely towards one side where only a little
light entered. These results seem to imply the presence of some matter in the upper part which is acted
on by light, and which transmits its effects to the
lower part. It has been shown that this transmission
is independent of the bending of the upper sensitive
part. We have an analogous case of transmission in
Drosera, for when a gland is irritated, the basal and
not the upper or intermediate part of the tentacle
bends. The flexible and sensitive filament of Dioneea
likewise transmits a stimulus, without itself bending ;
as does the stem of Mimosa.
Light exerts a powerful influence on most vegetable tissues, and there can be no doubt that it
generally tends to check their growth. But when the
two sides of a plant are illuminated in a slightly
different degree, it does not necessarily follow that
the bending towards the illuminated side is caused by
changes in the tissues of the same nature as those
which lead to increased growth in darkness. W e
know at least that a part may bend from the light,
and yet its growth may not be favoured by light.
This is the case with the radicles of Sinapis alba, which
are plainly apheliotropic; nevertheless, they grow
quicker in darkness than in light.* So it is with
many aerial roots, according to Wiesner ;f but there
are other opposed cases. It appears, therefore, that
light does not determine the growth of apheliotropic
parts in any uniform manner.
We should bear in mind that the power of bending
to the light is highly beneficial to most plants. There
* Francis Darwin, ' Über das
Wachsthum negativ heliotropischer Wurzeln ' : ' Arbeiten des
Bot. Inst, in Würzburg,' B. ii.,

Heft iii., 1880, p. 521. »
t ' Sitzb. derk. Akad. d e r W i s sensoh ' (Vienna), 1880, p, 12.
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is therefore no improbability in this power having been
specially acquired. In several respects light seems to
act on plants in nearly the same manner as it does
on animals by means of the nervous system.* With
seedlings the effect, as we have just seen, is transmitted from one part to another. An animal may be
excited to move by a very small amount of light; and
it has been shown that a difference in the illumination
of the two sides of the cotyledons of Phalaris, which
could not be distinguished by the human eye, sufficed
to cause them to bend. It has also been shown that
there is no close parallelism between the amount of
light which acts on a plant and its degree of curvature; it was indeed hardly possible to perceive any
difference in the curvature of some seedlings of Phalaris
exposed to a light, which, though dim, was very much
brighter than that to which others had been exposed.
The retina, after being stimulated by a bright light,
feels the effect for some time; and Phalaris continued
to bend for nearly half an hour towards the side which
had been illuminated. The retina cannot perceive
a dim light after it has been exposed to a bright one;
and plants which had been kept in the daylight
during the previous day and morning, did not move
so soon towards an obscure lateral light as did others
which had been kept in complete darkness.
Even if light does act in such a manner on the
growing parts of plants as always to excite in them
a tendency to bend towards the more illuminated
side—a supposition contradicted by the foregoingexperiments on seedlings and by all apheliotropic
* Sachs lias made some striking
remarks to the same effect with
respect to the various stimuli
w h i c h excite movement in plants.

See his paper ' Ueher orthotrope
und plagiotrope Pfianzentheile,'
' Arb. des. Bot. Inst, in Wiirzburg,'
1879, B. ii. p. 282.
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organs—yet the tendency differs greatly in different
species, and is variable in degree in the individuals of
the same species, as may be seen in almost any pot
of seedlings of a long cultivated plant.* There is
therefore a basis for the modification of this tendency
to almost any beneficial extent. That it has been
modified, we see in many cases: thus, it is of more
importance for insectivorous plants to place their
leaves in the best position for catching insects than
to turn their leaves to the light, and they have
no such power. If the stems of twining plants were
to bend towards the light, they would often be drawn
away from their supports; and as we have seen they
do not thus bend. As the stems of most other plants
are heliotropic, we may feel almost sure that twining
plants, which are distributed throughout" the whole
vascular series, have lost a power that their nonclimbing progenitors possessed. Moreover, with Ipomoea, and probably all other twiners, the stem of the
young plant, before it begins to twine, is highly heliotropic, evidently in order to expose the cotyledons or
the first true leaves fully to the light. With the Ivy the
stems of seedlings are moderately heliotropic, whilst
those of the same plants when grown a little older
* Strnsburger has shown in his
interesting work ('Wirkung des
Lichtes . . . auf Behwarmsporen,'
1878), that the movement of the
swarm-spores of various lowly
organised plants to a lateral light
is influenced by their stage of
development, by the temperature
to which they are subjected, by
the degree of illumination under
which they have been raised, and
by other unknown causes ; so that
• the swarm-spores of the same
species may move across the field
of the microscope either to or from

the light. Some individuals, moreover, appear to be indifferent to
the light; and those of different
species behave very differently.
The brighter the light, t h e
Btraigliter is their courses. T h e y
exhibit also for a fhort time the
after-effects of light. In all t h e s e
respects they resemble the higher
plants. See, also, S t a h l , ' Ueber
den einfluss der Lichts auf die
Bewegungs - erscheinungen
der
Soliw'armsporen' Vcrh. d. phys.med. Geselsshalft in Würzburg,
B. xii. 1878.
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are apheliotropic. Some tendrils which consist of
modified leaves—organs in all ordinary cases strongly
diaheliotropic—have been rendered apheliotropic, and
their tips crawl into any dark crevice.
Even in the case of ordinary heliotropic movements,
it is hardly credible that they result directly from
the action of the light, without any special adaptation.
We may illustrate what we mean by the hygroscopic
movements of plants : if the tissues on one side of an
organ permit of rapid evaporation, they will dry
quickly and contract, causing the part to bend to this
side. Now the wonderfully complex movements of
the pollinia of Orchis pyramidalis, by which they clasp
the proboscis of a moth and afterwards change their
position for the sake of depositing the pollen-masses
on the double stigma—or again the twisting movements, by which certain seeds bury themselves in
the ground*—follow from the manner of drying of
the parts in question; yet no one will suppose that
these results have been gained without special adaptation. Similarly, we are led to believe in adaptation
when we see the hypocotyl of a seedling, which contains
chlorophyll, bending to the light; for although it thus
receives less light, being now shaded by its own cotyledons, it places them—the more important organs—in
the best position to be fully illuminated. The hypocotyl may therefore be said to sacrifice itself for the
good of the cotyledons, or rather of the whole plant.
But if it be prevented from bending, as must sometimes occur with seedlings springing up in an entangled mass of vegetation, the cotyledons themselves
bend so as to face the light; the one farthest off rising
* Francis Darwin, ' On the H y groscopic Mcchanisrn,' &c, ' Trans-

actions Linn. Soc.,' séries ii. vol. i.
p. 149, 1876.
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up, and that nearest to the light sinking down, or
both twisting laterally.* We may, also, suspect that
the extreme sensitiveness to light of the upper part
of the sheath-like cotyledons of the Graminese, and
their power of transmitting its effects to the lowerpart, are specialised arrangements for finding the
shortest path to the light. With plants growing on
a bank, or thrown prostrate by the wind, the manner
in which the leaves move, even rotating on their own
axes, so that their upper surfaces may be again directed
to the light, is a striking phenomenon. Such facts
are rendered more striking when we remember that
too intense a light injures the chlorophyll, and that
the leaflets of several Leguminossa when thus exposed
bend upwards and present their edges to the sun, thus
escaping injury. On the other hand, the leaflets of
Averrhoa and Oxalis, when similarly exposed, bend
downwards.
It was shown in the last chapter that heliotropism
is a modified form of circumnutation; and as every
growing part of every plant circumnutates more or less,
we can understand how it is that the power of bending
to the light has been acquired by such a multitude
of plants throughout the vegetable kingdom. The
manner in which a circumnutating movement—that
is, one consisting of a succession of irregular ellipses
or loops—is gradually converted into a rectilinear
course towards the light, has been already explained.
First, we have a succession of ellipses with their
longer axes directed towards the light, each of which

* Wiesner has made remarks to
nearly the same effect with respect
to leaves: · Die undulirende N u tation der Internodien,' p. 6, ex-

tracted from B . Ixxvii. ( 1 8 7 8 ) .
Sitb. der k. Akad. der Wisseusch,
Wion.
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is described nearer and nearer to its source ; then the
loops are drawn out into a strongly pronounced zigzag
line, with here and there a small loop still formed.
At the same time that the movement towards the light
is increased in extent and accelerated, that in the
opposite direction is lessened and retarded, and at last
stopped. The zigzag movement to either side is
likewise gradually lessened, so that finally the course
becomes rectilinear. Thus under the stimulus of a
fairly bright light there is no useless expenditure of
force.
As with plants every character is more or less
variable, there seems to be no great difficulty in believing that their, circumnutating movements may
have been increased or modified in any beneficial
manner by the preservation of varying individuals.
The inheritance of habitual movements is a necessary
contingent for this process of selection, or the survival
of the fittest ; and we have seen good reason to believe
that habitual movements are inherited by plants. In
the case of twining species the circumnutating movements have been increased in amplitude and rendered
more circular ; the stimulus being here an internal
or innate one. With sleeping plants the movements
have been increased in amplitude and often changed
in direction ; and here the stimulus is the alternation
of light and darkness, aided, however, by inheritance.
In the case of heliotropism, the stimulus is the unequal
illumination of the two sides of the plant, and this
determines, as in the foregoing cases, the modification of the circumnutating movement in such a manner
that the organ bends to the light. A plant which
has been rendered heliotropic by the above means,
might readily lose this tendency, judging from the
cases already given, as soon as it became useless or
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injurious. A species which has ceased to be heliotropic might also be rendered apheliotropic by the
preservation of the individuals which tended to circumnutate (though the cause of this and most other
variations is unknown) in a direction more or less
opposed to that whence the light proceeded. In like
manner a plant might be rendered diaheliotropic.
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MOVEMENTS EXCITED B Y GRAVITATION.
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CHAPTER X.
MODIFIED CIRCUMNUTATION : MOVEMENTS EXCITED BY GRAVITATION.
Means of
observation—Apogeotropism—Cytisus—Verbena—Beta—
Gradual conversion of the movement of circumnutation into apogeotropism i n Rubus, Lilium, Phalaris, Avena, and Brai-stca—Apogeotropism retarded by heliotropism—Effected by the aid of joints
or pulvini—Movements of flower-peduncles of Oxalis—General
remarks on apogeotropism—Geotropism—Movements of radicles—
Burying of seed-capsules—Use' Of process—Trifolium subterraneum
—Arachis—Amphicarpsea—Diageotropism—Conclusion.

OUR object in the present chapter is to show that
geotropism, apogeotropism, and diageotropism are modified forms of circumnutation. Extremely fine filaments of glass, bearing two minute triangles of paper,
were fixed to the summits of young stems, frequently
to the hypocotyls of seedlings, to flower-peduncles,
radicles, &c, and the movements of the parts were
then traced in the manner already described on
vertical and horizontal glass-plates. It should be
remembered that as the stems or other parts become
more and more oblique with respect to the glasses, the
figures traced on them necessarily become more and
more magnified. The plants were protected from light,
excepting whilst each observation was being made, and
then the light, which was always a dim one, was
allowed to enter so as to interfere as little as possible
with the movement in progress; and we did not detect
any evidence of such interference.
., When observing the gradations between circurnnu-
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tation and heliotropism, we had the great advantage of
being able to lessen the light; but with geotropism
analogous experiments were of course impossible.
We could, however, observe the movements of stems
placed at first only a little from the perpendicular, in
which case geotropism did not act with nearly so much
power, as Avhen the stems were horizontal and at right
angles to the force. Plants, also, were selected which
were but feebly geotropic or apogeotropic, or had
become so from having grown rather old. Another
plan was to place the stems at first so that they pointed
30 or 40 degrees beneath the horizon, and then apogeotropism had a great amount of work to do before
the stem was rendered upright ; and in this case
ordinary circumnutation was often not wholly obliterated. Another plan was to observe in the evening
plants which during the day had become greatly
curved heliotropically; for their stems under the gradually waning light very slowly became upright through
the action of apogeotropism; and in this case modified
circumnutation was sometimes well displayed.
Apogeotropism.—Plants were selected for observation almost
by chance, excepting that they were taken from widely different
families. If the stem of a plant which is even moderately
sensitive to apogeotropism be placed horizontally, the upper
growing part bends quickly upwards, so as to become perpendicular; and the line traced by joining the dots, successively
made on a glass-plate, is generally almost straight. For i n stance, a young Cytisus fragrans, 12 inches in height, was placed
so that the stem projected 10° beneath the horizon, and its
course was traced during 72 h. At first it bent a very little
downwards (Fig. 182), owing no doubt to the weight of the
stem, as this occurred with most of the other plants observed,
though, as they were of course circumnutating, the short downward lines were often oblique. After three-quarters of an hour
the stem began to curve upwards, quickly during the first t w o
hours, but much more slowly during the afternoon and night,
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and on the following day. D
a
little, and cireumnutated
during the following day; but it
also moved a short distance to
t h e right, which was caused by
a little light having been accidentally admitted on this side.
The stem was now inclined
60° above the horizon, and had
therefore risen 70°. With time
allowed it would probably have
become upright, and no doubt
would have continued circurnnutating. The sole remarkable
feature in the figure here given
i s the straightness of the course
pursued. The stem, however,
did not move upwards at an
equable rate, and it sometimes
stood almost or quite still.
Such periods probably represent
attempts to circumnutate in a
direction opposite to apogeotropism.

the second night it fell

The herbaceous stem of a
Verbena melindres (?) laid horizontally, rose in 7 h. so much
that it could no longer be
observed on the vertical glass
which stood in front of the plant.
The long line which was traced
was almost absolutely straight.
After the 7 h. it still continued
to rise, but now cireumnutated Cytisusfragrans: apogeotropic movement of stem from 10° beneath to
slightly. Qn the following day 60° above horizon, traced on v e r i t stood upright, and cireum- tical glass, from 8.30 A.M. March
nutated regularly, as shown in 12th to 10.30 P.M. 13th. The subsequent circumnutating movement
P i g . 82, given in the fourth is likewise shown up to 6.45 A.M.
ehapter. The stems of several on the 15th. Nocturnal course
other plants which were highly represented, as usual, by a broken
sensitive to apogeotropism rose Ü D e . Movement not greatly magnified, and tracing reduced to twou p in almost straight lines, and thirds of original scale.
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then suddenly began to cir<

Beta vulgaris: apogeotropic movement
of hypocotyl from 19° beneath horizon
to a vertical position, with subsequent
circumnutation, traced on a vertical
and on a horizontal glass-plate, from
8.28 A.M. Sept. 28th to 8.40 A.M. 29th.
Figure reduced to one-third of original
scale.

itate. A partially etiolated
and somewhat old h y p o c o t y l
of a seedling cabbage ( 2 1
inches in height) w a s s o
sensitive that when p l a c e d
at an angle of only 23° f r o m
the perpendicular, it b e c a m e
vertical in 33 minutes.
As
it could not have b e e n
strongly acted upon
by
apogeotropism in the a b o v e
slightly inclined p o s i t i o n ,
we expected that it w o u l d
have circumnutated, or a t
least have moved in a z i g zag course.
Accordingly,
dots were made every 3
minutes; but, when t h e s e
were joined, the line w a s
nearly straight. After t h i s
hypocotyl had become u p right it still moved o n w a r d s
for half an hour in the s a m e
general direction, but i n a
zigzag manner. During t h e
succeeding 9 h. it c i r c u m nutated regularly, and d e scribed 3 large ellipses.
In
this case apogeotropism,
although acting at a v e r y
unfavourable angle, q u i t e
overcame the ordinary circumnutating movement.
The hypocotyls of
Beta
vulgaris are highly s e n s i t i v e
to apogeotropism. One w a s
placed so as to project 1 9 °
beneath the horizon; i t fell
at first a very little ( s e e
Fig. 183), no doubt o w i n g
to its weight; but as i t w a s
circumnutating the line w a s
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oblique. During the next 3 h. 8 m. it rose in a nearly straight
line, passing through an angle of 109°, and then (at 12.3 P.M.)
stood upright. It continued for 55 m. to move in the same
general direction beyond the perpendicular, but in a zigzag
course. It returned also in a zigzag line, and then circumnutated regularly, describing three large ellipses during the
remainder of the day. It should be observed that the ellipses
in this figure are exaggerated in size, relatively to the length of
the upward straight line, owing to the position of the vertical
and horizontal glass-plates. Another and somewhat old hypocotyl was placed so as to stand at only 31° from tho perpendicular, in which position apogeotropism acted on it with little
force, and its course accordingly was slightly zigzag.
The sheath-like cotyledons of Phalnris Cauanensis are extremely sensitive to apogeotropism. One was placed so as to
project 40° beneath the horizon. Although it was rather old
and 1"3 inch in height, it became vertical in 4 h. 30 m., having
passed through an angle of 130° in a nearly straight line. It then
suddenly began to circumnutate in the ordinary manner. The
cotyledons of this plant, after the first' leaf has begun to protrude, are but slightly apogeotropic, though they still continue
to circumnutate. One at this stage of development was placed
horizontally, and did not become upright even after 13 h., and its
course was slightly zigzag. So, again, a rather old hypocotyl
of Cassia tora ( l i inch in height) required 28 h. to become upright, and its course was distinctly zigzag; whilst younger hypocotyls moved much more quickly and in a nearly straight line.
When a horizontally placed stem or other organ rises in a
zigzag line, we may infer from the many cases given in our
previous chapters, that we have a modified form of circnmnutatiou; but when the course is straight, there is no evidence
of circumnutation, and any one might maintain that this latter
movement had been replaced by one of a wholly distinct kind.
This view seems the more probable when (as sometimes
occurred with the hypocotyls of Brassica and Beta, the stems of
Cucurbita, and the cotyledons of Phalaris) the part in question,
after bending up in a straight course, suddenly begins to circumnutate to the full extent and in the usual manner. A fairly
good instance of a sudden change of this kind—that is, from a
nearly straight upward movement to one of circumnutation—
is shown in Fig. 183; but more striking instances, were occasionally observed with Beta, Brassica, and Phalaris.
We will now describe a few cases in which it may be

2
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K

een how gradually circumnutation becomes changed into apogeotropism, under circumstances to be specified
Fig. 184
in each instance.
JRubus idceus (hybrid).—A young plant, 11
inches in height, growing in a pot, was placed
horizontally; and the upward movement was
traced during nearly 70 h.; but the plant,
though growing vigorously, was not highly
sensitive to apogeotropism, or it was not
capable of quick movement, for during the
above time it rose only 67°. We may see in
the diagram (Fig. 184) that during the first
day of 12 h. it rose in a nearly straight line.
When placed horizontally, it was evidently
circumnutating, for it rose at first a little,
notwithstanding the weight of the stem, and
then sank down; so that it did not start on
^5 9
its permanently upward course until 1 h.
25 m. had elapsed. On the second day, by
which 'time it had risen considerably, and
when apogeotropism acted on it with somewhat
0) I
N less power, its course during 154 h. was clearly
O K
eg £
zigzag, and the rate of the upward movement
was not equable. During the third day, also
of 154 h., when apogeotropism acted on it
with still less power, the stem plainly circumnutated, for it moved during this day 3 times
up and 3 times down, 4 times to the left and
a
<
4 to the right. But the course was so complex,
i-s
that it could hardly be traced on the glass.
We can, however, see that the successively
formed irregular ellipses rose higher and
s ° higher. Apogeotropism continued to act on
fee a the fourth morning, as the stem was still
"a
rising, though it now stood only 23° from the
perpendicular. In this diagram the several
stages may be followed by which an almost
rectilinear, upward, apogeotropic course first
becomes zigzag, and then changes into a
circumnutating movement, with most of the
successively formed, irregular ellipses directed
upwards.
Lilium auratwm.—A plant 23 inches in height was placed
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horizontally, and the upper part of the stem rose
' in 46 li.,
i n the manner shown in the accomFig. 185.
panying diagram (Pig. 185). We here
s e e that during the whole of the
second day of 15-^ h., the stem plainly
circumnutated whilst bending upwards
through apogeotropism. It had still
t o rise considerably, for when the last
d o t in the figure was made, it stood
32° from an upright position.
Phalaris Canariensis.—A cotyledon
of this plant (1*3 inch in height) has
already been described as rising in
4 h. 30 m. from 40° beneath the horizon into a vertical position, passing
through an angle of 130° in a nearly
straight line, and then abruptly beginning to circumnutate.
Another
somewhat old cotyledon of the same
height (but from which a true leaf
had not yet protruded), was similarly
placed at 40° beneath the horizon. For
the first 4 h. it rose in a nearly straight
course (Fig. 186), so that by 1.10 P.M.
it was highly inclined, and now apogeotropism acted on it with much less
power than before, and it began to
zigzag. At 4.15 P.M. (i.e. in 7 h. from
t h e commencement) it stood vertically,
and afterwards continued to circumnutate in the usual manner about the
same spot.
Here then we have a
graduated change from a straight upward apogeotropic course into circum- Liliurn uuratum : apogeonutation, instead of an abrupt change, tropic movement of stem
traced on a vertical glass
as in the former case.
during 2 days and 2
Avena sativa.—The sheath-like coty- nights, from 10.40 A.M.
ledons, whilst young, are strongly apo- March 18th to 8 A.M.
geotropic ; and some which were placed 20th. Figure reduced to
one-half of the original
at 45° beneath the horizon rose 90° in scale.
7 or 8 h. in lines almost absolutely
straight. An oldish cotyledon, from which the first leaf began to
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Fig. 186.

protrude whilst the following observations were
being made, was placed
4°JS'p.m
at 10° beneath thehorizon,
and it rose only 59° in
24 h. It behaved rather
differently from any other
plant, observed by us, for
during the first 4 i h, it
rose in a line not far from
straight; during the next
Qh h. it cireumnutated,
that is, it descended and
again ascended in a
strongly marked zigzag
course; it then resumed
its upward movement in
a moderately straight line,
and, with time allowed,
no doubt would have become upright. In this
case, after the first 4J h„
ordinary circumnutation
almost completely conquered for a time apogeotropism.
Brassica ohracea.—The
hypocotyls
of
several
young seedlings placed
horizontally, rose up vertically in the course of 6
or 7 h. in nearly straight
lines. A seedling which
had grown in darkness to
a height of 2 i inches, and
was therefore rather old
and not highly sensitive,
was placed so that the
Phalaris Canariensis: apogeotropic move- hypocotyl projected at bement of cotyledon, traced on a vertical tween 30° and 40° beneath
and horizontal glass, from 9.10 A.M. Sept.
19th to 9 A.M. 20th. Figure here re- the horizon. The upper
part alone became curved
duced to one-fifth of original scale.
;
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u p w a r d s , and rose during the first 3 h. 10 m. in a nearly straight
l i n e (Fig. 187); but it was not
Fig. 187.
possible to trace the upward movem e n t on the vertical glass for the
first 1 h. 10 m., so that the nearly
straight line in the diagram ought
t o have been much longer. During
t h e next 11 h. the hypocotyl circumn u t a t e d , describing irregularfigures,
e a c h of which rose a little above
t h e one previously formed. During
t h e night and following early morni n g i t continued to rise in a zigzag
course, so that apogeotropism was
s t i l l acting. At the close of our observations, after 23 h. (represented
b y the highest dot in the diagram)
t h e hypocotyl was still 32° from
t h e perpendicular. There can be
l i t t l e doubt that it would ultimately have become upright by
describing an additional number
of irregular ellipses, one above the
other.
Apogeotropism retarded ly Eeliotropism. — When the stem of any
plant bends during the day towards
a lateral light, the movement is
opposed by apogeotropism; but as
t h e light gradually wanes in the
evening the latter power slowly
gains the upper hand, and draws Brassica olerácea: apogeotroj:
t h e stem back into a vertical movement of hypocotyl, traced
on vertical glass, from 9.20
position. Here then we have a A.M. Sept. 12th to 8.30 A.M.
good opportunity for observing how 13th. The upper part of the
apogeotropism acts when very figure is more magnified than
the lower part. If the whole
pearly balanced by an opposing course had been traced, the
force. For instance, the plumule straight upright line would
of Troposolum majus (see former have been much longer, figure
F i g . 175) moved towards the dim here reduced to one-third of
the original scale.
evening light in a slightly zigzag
line until 6.45 P.M., it then returned on its course until
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10.40 P.M., during -which time it zigzagged and described an
ellipse of considerable size.- The hypocotyl of Brassica okracea
(see former Fig. 173) moved in a straight line to the light until
5.15 P.M., and then from the light, making in its backward
course a great rectangular bend, and then returned for a short
distance towards the former source of the light; no observations were made after 7.10 P.M., but during the night it recovered its vertical position. A hypocotyl of Cassia tora moved
in the evening in a somewhat zigzag line towards the failing
light until 6 P.M., and was now bowed 20° from the perpendi*
cular; it then returned on its fcourse, making before 10.30 P.M.
four great, nearly rectangular bends and almost completing an
ellipse. Several other analogous cases were casually observed,
and in all of them the apogeotropic movement could be seen to
consist of modified circumnutation.
Apogeotropic Movements effected by the aid of joints or puhini.
—Movements of this kind are well known to occur in the
Graminess, and are effected by means of the thickened bases
of their sheathing leaves; the stem within being in this part
thinner than elsewhere.* According to the analogy of all other
pulvini, such joints ought to continue circumnutating for a
long period, after the adjoining parts have ceased to grow. We
therefore wished to ascertain whether this was the case with
the G-raminese; for if so, the upward curvature of their stems,
when extended horizontally or laid prostrate, would be explained
in accordance with our view—namely, that apogeotropism
results from modified circumnutation. After these joints have
curved upwards, they are fixed in their new position by increased
growth along their lower sides.
Lolium perenne.—A young stem, 7 inches in height, consisting of 3 internodes, with the flower-head not yet protruded,
was selected for observation. A long and very thin glass filament was cemented horizontally to the stem close above the
second joint, 3 inches above the ground. This joint was subsequently proved to be in an active condition, as its lower side
swelled much through the action of apogeotropism (in the
manner described by De Vries) after the haulm had been
fastened down for 24 h. in a horizontal position. The pot was
* This structure has been recently described by De Vries in
an interesting article, ' Ueber

die Aufrichtung des gelagerten
Getreides,' in ' LandwirtliBchaftliehe Jahrbücher,' 1880, p. 473.
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so placed that the end of the filament stood beneath the 2-inch
object glass of a microscope with an eye-piece micrometer, each
division of which equalled -gfa of an inch. The end of the filament was repeatedly observed during 6 h., and was seen to be
in constant movement; and it crossed 5 divisions of the micrometer (i^y inch) in 2 h. Occasionally it moved forwards by
jerks, some of which were
inch in length, and then slowly
retreated a little, afterwards again jerking forwards. These
oscillations were exactly like those described under Brassica
and Dionssa, but they occurred only occasionally. We may
therefore conclude that this moderately old joint was continually
circumnutating on a small scale.
Alopecurus pratensis.—A young plant, 11 inches in height, with
the flower-head protruded, but with the florets not yet expanded,
had a glass filament fixed close above the second joint, at a
height of only 2 inches above the ground. The basal internode,
2 inches in length, was cemented to a stick to prevent any
possibility of its circumnutating. The extremity of the filament,
which projected about 50° above the horizon, was often observed
during 24 h. in the same manner as in the last case. Whenever
looked at, it was always in movement, and it crossed 30 divisions
of the micrometer ( ^ inch) in 3J h.; but it sometimes moved
at a quicker rate, for at one time it crossed 5 divisions in l i h.
The pot had to be moved occasionally, as the end of the filament
travelled beyond the field of vision; but as far as we could
judge it followed during the daytime a semicircular course;
and it certainly travelled in two different directions at right
angles to one another. It sometimes oscillated in the same
manner as in the last species, some of the jerks forwards being
as much as
of an inch. We may therefore conclude that
the joints in this and the last species of grass long continue to
cireumnutate; so that this movement would be ready to be.
converted into an apogeotropic movement, whenever the stem
Was placed in an inclined or horizontal position.
Movements of the Flower-peduncles of Oxalis carnosa, due to
apogeotropism and other forces.—The movements of the main
peduncle, and of the three or four sub-peduncles which each
main peduncle of this plant bears, are extremely complex, and
are determined by several distinct causes. Whilst the flowers
are expanded, both kinds of peduncles cireumnutate about the
same spot, as we have seen (Pig. 91) in the fourth chapter.
But soon after the flowers have begun to wither the sub-
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peduncles bend downwards, and this is due to epinasty; for
on two occasions when pots were laid horizontally, the subpeduncles assumed the same position relatively to the main
peduncle, as would have been the case if they had remained
upright; that is, each of them formed with it an angle of
about 40°. If they had been acted on by geotropism or aphelio
tropism (for the plant was illuminated from above), they would
have directed themselves to the centre of the earth. A main
peduncle was secured to a stick in an upright position, and onO
of the upright sub-peduncles which had been observed circumnutating whilst the flower was expanded, continued to do so for
at least 24 h. after it had withered. It then began to bend
downwards, and after 36 h. pointed a little beneath the horizon.
A*n,ew figure was now begun (A, Pig. 188), and the sub-peduncle
was> traced descending in a zigzag line from 7.20 P.M. on the 19th
'Co. 9iA.M. on the 22nd.. It now pointed almost perpendicularly
^downwards, and the glass filament had to be removed and
;.fastened transversely across the base of the young capsule.
We expected that the sub-peduncle would have been motionless
in its new position; but it continued slowly to swing, like a
pendulum," from side to side, that is, in a plane at right angles
t o that in which it had descended. This circumnutating movement was observed from 9 A.M. on 22nd to 9 A.M. 24th, as shown
at B in the diagram. We were not able to observe this particular sub-peduncle any longer; but it would certainly have
gone on circumnutating until the capsule was nearly ripe (which
requires only a short time), and it would then have moved
upwards.
1

The upward movement (C, Fig. 188) is effected in part by the
whole sub-peduncle rising in the same manner as it had previously descended through epinasty—namely, at the joint where
united to the main peduncle. As this upward movement
occurred with plants kept in the dark and in whatever position
the main peduncle was fastened, it could not have been caused
by heliotropism or apogeotropism, but by hyponasty. Besides
this movement at the joint, there is another ot a very different
kind, for the sub-peduncle becomes upwardly bent in the middle
part. If the sub-peduncle happens at the time to be inclined
much downwards, the upward curvature is so great that the
whole forms a hook. • The upper end bearing the capsule, thus
always places itself upright, and as this occurs in darkness, and
in whatever position the main peduncle may have been secured,
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the upward curvature cannot be due to heliotropism or hypouasty, but to apogeotropism.
f

Fig. 188.

1

Oxalis carnosa : movements of flower-peduncle, traced on a vertical glass:
A, epinastic downward movement; B, civcumnutation whilst depending vertically ; G, subsequent upward movement, due to apogeotropism
and hyponasty combined.
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In order to trace this upward movement, a filament was fixed
to a sub-peduncle bearing a capsule nearly ripe, which was
beginning to bend upwards by the two means just described. Its
course was traced (see C, Fig. 188) during 53 h., by which time
it had become nearly upright. The course is seen to be strongly
zigzag, together with some little loops. We may therefore conclude that the movement consists of modified circumnutation.
The several species of Oxalis probably profit in the followingmanner by their sub-peduncles first bending downwards and
then upwards. They are known to scatter their seeds? by the
bursting of the capsule; the walls of which are so extremely
thin, like silver paper, that they would easily be permeated by
rain. But as soon as the petals wither, the sepals rise up and
enclose the young capsule, forming a perfect roof over it as
soon as the sub-peduncle has bent itself downwards. By its
subsequent upward movement, the capsule stands when ripe
at a greater height above the ground by twice the length of the
sub-peduncle, than it did when dependent, and is thus able
to scatter its seeds to a greater distance. The sepals, which
enclose the ovarium whilst it is young, present an additional
adaptation by expanding widely when the seeds are ripe, so as
not to interfere with their dispersal. In the case of Oralis
acetosella, the capsules are said sometimes to bury themselves
under loose leaves or moss on the ground, but this cannot occur
with those of 0. carnosi, as the woody stem is too high.
Oxalis acetosella.—The peduncles are furnished with a joint in

Oxalis acetosella: course pursued by the upper part of a peduncle, whilst
rising, traced from 11 A.M. June 1 st to 9 A.M. 3rd. Figure here reduced to one-half of the original scale.

the middle, so that the lower part answers to the main peduncle,
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and the upper part to one of the sub-peduneles of 0. cnrnom.
The upper part bends downwards, after the flower has begun
to wither, and the whole peduncle then forms a hook; that
this bending is due to epinasty we may infer from the case of
0. carnosa. When the pod is nearly ripe, the upper part
straightens itself and becomes erect; and this is due to hyponasty or apogeotropism, or both combined, and not to heliotropism, for it occurred in darkness. The short, hooked part of
the peduncle of a cleistogamic flower, bearing a pod nearly ripe,
was observed in the dark during three days. The apex of the
pod at first pointed perpendicularly down, but in the course of
three days rose 90°, so that it now projected horizontally. The
course during the two latter days is shown in Fig. 189; and
it may be seen how greatly the peduncle, whilst rising, circrnnnutated. The lines of chief movement were at right angles
to the plane of the originally hooked part. The tracing was
not continued any longer; but after two additional days, the
peduncle with its capsule had become straight and stood
upright.

Concluding Remarks on Apogeotropism.—When apogeotropism is rendered by any means feeble, it acts,
as shown in the several foregoing cases, by increasing
the always present circumnutating movement in a
direction opposed to gravity, and by diminishing that
in the direction of gravity, as well as that to either
side. The upward movement thus becomes unequal
in rate, and is sometimes interrupted by stationary
periods. Whenever irregular ellipses or loops are still
formed, their longer axes are almost always directed
in the line of gravity, in an analogous manner as
occurred with heliotropic movements in reference to
the light. As apogeotropism acts more and more
energetically, ellipses or loops cease to be formed, and
the course becomes at first strongly, and then less and
less zigzag, and finally rectilinear. From this gradation in the nature of the movement, and more especially
from all growing parts, which alone (except when pulvini are present) are acted on by apogeotropism, con-
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tinually circumnutating, we may conclude that even
a rectilinear course is merely an extremely modified
form of circumnutation. It is remarkable that a stem
or other organ which is highly sensitive to apogeotropism, and which has bowed itself rapidly upwards'
in a straight line, is often carried beyond the vertical,
as if by momentum. It then bends a little backwards
to a point round which it finally circumnutates. Two
instances of this were observed with the hypocotyls of
Beta vulgaris, one of which is shown in Fig. 183, and
two other instances with the hypocotyls of Brassica.
This momentum-like movement probably results from
the accumulated effects of apogeotropism. For the
sake of observing how long such after-effects lasted,
a pot with seedlings of Beta was laid on its side in the
dark, and the hypocotyls in 3 h. 15 m. became highly
inclined. The pot, still in the dark, was then placed
upright, and the movements of the two hypocotyls were
traced; one continued to bend in its former direction;
now in opposition to apogeotropism, for about 37 m.,
perhaps for 48 m.; but after 61 m. it moved in an
opposite direction. The other hypocotyl continued
to move in its former course, after being placed
upright, for at least 37 m.
Different species and different parts of the same
species are acted on by apogeotropism in very different degrees. Young seedlings, most of which cir*
cumnutate quickly and largely, bend upwards and
become vertical in much less time than do any older
plants observed by us; but whether this is due to
their greater sensitiveness to apogeotropism, or merely
to their greater flexibility we do not know. A hypo<
cotyl of Beta traversed an angle of 109° in 3 h. 8 m.,
and a cotyledon of Phalaris an angle of 130° in 4 h.
30 m. On the other hand, the stem of a herbaceous
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Verbena rose 90° in about 24 h.; that of Eubus 67°,
in 70 h.; that of Cytisus 70°, in 72 h.; that of a young
American Oak only 37°, in 72 h. The stem of a
young Gyperus alternifolius rose only 11° in 96 h.;
the bending being confined to near its base. Though
the sheath-like cotyledons of Phalaris are so extremely
sensitive to apogeotropism, the first true leaves which
protrude from them exhibited only a trace of this
action. Two fronds of a fern, Nephrodium molle, both
of them young and one with the tip still inwardly
curled, were kept in a horizontal position for 46 h.,
and during this time they rose so little that it was
doubtful whether there was any true apogeotropic
movement.
The most curious case known to us of a difference
in sensitiveness to gravitation, and consequently of
movement, in different parts of the same organ, is that
offered by the petioles of the cotyledons of Ipomoea
leptophylla. The basal part for a short length where
united to the undeveloped hypocotyl and radicle is
strongly geotropic, whilst the whole upper part is
strongly apogeotropic. But a portion near the blades
of the cotyledons is after a time acted on by epinasty
and curves downwards, for the sake of emerging in the
form of an arch from the ground; it subsequently
straightens itself, and is then again acted on by apogeotropism.
A branch of Gueurbita ovifera, placed horizontally,
moved upwards during 7 h. in a straight line, until it
stood at 40° above the horizon; it then began to circumnutate, as if owing to its trailing nature it had no
tendency to rise any higher. Another upright branch
was secured to a stick, close to the base of a tendril,
and the pot was then laid horizontally in the dark.
In this position the tendril circumnutated an<l made
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several large ellipses during 14 h., as it likewise did
on the following day; but during this whole time it
was not in the least affected by apogeotropism. On the
other hand, when branches of another Cucurbitaceous
plant, Echinocytis lobata, were fixed in the dark so that
the tendrils depended beneath the horizon, these began
immediately to bend upwards, and whilst thus moving
they ceased to circumnutate in any plain manner;
but as soon as they had become horizontal they recommenced to revolve conspicuously.* The tendrils
of Passiflora gracilis are likewise apogeotropic. Two
branches were tied down so that their tendrils pointed
many degrees beneath the horizon. One was observed
for 8 h., during which time it rose, describing two
circles, one above the other. The other tendril rose
in a moderately straight line during the first 4 h.,
making however one small loop in its course; it then
stood at about 45° above the horizon, where it circumnutated during the remaining 8 h. of observation.
A part or organ which whilst young is extremelysensitive to apogeotropism ceases to be so as it grows
old; and it is remarkable, as showing the independence
of this sensitiveness and of the circumnutating movement, that the latter sometimes continues for a time
after all power of bending from the centre of the earth
has been lost. Thus a seedling Orange bearing only
3 young leaves, with a rather stiff stem, did not curve
in the least upwards during 24 h. whilst extended
horizontally; yet it circumnutated all the time over
a small space. The hypocotyl of a young seedling
of Cassia tora, similarly placed, became vertical i n
12 h.; that of an older seedling, 1£ inch in height,
* For details see ' T h e Movements and Habits of Climbing P l a n t s , '
1875, p. 131.
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became so in 28 h.; and that of another still older
one, 1J inch in height, remained horizontal during
two days, hut distinctly circumnutated during this
whole time.
When the cotyledons of Phalaris or Avena are laid
horizontally, the uppermost part first bends upwards,
and then the lower part; consequently, after the lower
part has become much curved upwards, the upper part
is compelled to curve backwards in an opposite direction, in order to straighten itself and to stand vertically ; and this subsequent straightening process is
likewise due to apogeotropism. The upper part of
8 young cotyledons of Phalaris were made rigid by
being cemented to thin glass rods, so that this part
could not bend in the least; nevertheless, the basal
part was not prevented from curving upward. A stem
or other organ which bends upwards through apogeotropism exerts .considerable force; its own weight,
which has of course to be lifted, was sufficient in
almost every instance to cause the part at first to bend
a little downwards; but the downward course was
often rendered oblique by the simultaneous circumnutating movement. The cotyledons of Avena placed
horizontally, besides lifting their own weight, were
able to furrow the soft sand above them, so as to leave
little crescentic open spaces on the lower sides of their
bases; and this is a remarkable proof of the force
exerted.
As the tips of the cotyledons of Phalaris and Avena
bend upwards through the action of apogeotropism
before the basal part, and as these same tips-when
excited by a lateral light transmit some influence to
the lower part, causing it to bend, we thought that
the same rule might hold good with apogeotropism.
Consequently, the tips of 7 cotyledons of Phalaris were
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cut off for a length in three cases of "2 inch and in
the four other cases of '14, *12, -1, and "07 inch. But
these cotyledons, after being extended horizontally,
bowed themselves upwards as effectually as the unmutilated specimens in the same pots, showing that
sensitiveness to gravitation is not confined to their tips.
GEOTBOPISM.

This movement is directly the reverse of apogfebtropism. Many organs bend downwards through epinasty or apheliotropism or from their own weight; but
we have met with very few cases of a downward movement in sub-aerial organs due to geotropism. W e
shall, however, give one good instance in the following
section, in the case of Trifolium subierraneum, and
probably in that of Arachis hypogma.
On the other hand, all roots which penetrate the
ground (including the modified root-like petioles of
Megarrhiza and Ipomcea leptophylla) are guided in their
downward course by geotropism; and so are many
aerial roots, whilst others, as those of the Ivy, appear
to be indifferent to its action. In our first chapter the
movements of the radicles of several seedlings were
described. We may there see (Fig. 1) how a radicle
of the cabbage, when pointing vertically upwards so
as to be very little acted on by geotropism, circum- •
nutated ; and how another (Fig. 2) which was at first
placed in an inclined position bowed itself downwards
in a zigzag line, sometimes remaining stationary for a
time. Two other radicles of the cabbage travelled
downwards in almost rectilinear courses. A radicle of
the bean placed upright (Fig. 20) made a great sweep
and zigzagged; but as it sank downwards and was
more strongly acted on by geotropiam, it moved in an
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almost straight course. A radicle of Cucurbita, directed
upwards (Fig. 26), also zigzagged at first, and described small loops; it then moved in a straight line.
Nearly the same result was observed with the radicles
of Zea mays. But the best evidence of the intimate
connection between circumnutation and geotropism
was afforded by the radicles of Phaseolus, Vicia, and
Quercus, and in a less degree by those of Zea and
iEsculus (see Figs. 18, 19, 21, 41, and 52); for when
these were compelled to grow and slide down highly
inclined surfaces of smoked glass, they left distinctly
serpentine tracks.
The Burying of Seed-capsules: Trifolium suVerraneum.—The
flower-heads of this plant are remarkable from producing only
3 or 4 perfect flowers, which are situated exteriorly. All the
other many flowers abort, and are modified into rigid points,
with a bundle of vessels running up their centres. After a time
5 long, elastic, claw-like projections, which represent the divisions of the calyx, are developed on their summits. As soon as
the perfect flowers wither they bend downwards, supposing the
peduncle to stand upright, and they then closely surround its
upper part. This movement is due to epinasty, as is likewise
the case with the flowers of T. repens. The imperfect central
flowers ultimately follow, one after the other, the same course.
Whilst the perfect flowers aro thus bending down, the whole
peduncle curves downwards and increases much in length,
until the flower-head reaches the ground. Vaucher * says that
When the plant is so placed that the heads cannot soon reach
the ground, the peduncles grow to the extraordinary length of
from 6 to 9 inches. In whatever position the branches may be
placed, the upper part of the peduncle at first bends vertically
upwards through heliotropism; but as soon as the flowers
begin to wither the downward curvature of the whole peduncle
commences. As this latter movement occurred in complete
darkness, and with peduncles arising from upright and from
dependent branches, it cannot be due to apheliotropism or to
epinasty, but must be attributed to geotropism. Nineteen
* 'Hist. Phys. des Plantes d'Europe,' torn. ii. 1841, p. 106.
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upright flower-heads, arising from branches in all sorts of positions, on plants growing in a warm greenhouse, were marked
with thread, and after 24 h. six of them were vertically dependent ; these therefore had travelled through 180° in this t i m e .
Ten were extended sub-horizontally, and these had m o v e d
through about 90°. Three very young peduncles had as y e t
moved only a little downwards, but after an additional 2 4 h.
were greatly inclined.
At the time when the flower-heads reach the ground, t h e
younger imperfect flowers in the centre are still pressed closely
together, and form a conical projection; whereas the perfect and
imperfect flowers on the outside are upturned and closely surround the peduncle. They are thus adapted to offer as little
resistance, as the case admits of, in penetrating the ground,
though the diameter of the flower-head is still considerable.
The means by which this penetration is effected will presently
be described. The flower-heads are able to bury themselves i n
common garden mould, and easily in sand or in fine sifted
cinders packed rather closely. The depth to which they penetrated, measured from the surface to the base of the head, w a s
between i and i inch, but in one case rather above 0 6 i n c h .
With a plant kept in the house, a head partly buried itself i n
sand in 6 h . : after 3 days only the tips of the reflexed calyces
were visible, and after 6 days the whole had disappeared. B u t
with plants growing out of doors we believe, from casual observations, that they bury themselves in a much shorter time.
-

After the heads have buried themselves, the central aborted
flowers increase considerably in length and rigidity, a n d
become bleached. They gradually curve, one after the other,
upwards or towards the peduncle, in the same manner a s
did the perfect flowers at first. In thus moving, the long claws
on their summits carry with them some earth. Hence a flowerhead which has been buried for a sufficient time, forms a rather
large ball, consisting of the aborted flowers, separated from o n e
another by earth, and surrounding the little pods (the product
of the perfect flowers) which lie close round the upper part of
the peduncle. The calyces of the perfect and imperfect flowers
are clothed with simple and multicellular hairs, which have t h e
power of absorption; for when placed in a weak solution of
carbonate of ammonia (2 gr. to 1 oz. of. water) their protoplasmic contents immediately became aggregated and afterwards
displayed the usual slow movements. This clover generally
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grows in dry soil, but whether the power of absorption by the
hairs on the buried flower-heads is of any importance to them
we do not know. Only a few of the flower-heads, which from
their position are not able to reach the ground and bury themselves, yield seeds; whereas the buried ones never failed, as far
as we observed, to produce as many seeds as there had been
perfect flowers.
We will now consider the movements of the peduncle whilst

Trifolivm svMerraneum: downward movement of peduncle from 19° beneath
the horizon to a nearly vertically dependent position, traced from
11 A.M. July 22nd to the morning of 25th. Glass filament fixed
transversely across peduncle, at base of flower-head.

curving down to the ground. We have seen in Chap. IV.,
Pig. 92, p. 225, that an upright young flower-head circumnutated conspicuously; and that this movement continued after
the peduncle had begun to bend downwards. The samepeduncle was observed when inclined at an angle of 19° above
the horizon, and it circumnutated during two days. Another

2 L 2
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which was already curved 36° beneath the horizon, was observed
from 11 A.M. July 22nd to the 27th, by which latter date i t
had become vertically dependent. I t s course during t h e first
12 h. i s shown in K g . 190, and its position on the three
succeeding mornings until t h e 25th,
Swhen it was nearly vertical. D u r i n g
the first day the peduncle clearly
circumnutated, for it moved 4 times
down and 3 times u p ; and on each
succeeding day, as it sank downwards,
the same movement continued, b u t
was only occasionally observed and
was less strongly marked. I t should
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of the calyx still visible; slowly than those on plants growing
traced from 8 A.M. July out of doors or in the greenhouse.

26th to 9 A.M. on 27th.
The movement of another vertically
? e t V T r t ' t e d u n T e ; ^ p e n d e n t peduncle with the flowernear flower-head.
head standing half an inch above t h e
ground, was traced, and again w h e n
it first touched the ground; in both cases irregular ellipses
were described every 4 or 5 h. A peduncle on a plant w h i c h
had been brought into the house,
moved from an upright into a v e r 1 9 2

Trijoliumsvhterraneum:

tically dependent position i n a
single day; and here the course
during the first 12 h. was nearly
straight, but with a few well-marked
move- zigzags which betrayed the essential

ment of same peduncle, with nature of the movement. Lastly,
flower-head completely buried the circumnutation of a p e d u n c l e
beneath the sand; traced from
traced rlnrinff 51 h w h i l s t in
a

s

8A.M.to7.i5p.M.onJuly29th. ^
wacett auring o i n wnust i n
the act of burying itself obliquely
in a little heap of sand. After it had buried itself to such a
depth that the tips of the sepals were alone visible, the above
figure (Fig. 191) was traced during 25 h. When the flowerhead had completely disappeared beneath the sand, another
tracing was made during 11 h. 45 m. (Fig. 192); and here again
we see that the peduncle was circumnutating.
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Any one who will observe a flower-head burying itself, will be
convinced that the rocking movement, due to the continued
circumnutation of the peduncle, plays an important part in the
act. Considering that the flower-heads are very light, that the
peduncles are long, thin, and flexible, and that they arise from
flexible branches, it is incredible that an object as blunt as one
of these flower-heads could penetrate the ground by means of
the growing force of the peduncle, unless it were aided by the
rocking movement. "After a flower-head has penetrated the
ground to a small depth, another and efficient agency comes into
play; the central rigid aborted flowers, each terminating in five
long claws, curve up towards the peduncle; and in doing so
can hardly fail to drag the head down to a greater depth, aided
as this action is by the circumnutating movement, which continues after the flower-head has completely buried itself. The
aborted flowers thus act something like the hands of the mole,
which force the earth backwards and the body forwards.
I t is well known that the seed-capsules of various widely
distinct plants either bury themselves in the ground, or are
produced from imperfect flowers developed beneath the surface.
Besides the presont case, two other well-marked instances will
be immediately given. I t is probable that one chief good thus
gained is the protection of the seeds from animals which prey on
them. In the case of T. siibterraneum, the seeds are not only
concealed by being buried, but are likewise protected by being
closely surrounded by the rigid, aborted flowers. We may the
more confidently infer that protection is here aimed at, because
the seeds of several species in this same genus are protected in
other ways ;* namely, by the swelling and closure of the calyx,
or by the persistence and bending down of the standard-petal, &c.
But the most curious instance is that of T. globosum, in which
the upper flowers are sterile, as in T. subterraneum, but are here
developed into large brushes of hairs which envelop and protect
the seed-bearing flowers. Nevertheless, in all these cases the
capsules, with their seeds, may profit, as Mr. T. Thiselton Dyer
has remarked,! by their being kept somewhat damp; and the
advantage of such dampness perhaps throws light on the presence of the absorbent hairs on the buried flower-heads of T. subterraneum. According to Mr. Bentham, as quoted by Mr. Dyer,
* Vauoher, ' Hist. Phys. des
Flantes d'Europe,' torn. ii. p. 110.

t See his interesting article in
' Nature,' April 4th, 1878, p. 446.
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the prostrate habit of Helianthemum prostratum "brings t h e
capsules in contact with the surface of the ground, postpones
their maturity, and so favours the seeds attaining a larger size."
The capsules of Cyclamen and of Oxalis acetosella are only occasionally buried, and this only beneath dead leaves or moss. I f
it be an advantage to a plant that its capsules should be kept
damp and cool by being laid on the ground, we have in these
latter cases the first step, from which the power of penetrating
the ground, with the aid of the always present movement of
circumnutation, might afterwards have been gained.
Arachis hypogcea.—The flowers which bury themselves, rise
from stiff branches a few inches above the ground, and stand
upright. After they have fallen off, the gynophore, that is the
part which supports the ovarium, grows to a great length, even
to 3 or 4 inches, and bends perpendicularly downwards. I t
resembles closely a peduncle, but has a smooth and pointed
apex, which contains the ovules, and is at first not in the least
enlarged. The apex after reaching the ground penetrates it, i n
one case observed by us to a depth of 1 inch, and in another
to 0 7 inch. It there becomes developed into a large pod.
Flowers which are seated too high on the plant for the gynophore to reach the ground are said * never to produce pods.
-

The movement of a young gynophore, rather under an inch
in length and vertically dependent, was traced during 46 h. by
means of a glass filament (with sights) fixed transversely a
little above the apex. It plainly circumnutated (Fig. 193)
whilst increasing in length and growing downwards. I t was
then raised up, so as to be extended almost horizontally, a n d
the terminal part curved itself downwards, following a nearly
straight course during 12 h., but with one attempt to circumnutate, as shown in Fig. 194. After 24 h. it had become nearly
vertical. Whether the exciting cause of the downward m o v e ment is geotropism or apheliotropism was not ascertained; but
probably it is not apheliotropism, as all the gynophores grew
straight down towards the ground, whilst the light in the hothouse entered from one side as well as from above. Another
and older gynophore, the apex of which had nearly reached t h e
ground, was observed during 3 days in the same manner as t h e
first-mentioned short one; and it was found to be always circumnutating. During the first 34 h. it described a figure which
* 'Gard. Chronicle,' 1857, p. 566.
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represented four ellipses. Lastly, a long gynophore, the apex of
•which had buried itself to the depth of about half an inch, was
Fig. 194.

/

it"
Arachis hypogan; circumnutation of vertically
dependent young gynophore, traced on a vertical glass from 10 A.M.
July 31st to 8 A.M. Aug.
2nd.

Arachis hypogcea: downward movement of same
young gynophore, after
being extended horizontal 1 y; traced on a vertical
glass from 8.30 A.M. to
8.30 P.M. Aug. 2nd.

pulled up and extended horizontally: it quickly began to curve
downwards in a zigzag line; but on the following day the ter-
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minal bleached portion was a little shrivelled. As the gynophores are rigid and arise from stiff branches, and as they
terminate in sharp smooth points, it is probable that they could
penetrate the ground by the mere force of growth. But this
action must be aided by the circumnutating movement, for fine
sand, kept moist, was pressed close round the apex of a gynophore which had reached the ground, and after a few hours it
was surrounded by a narrow open crack. After three weeks
this gynophore was uncovered, and the apex was found at a
depth of rather above half an inch developed into a small, white,
oval pod.
Amphicarpcea monoica.—This plant produces long thin shoots,
which twine round a support and of course circumnutate.
Early in the summer shorter shoots are produced from the
lower parts of the plant, which grow perpendicularly downwards
and penetrate the ground. One of these, terminating in a
minute bud, was observed to bury itself in sand to a depth of
0 2 inch in 24 h. It was lifted up and fixed in an inclined
position about 25° beneath the horizon, being feebly illuminated
from above. In this position it described two vertical ellipses
in 24 h.; but on the following day, when brought into the house,
it circumnutated only a very little round the same spot. Other
branches were seen to penetrate the ground, and were afterwards found running like roots beneath the surface for a length
of nearly two inches, and they had grown thick. One of these,
after thus running, had emerged into the air. How far circumnutation aids these delicate branches in entering the ground w e
do not know; but the refiexed hairs with which they are clothed
will assist in the work. This plant produces pods in the air,
and others beneath the ground; which differ greatly in appearance. Asa Gray says * that it is the imperfect flowers on t h e
creeping branches near the base of the plant which produce t h e
subterranean pods; these flowers, therefore, must bury themselves like those of Arachis. But it may be suspected that the
branches which were seen by us to penetrate the ground also
produce subterranean flowers and pods.

DlAGEOTROPISM.

Besides geotropism and apogeotropism, there is,
according to Frank, an allied form of movement,
* ' Manual of the Botany of the Northern United States,' 1856, p. 106.
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namely, " transverse-geotropism," or diageotropism, as
we may call it for the sake of matching our other
terms. Under the influence of gravitation certain
parts are excited to place themselves more or less
transversely to the line of its action.* We made no
observations on this subject, and will here only remark that the position of the secondary radicles of
various plants, which extend horizontally or are a
little inclined downwards, would probably be considered by Frank as due to transverse-geotropism.
As it has been shown in Chap. I. that the secondary
radicles of Cucurbita made serpentina tracks on a
smoked glass-plate, they clearly circumnutated,
and there can hardly be a doubt that this holds
good with other secondary radicles. It seems therefore highly probable that they place themselves in
their diageotropic position by means of modified
circumnutation.
Finally, we may conclude that the three kinds of
movement which have now been described and which
are excited by gravitation, consist of modified circumnutation. Different parts or organs on the same plant,
and the same part in different species, are thus excited
to act in a widely different manner. We can see no
reason why the attraction of gravity should directly
modify the state of turgescence and subsequent growth
of one part on the upper side and of another part on
the lower side. We are therefore led to infer that both
geotropic, apogeotropic, and diageotropic movements,
the purpose of which we can generally understand,
* Elfving has lately described
f Arbeiten des Bot. Instituts in
Wurzburg,' B. ii. 1880, p. 489) an

excellent instance of such movements in the rhizomes of certain
plants.
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have been acquired for the advantage of the plant by
the modification of the ever-present movement of
circumnutation. This, however, implies that gravitation produces some effect on the young tissues
sufficient to serve as a guide to the plant.
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CHAPTEE XL
LOCALISED SENSITIVENESS TO GRAVITATION, AND ITS TRANSMITTED
EFFECTS.
General considerations—Vicia faba, effects of amputating the tips of
the radicles—Regeneration of the tips—Effects of a short exposure
of the tips to geotropic action and their subsequent amputation—
Effoets of amputating the tips obliquely—Effects of cauterising the
tips—Effects of grease on the tips—Pisum sativum, tips of radicles
cauterised transversely, and on their upper and lower sides—
Phaseolus, cauterisation and grease on the tips—Gossypium—
- Cucurbita, tips cauterised transversely, and ou their upper and
lower sides — Zea, tips cauterised—Concluding remarks and
summary of chapter—Advantages of the sensibility to geotropism
being localised in the tips of the radicles.
CIESIELSKI states * that when the roots of Pisum,
Lens and Vicia were extended horizontally with their
tips cut off, they were not acted on by geotropism;
but some days afterwards, when a new root-cap and
vegetative point had been formed, they bent themselves perpendicularly downwards. He further states
that if the tips are cut off, after the roots have been
left extended horizontally for some little time, but
before they have begun to bend downwards, they may
be placed in any position, and yet will bend as if still
acted on by geotropism; and this shows that some
influence had been already transmitted to the bending
part from the tip before it was amputated. Sachs
repeated these experiments; he cut off a length of
between 05 and 1 mm. (measured from the apex of the
-

* 'Abwartskrümmung der Wurzel,' Iuaug. Dissert. Breslau, 1871,
p. 29.
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v e g e t a t i v e p o i n t ) of t h e t i p s of t h e r a d i c l e s of t h e
b e a n (Vicia fdba), a n d p l a c e d t h e m h o r i z o n t a l l y o r
v e r t i c a l l y i n d a m p air, earth, a n d water, w i t h t h e
r e s u l t t h a t t h e y b e c a m e b o w e d i n a l l sorts of d i r e c t i o n s . * H e therefore d i s b e l i e v e d i n C i e s i e l s k i ' s c o n clusions.
B u t as w e h a v e s e e n w i t h s e v e r a l p l a n t s
t h a t t h e t i p of t h e r a d i c l e i s s e n s i t i v e t o c o n t a c t a n d
to other irritants, a n d t h a t i t t r a n s m i t s s o m e i n f l u e n c e
t o t h e u p p e r g r o w i n g part c a u s i n g i t t o b e n d , t h e r e
s e e m e d t o u s t o b e n o a priori i m p r o b a b i l i t y i n
Ciesielski's statements. W e therefore d e t e r m i n e d t o
repeat h i s e x p e r i m e n t s , a n d t o t r y o t h e r s o n s e v e r a l
s p e c i e s b y different m e t h o d s .
Vicia faba.—Radicles of this plant were extended horizontally
either over water or with their lower surfaces just touching it.
Their tips had previously been cut off, in a direction as accurately transverse as could be done, to difforent lengths, measured
from the apex of the root-cap, and which will be specified i n
each case. Light was always excluded. We had previously
tried hundreds of unmutilated radicles under similar circumstances, and found that every one that was healthy became
plainly geotropic in under 12 h. In the case of four radicles
which had their tips cut off for a length of 1-5 mm., new rootcaps and new vegetative points were re-formed after an interval
of 3 days 20 h.; and these when placed horizontally were acted
on by geotropism. On some other occasions this regeneration
of the tips and reacquired sensitiveness occurred within a somewhat shorter time. Therefore, radicles having their tips
amputated should be observed in from 12 to 48 h. after t h e
operation.
Pour radicles were extended horizontally with their lower
surfaces touching the water, and with their tips cut off for a
length of only 0 5 mm.: after 23 h. three of them were still
horizontal; after 47 h. one of the three became fairly geotropic;
and after 70 h. the other two showed a trace of this action. T h e
fourth radicle was vertically geotropic after 23 h.; but by a n
-

* ' Arbeiten des Bot. Institute in Wiirzburg,' Heft. iii. 1873, p. 4 3 2 .
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accident the root-cap alone and not the vegetative point was
found to have been amputated; so that this case formed no real
exception and might have been excluded.
Five radicles were extended horizontally like the last, and
had their tips cut off for a length of 1 mm.; after 22-23 h., four
of them were still horizontal, and one was slightly geotropic;
after 48 h. the latter had become vertical; a second was also
somewhat geotropic; two remained approximately horizontal;
and the last or fifth had grown in a disordered manner, for it
was inclined upwards at an angle of 65° above the horizon.
Fourteen radicles were extended horizontally at a little height
over the water with their tips cut off for a length of l 5 mm.;
after 12 h. all were horizontal, whilst five control or standard
specimens in the same jar were all bent greatly downwards.
After 24 h. several of the amputated radicles remained horizontal, but some showed a trace of geotropism, and one was
plainly geotropic, for it was inclined at 40° beneath the horizon.
Seven horizontally extended radicles from which the tips had
been cut off for the unusual length of 2 mm. unfortunately were
not looked at until 35 h. had elapsed; three were still horizontal,
but, to our surprise, four were more or less plainly geotropic.
The radicles in the foregoing cases were measured before their
tips were amputated, and in the course of 24 h. they had all
increased greatly in length; but the measurements are not
worth giving. It is of more importance that Sachs found that
the rate of growth of the different parts of radicles with
amputated tips was the same as with unmutilated ones. Altogether twenty-nine radicles were operated on in the manner
above described, and of these only a few showed any geotropic
curvature within 24 h.; whereas radicles with unmutilated tips
always became, as already stated, much bent down in less than
half of this time. The part of the radicle which bends most lies
at the distance of from 3 to 6 mm. from the tip, and as the
bending part continues to grow after the operation, there does
not seem any reason why it should not have been acted on by
geotropism, unless its curvature depended on some influence
transmitted from the tip. And we have clear evidence of such
transmission in Ciesielski's experiments, which we repeated and
extended in the following manner.
Beans were embedded in friable peat with the hilum downwards,'and after their radicles had grown perpendicularly down
for a length of from £ to 1 inch, sixteen were selected which
-
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•were perfectly straight, and these were placed horizontally on
the peat, being covered by a thin layer of it. They were thus
left for an average period of 1 h. 37 m. The tips were then cut
off transversely for a length of 1-5 mm., and immediately afterwards tbey were embedded vertically in the peat. In this position
geotropism would not tend to induce any curvature, but if some
influence had already been transmitted from the tip to the part
which bends most, we might expect that this part would become
curved in the direction in which geotropism had previously
acted; for it should be noted that these radicles being now
destitute of their sensitive tips, would not be prevented by
geotropism from curving in any direction. The result was that
of the sixteen vertically embedded radicles, four continued for
several days to grow straight downwards, whilst twelve became
more or less bowed laterally. In two of the twelve, a trace of
curvature was perceptible in 3 h. 30 m., counting from the time
when they had first been laid horizontally ; and all twelve were
plainly bowed in 6 h , and still more plainly in 9 h. In every
one of them the curvature was directed towards the side which
had been downwards whilst the radicles remained horizontal.
The curvature extended for a length of from 5 to, in one i n stance, 8 mm., measured from the cut-off end. Of the twelve
bowed radicles five became permanently bent into a right a n g l e ;
the other seven were at first much less bent, and their curvature
generally decreased after 24 h., but did not wholly disappear.
This decrease of curvature would naturally follow, if an e x posure of only 1 h. 37 m. to geotropism, served to modify t h e
turgescence of the cells, but not their subsequent growth to
the full extent. The five radicles which were rectangularly
bent became fixed in this position, and they continued to grow
out horizontally in the peat for a length of about 1 inch during
from 4 to 6 days. By this time new tips had been formed; a n d
it should be remarked that this regeneration occurred slower i n
the peat than in water, owing perhaps to the radicles being
often looked at and thus disturbed. After the tips had been
regenerated, geotropism was able to act on them, so that t h e y
now became bowed vertically downwards. A n accurate drawing (Pig. 195) is given on the opposite page of one of these five
radicles, reduced to half the natural size.
We next tried whether a shorter exposure to geotropism
would suffice to produce an after-effect. Seven radicles were
extended horizontally for an hour, instead of 1 h. 37 m. as in t h e
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former trial; and after their tips (1*5 mm. in length) had been
amputated, they were placed vertically in damp peat. Of these,
three were not in the least affected and continued for days to
grow straight downwards. Four showed after 8 h. 30 m. a mere
trace of curvature in the direction in which they had been acted
on by geotropism; and in this respect they differed much from
those which had been exposed for
Fig. 195.
1 h. 37 m., for many of the latter
were plainly curved in 6 h. The
curvature of one of these four
radicles almost disappeared after
24 h. I n the second, the curvature increased during two days
and then decreased. The third
radicle became permanently bent,
so that its terminal part made an
angle of about 45° with its original
vertical direction. The fourth
radicle became horizontal. These
two latter radicles continued
during two more days to grow
in the peat in the same directions,
that is, at an angle of 45° be- Vicia/aba:

radicle, rectangularly

bent at A, after the amputation
neath the horizon and horizontally. By the fourth morning new of the tip, due to the previous
influence of geotropism. L, side
tips had been re-formed, and now of bean which lay on the peat,
geotropism waS able to act on whilst geotropism acted on the
them again, and they became radicle. A, point of chief curbent perpendicularly downwards, vature of the radicle, whilst
standing vertically downwards.
exactly as in the case of the B, point of chief curvature after
five radicles described in the the regeneration of the tip, when
last paragraph and as is shown in geotropism again acted. C, regenerated tip.
the figure (Fig. 195) here given.
Lastly, five other radicles were similarly treated, but were exposed to geotropism during only 45 m. After 8 h. 30 m. only
one was doubtfully affected; after 24 h. two were just perceptibly curved towards the side which had been acted on by
geotropism; after 48 h. the one first mentioned had a radius of
curvature of 60 mm. That this curvature was due to the action
of geotropism during the horizontal position of the radicle, was
shown after 4 days, when a new tip had been reformed, for it
then grew perpendicularly downwards. We learn from this
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case that when the tips are amputated after an exposure to geotropism of only 45 m., though a slight influence is sometimes
transmitted to the adjoining part of the radicle, yet this seldom
suffices, and then only slowly, to induce even moderately wellpronounced curvature.
In the previously given experiments on 29 horizontally e x tended radicles with their tips amputated, only one grew irregularly in any marked manner, and this became bowed upwards
at an angle of 65°. In Ciesielski's experiments the radicles
could not have grown very irregularly, for if they had done
so, he could not have spoken confidently of the obliteration
of all geotropic action. It is therefore remarkable that Sachs,
who experimented on many radicles with their tips amputated,
found extremely disordered growth to be the usual result. A s
horizontally extended radicles with amputated tips are sometimes acted on slightly by geotropism within a short time, a n d
are often acted on plainly after one or two days, we t h o u g h t
that this influence might possibly prevent disordered growth,
though it was not able to induce immediate curvature. Therefore 13 radicles, of which 6 had their tips amputated t r a n s versely for a length of 1*5 mm., and the other 7 for a length of
only 0"5 mm., wero suspended vertically in damp air, in w h i c h
position they would not be affected by geotropism; but t h e y
exhibited no great irregularity of growth, whilst observed
during 4 to 6 days. We next thought that if care were n o t
taken in cutting off the tips transversely, one side of the s t u m p
might be irritated more than the other, either at first or s u b sequently during the regeneration of the tip, and that t h i s
might cause the radicle to bend to one side. It has also b e e n
shown in Chapter III. that if a thin slice be cut off one side
of the tip of the radicle, this causes the radicle to bend from
the sliced side. Accordingly, 30 radicles, with tips amputated
for a length of 1-5 mm., were allowed to grow perpendicularly
downwards into water. Twenty of them were amputated at a n
angle of 20° with a line transverse to their longitudinal a x e s ;
and such stumps appeared only moderately oblique.
The
remaining ten radicles were amputated at an angle of a b o u t
45°. Under these circumstances no less than 19 out of t h e 3 0
became much distorted in the course of 2 or 3 days. E l e v e n
other radicles were similarly treated, excepting that only 1 mm.
(including in this and all other cases the root-cap) was a m p u tated : and of these only one grew much, and two others s l i g h t l y
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distorted; so that this amount of oblique amputation was not
sufficient. Out of the above 30 radicles, only one or two showed'
in the first 24 h. any distortion, but this became plain in the
19 cases on ihe second day, and still more conspicuous at the
close of the third day, by which time new tips had been partially
or completely regenerated. When therefore a new tip is reformed on an oblique stump, it probably is developed sooner on
one side than on tho other: and this in some manner excites
the adjoining part to bend to one side. Hence it seems probable
that Sachs unintentionally amputated the radicles on which he
experimented, not strictly in a transverse direction.
This explanation of the occasional irregular growth of radicles
with amputated tips, is supported by the results of cauterising
their tips; for often a greater length on one side than on the
other was unavoidably injured or killed. It should be remarked that in the following trials the tips were first dried
with blotting-paper, and then slightly rubbed with a dry stick
of nitrate of silver or lunar caustic. A few touches with the
caustic suffice to kill the root-cap and some of the upper layers
of cells of the vegetative point. Twenty-seven radicles, some
young and very short, others of moderate length, were suspended
vertically over water, after being thus cauterised. Of these some
entered the water immediately, and others on the second day.
The same number of uncauterised radicles of the same age
were observed as controls. After an interval of three or four
days the contrast in appearance between the cauterised and
control specimens was wonderfully great. The controls had
grown straight downwards, with the exception of the normal
curvature, which we have called Sachs' curvature. Of the
27 cauterised radicles, 15 had become extremely distorted; 6 of
them grew upwards and formed hoops, so that their tips sometimes came into contact with the bean above; 5 grew out
rectangularly to one side; only a few of the remaining 12 were
quite straight, and some of these towards the close of our
observations became hooked at their extreme lower ends.
Radicles, extended horizontally instead of vertically, with their
tips cauterised, also sometimes grew distorted, but not so commonly, as far as we could judge, as those suspended vertically;
for this occurred with only 5 out of 19 radicles thus treated.
Instead of cutting off the tips, as in the first set of experiments, we next tried the effects of touching horizontally extended radicles with caustic in the manner just described. But
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some preliminary remarks must first be made. I t may be objected that the caustic would injure the radicles and prevent t h e m
from bending; but ample evidence was given in Chapter I I I that touching the tips of vertically suspended radicles w i t h
caustic on one side, does not stop their bending; on t h e
contrary, it causes them to bend from the touched side. W e
also tried touching both the upper and the lower sides of t h e
tips of some radicles of the bean, extended horizontally in damp
friable earth. The tips of three were touched with caustic o n
their upper sides, and this would aid their geotropic bending";
the tips of three were touched on their lower sides, w h i c h
would tend to counteract the bending downwards; and three
were left as controls. After 24 h. an independent observer w a s
asked to pick out of the nine radicles, the two which were m o s t
and the two which were least bent; he selected as the latter,
two of those which had been touched on their lower sides, and
as the most bent, two of those which had been touched on t h e
upper side. Hereafter analogous and more striking experiments
with 1'isum sativum and Cucúrbita ovifera will be given. W e
may therefore safely conclude that the mere application of
caustic to the tip does not prevent the radicles from bending.
In the following experiments, the tips of young horizontally
extended radicles were just touched with a stick of dry. caustic ;
and this was held transversely, so that the tip might' be cauterised all round as symmetrically as possible. The radicles
were then suspended in a closed vessel over water, kept rather
cool, viz., 55°-59° F. This was done because we had found
that the tips were more sensitive to contact under a low t h a n
under a high temperature; and we thought that the same r u l e
might apply to geotropism. In one exceptional trial, n i n e
radicles (which were rather too old, for they had grown to a
length of from 3 to 5 cm.), were extended horizontally in d a m p
friable earth, after their tips had been cauterised, and were
kept at too high a temperature, viz., of C8 F., or 20° C. T h e
result in consequence was not so striking as in the subsequent
cases; for although when after 9 h. 40 m. six of them w e r e
examined, these did not exhibit any geotropic bending, yet after
24 h., when all nine were examined, only two remained horizontal, two exhibited a trace of geotropism, and five were
slightly or moderately geotropic, yet not comparable in degree
with the control specimens. Marks had been made on seven of
these cauterised radicles at 10 mm. from the tips, which includes
1

3
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the whole growing portion; and after the 24 h. this part had
a mean length of 37 mm., so that it had increased to more
than 3 i times its original length; but it should be remembered
that these beans had been exposed to a rather high temperature.
Nineteen young radicles with cauterised tips were extended
at different times horizontally over water. In every trial an
equal number of control specimens were observed. In the first
trial, the tips of three radicles were lightly touched with the
caustic for 6 or 7 seconds, which was a longer application than
usual. After 23 h. 30 m. (temp. 55°-56° F.) these three radicles,
Fig. 196.
D.

E.

F.

Vicia faba: state of radicles which had been extended horizontally for
23 h, 30 m.: A, B, C, tips touched with caustic ; D, E, F, tips uncauterised. Lengths of radicles reduced to one-half scale, but by an accident
the beans themselves not reduced in the same degree.

A, B, C (Fig. 196), were still horizontal, whilst the three control
specimens had become within 8 h. slightly geotropic, and
strongly so ( D , E , F) in 23 h. 30 m. A dot had been made on
all six radicles at 10 mm. from their tips, when first placed
horizontally. After the 23 h. 30 m. this terminal part, originally
10 mm. in length, had increased in the cauterised specimens to
a mean length of 17 · 3 mm., and to 15'7 mm. in the control
radicles, as shown in the figures by the unbroken transverse
line; the dotted line being at 10 mm. from the apex. The control or uncauterised radicles, therefore, had actually grown less
2 M 2
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than the cauterised; but this no doubt was accidental, for
radicles of different ages grow at different rates, and the growth
of different individuals is likewise affected by unknown causes.
The state of the tips of these three radicles, which had been
cauterised for a rather longer time than usual, was as follows :
the blackened apex, or the part which had been actually touched
by the caustic, was succeeded by a yellowish zone, due probably
to the absorption of some of the caustic; in A, both zones
together were 1 1 mm. in length, and l 4 mm. in diameter at t h e
base of the yellowish zone; in B, the length of both was only
0 • 7 mm., and the diameter 0' 7 mm.; in C, the length was 0 • 8
mm., and the diameter 1 2 mm.
Three other radicles, the tips of which had been touched w i t h
caustic during 2 or 3 seconds, remained (temp. 58°-59° F . )
horizontal for 23 h.; the control radicles having, of course,
become geotropic within this time. The terminal growing part,
10 mm. in length, of the cauterised radicles had increased i n
this interval to a mean length of 24·5 mm., and of the controls
to a moan of 26 mm. A section of one of the cauterised tips
showed that the blackened part was 0'5 mm. in length, of which
0'2mm. extended into the vegetative point; and a faint d i s coloration could be detected even to l ' 6 m m , from the apex of
the root-cap.
In another lot of six radicles (temp. 55°-57° F.) the three
control specimens were plainly geotropic in 8 J h.; and. after 24 h.
the mean length of their terminal part had increased from
10 mm. to 21 mm. When the caustic was applied to the three
cauterised specimens, it was held quite motionless during
5 seconds, and the result was that the black marks were e x tremely minute. Therefore, caustic was again applied, after
8J h., during which time -no geotropic action had occurred.
When the specimens were re-examined after an additional
interval of 154 h., one was horizontal and the other two showed,
to our surprise, a trace of geotropism which in one of t h e m
soon afterwards became strongly marked; but in this latter
specimen the discoloured tip was only f nun. in length. T h e
growing part of these three radicles increased in 24 h. from
10 mm. to an average of 16'5 mm.
It would be superfluous to describe in detail the behaviour
of the 10 remaining cauterised radicles. The corresponding
control specimens all became geotropic in 8 h. Of the cauterised,
C were first looked at after 8 h., and one alone showed a trace
-
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of geotropism; 4 were first looked at after 14 h., and one alone
of these was slightly geotropic. After 23-24 h., 5 of the 10 were
still horizontal, 4 slightly, and 1 decidedly, geotropic. After
48 h. some of them became strongly geotropic. The cauterised
radicles increased greatly in length, but the measurements are
not worth giving.
As five of the last-mentioned cauterised radicles had become in
24 h. somewhat geotropic, these (together with three which were
still horizontal) had their positions reversed, so that their tips
were now a little upturned, and they were again touched with
caustic. After 24 h. they showed no trace of geotropism; whereas
the eight corresponding control specimens, which had likewise been reversed, in which position the tips of several pointed
to the zenith, all became geotropic; some having passed in the
24 h. through an angle of 180°, others through about 135°, and
others through only 90°. The eight radicles, which had been
twice cauterised, were observed for an additional day (i.e. for 48 h.
after being reversed), and they still showed no signs of geotropism. Nevertheless, they continued to grow rapidly; four were
measured 24 h. after being reversed, and they had in this time
increased in length between 8 and 11 mm.; the other four were
measured 48 h. after being reversed, and these had increased by
20,18, 23, and 28 mm.
i n coming to a conclusion with respect to the effects of cauterising the tips of these radicles, we should bear in mind,
firstly, that horizontally extended control radicles were always
acted on by geotropism, and became somewhat bowed downwards in 8 or 9 h.; secondly, that the chief seat of the curvature
lies at a distance of from 3 to 6 mm. from the tip; thirdly, that
the tip was discoloured by the caustic rarely for more than
1 mm. in length; fourthly, that the greater number of the cauterised radicles, although subjected to the full influence of
geotropism during the whole time, remained horizontal for 24 h.,
and some for twice as long; and that those which did become
bowed were so only in a slight degree; fifthly, that the cauterised radicles continued to grow almost, and sometimes quite,
ag well as the uninjured ones along the part which bends most.
And lastly, that a touch on the tip with caustic, if on one sidei
far from preventing curvature, actually induces it. Bearing all
these facts in mind, we must infer that under normal conditions
the geotropic curvature of the root is due to an influence transmitted from the apex to the adjoining part where the bending
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tabes place; and that when the tip of the root is cauterised it i s
unable to originate the stimulus necessary to produce geotropic
curvature.
As we had observed that grease was highly injurious to some
plants, we determined to try its effects on radicles. W h e n t h e
cotyledons of Phalaris and Avena were covered with grease
along one side, the growth of this side was quite stopped or
greatly checked, and as the opposite side continued to grow, t h e
cotyledons thus treated became bowed towards the greased side.
This same matter quickly killed the delicate hypocotyls a n d
young leaves of certain plants. The grease which we employed
was made by mixing lamp-black and olive oil to such a consistence that it could be laid on in a thick layer. The tips of
five radicles of the bean were coated with it for a length of
3 mm., and to our surprise this part increased in length in 23 h.
to 7 1 m m . ; the thick layer of grease being curiously drawn
out. It thus could not have checked much, if at all, the growth
of the terminal part of the radicle. With respect to geotropism,
the tips of seven horizontally extended radicles were coated for
a length of 2 mm., and after 24 h. no clear difference could be
perceived between their downward curvature and that of a n
equal number of control specimens. The tips of 33 other radicles
were coated on different occasions for a length of 3 mm.; a n d
they were compared with the controls after 8 h., 24 h., and 4 8 h.
On one occasion, after 24 h., there was very little difference i n
curvature between the greased and control specimens; b u t
generally the difference was unmistakable, those with greased
tips being considerably less curved downwards. The w h o l e
growing part (the greased tips included) of six of these radicles
was measured and was found to have increased in 23 h. from
10 mm. to a mean length of 17 "7 mm.; whilst the corresponding
part of the controls had increased to 20'8 mm. It appears therefore, that although the tip itself, when greased, continues to
grow, yet the growth of the whole radicle is somewhat checked,
and that the geotropic curvature of the upper part, which w a s
free from grease, was in most cases considerably lessened.
-

Pisum sativum.—Five radicles, extended horizontally over
water, had their tips lightly touched two or three times with dry
caustic. These tips were measured in two cases, and found t o
be blackened for a length of only half a millimeter. Five other
radicles were left as controls. The part which is most bowed
through geotropism lies at a distance of several millimeters from
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the apex. After 24 L , and again after 32 h. from the commencement, four of the cauterised radicles were still horizontal, but
one was plainly geotropic, being inclined at 45° beneath the
horizon. The five controls were somewhat geotropic after 7 h.
20 m., and after 24 h. were all strongly geotropic; being inclined
at the following angles beneath the horizon, viz., 59°, 60°, 65°,
57°, and 43°. The length of the radicles was not measured in
either set, but it was manifest that the cauterised radicles had
grown greatly.
The following case proves that the action of the caustic by
itself does not prevent the curvature of the radicle. Ten radicles
were extended horizontally on and beneath a lajer of damp
friable peat-earth; and before being extended their tips were
touched with dry caustic on the upper side. Ten other radicles
similarly placed were touched on the lower side; and this would
tend to make them bend from the cauterised side; and therefore,
as now placed, upwards, or in opposition to geotro|jism. Lastly,
ten uncauterised radicles were extended horizontally as controls.
After 24 h. all the latter were geotropic; and the ten with their
tips cauterised on the upper side were equally geotropic; and
we believe that they became curved downwards before the controls. The ten which had been cauterised on the lower side
presented a widely different appearance: No. 1, however, was
perpendicularly geotropic, but this was no real exception, for on
examination under the microscope, there was no vestige of
a coloured mark on the tip, and it was evident that by a mistake
it had not been touched with the caustic. No. 2 was plainly
geotropic, being inclined at about 45° beneath the horizon; No. 3
was slightly, and No. 4 only just perceptibly geotropic; Nos. 5
and 6 were strictly horizontal; and the four remaining ones were
bowed upwards, in opposition to geotropism. In these four
cases the radius of the upward curvatures (according to Sachs'
cyclometer) was 5 mm., 10 mm., 30 mm., and 70 mm. This curvature was distinct long before the 24 h. had elapsed, namely,
after 8 h. 45 m. from the time when the lower sides of the tips
were touched with the caustic.
Phaseolus multiflorus.—Eight radicles, serving as controls, were
extended horizontally, some in damp friable peat and some in
damp air. They all became (temp. 20°-21° C.) plainly geotropic in 8 h. 30 m., for they then stood at an average angle of 63°
beneath the horizon. A rather greater length of the radicle is
bowed downwards by geotropism than in the case of Vicia fuha,
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that is to say, rather more than 6 mm. as measured from the a p e x
of the root-cap. Nine other radicles were similarly extended,
three in damp peat and six in damp air, and dry caustic w a s
held transversely to their tips during 4 or 5 seconds. Three of
their tips were afterwards examined: in (1) a length of 0 · 68 m m .
was discoloured, of which the basal 0-136 mm. was yellow, t h e
apical part being black; in (2) the discoloration was 0 · 65 m m .
in length, of which the basal 0 · 04 mm. was yellow; in (3) t h e d i s coloration was 0 • 6 mm. in length, of which the basal 0'13 m m .
was yellow. Therefore less than 1 mm. was affected by the caustic,
but this sufficed almost wholly to prevent geotropic action ; for
after 24 h. one alone of the nine cauterised radicles b e c a m e
slightly geotropic, being now inclined at 10° beneath the horizon ;
the eight others remained horizontal, though one was curved a
little laterally.
The terminal part (10 mm. in length) of the six cauterised
radicles in the damp air, had more than doubled in length i n
the 24 h., for this part was now on an average 20*7 mm. l o n g .
The increase in length within the same time was greater i n
the control specimens, for the terminal part had grown on a n
average from 10 mm. to 26'6 mm. But as the cauterised
radicles had more than doubled their length in the 24 h., i t i s
manifest that they had not been seriously injured b y t h e
caustic. We may here add that when experimenting on t h e
effects of touching one side of the tip with caustic, too m u c h
was applied at first, and the whole tip (but we believe not m o r e
than 1 mm. in length) of six horizontally extended radicles w a s
killed, and these continued for two or three days to grow o u t
horizontally.
Many trials were made, by coating the tips of horizontally
extended radicles with the before described thick grease. T h e
geotropic curvature of 12 radicles, which were thus coated for
a length of 2 mm., was delayed during the first 8 or 9 h., butafter 24 h. was nearly as great as that of the control s p e c i mens. The tips of nine radicles were coated for a length of 3 m m . ,
and after 7 h. 10 m. these stood at an average angle of 3 0 °
beneath the horizon, whilst the controls stood at an average of
54°. After 24 h. the two lots differed but little in their d e g r e e
of curvature. In some other trials, however, there was a fairly
well-marked difference after 24 h. between those with greased
tips and the controls. The terminal part of eight control s p e c i mens increased in 24 h. from 10 mm. to a mean length o f
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24*3 mm., whilst the mean increase of those with greased tips
was 20'7 mm. The grease, therefore, slightly checked the
growth of the terminal part, but this part was not much
injured; for several radicles which had been greased for a
length of 2 mm. continued to grow during seven days, and were
then only a little shorter than the controls. The appearance
presented by these radicles after the seven days was very
curious, for the black grease had been drawn out into the finest
longitudinal striae, with dots and reticulations, which covered
their surfaces for a length of from 26 to 44 mm., or of 1 to
1*7 inch. We may therefore conclude that grease on the tips
of the radicles of this Phaseolus somewhat delays and lessens
the geotropic curvature of the part which ought to bend
most.
Qossypium he.rbaceum.—The radicles of this plant bend,
through the action of geotropism, for a length of about 6 mm.
Five radicles, placed horizontally in damp air, had their tips
touched with caustic, and the discoloration extended for a
length of from f to 1 mm. They showed, after 7 h. 45 m. and
again after 23 h., not a trace of geotropism; yet the terminal
portion, 9 mm. in length, had increased on an average to
15 · 9 mm. Six control radicles, after 7 h. 45 m., were all plainly
geotropic, two of them being vertically dependent, and after
23 h. all were vertical, or nearly so.
Cucurbita ovifera.—A large number of trials proved almost
useless, from the three following causes: Firstly, the tips of
radicles which have grown somewhat old are only feebly geotropic if kept in damp air; nor did we succeed well in our
experiments, until the germinating seeds were placed in peat
and kept at a rather high temperature. Secondly, the hypocotyls
of the seeds which were pinned to the lids of the jars gradually
became arched; and, as the cotyledons were fixed, the movement
of the hypocotyl affected the position of the radicle, and caused
confusion. Thirdly, the point of the radicle is so fine that it is
difficult not to cauterise it either too much or too little. But
we managed generally to overcome this latter difficulty, as the
following experiments show, which are given to prove that a
touch with caustic on one side of the tip does not prevent the
upper part of the radicle from bending. ' Ten radicles were laid
horizontally beneath and on damp friable peat, and their tips
were touched with caustic on the upper side. After 8 h. all
were plainly geotropic, three of them rectangularly; after 19 h,

IRIS - LILLIAD - Université Lille 1

all 'were strongly geotropio, most of them pointing perpendicularly downwards. Ten other radicles, similarly placed, had.
their tips touched with caustic on the lower side; after 8 h.
three were slightly geotropic, but not nearly so much so as t h e
least geotropic of the foregoing specimens; four remained horizontal; and three were curved upwards in opposition to geotropism. After 19 h. the three which were slightly geotropic
had become strongly so. Of the four horizontal radicles, one
alone showed a trace of geotropism; of the three up-curved
radicles, one retained this curvature, and the other two had
become horizontal.
The radicles of this plant, as already remarked, do not succeed
well in damp air, but the result of one trial may be briefly
given. Nine young radicles between 3 and 5 inch in length,
with their tips cauterised and blackened for a length never
exceeding 4 mm., together with eight control specimens, were
extended horizontally in damp air. After an interval of only
4 h. 10 m. all the controls were slightly geotropic, whilst not
one of the cauterised specimens exhibited a trace of this action.
After 8 h. 35 m., there was the same difference between t h e
two sets, but rather more strongly marked. By this time both
sets had increased greatly in length. The controls, however,
never became much more curved downwards; and after 24 h.
there was no great difference between the two sets in their
degree of curvature.
Eight young radicles of nearly equal length (average "36 i n c h )
were placed beneath and on peat-earth, and were exposed to a
temp, of 75°-76° F. Their tips had been touched transversely
with caustic, and five of them were blackened for a length of
about 0 5 mm., whilst the other three were only just visibly discoloured. In the same box there were 15 control radicles, mostly
about 36 inch in length, but some rather longer and older, a n d
therefore less sensitive. After 5 h., the 15 control radicles were
all more or less geotropic : after 9 h., eight of them were bent
down beneath the horizon at various angles between 45° and 90°,
the remaining seven being only slightly geotropic: after 25 h. all
were rectangularly geotropic. The state of the eight cauterised
radicles after the same intervals of time was as follows: after
5 h. one alone was slightly geotropic, and this was one w i t h
the tip only a very little discoloured: after 9 h. the one just
mentioned was rectangularly geotropic, and two others were
slightly so, and these were the three which had been scarcely
-
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affected by the caustic; the other five were still strictly horizontal. After 24 h. 40 m. the three with only slightly discoloured
tips were bent down rectangularly; the other five were not in
the least affected, but several of them had grown rather tortuously, though still in a horizontal plane. The eight cauterised
radicles which had at first a mean length of 36 inch, after 9 h.
had increased to a mean length of "79 inch; and after 24 h.
40 m. to the extraordinary mean length of 2 inches. There
was no plain difference in length between the five well cauterised radicles which remained horizontal, and the three with
slightly cauterised tips which had become abruptly bent down.
A few of the control radicles were measured after 25 h., and
they were on an average only a little longer than the cauterised,
viz., 2 1 9 inches. We thus see that killing the extreme tip of
the radicle of this plant for a length of about 0'5 mm., though it
stops the geotropic bending of the upper part, hardly interferes
with the growth of the whole radicle.
-

In the same box with the 15 control specimens, the rapid geotropic bending and growth of which have just been described,
there were six radicles, about 6 inch in length, extended horizontally, from which the tips had been cut off in a transverse
direction for a length of barely 1 mm. These radicles were
examined after 9 h. and again after 24 h. 40 m., and they all
remained horizontal. They had not become nearly so tortuous
as those above described which had been cauterised.
The
radicles with their tips cut off had grown in the 24 h. 40 m. as
much, judging by the eye, as the cauterised specimens.
Zea mays.—The tips of several radicles, extended horizontally
in damp air, were dried with blotting-paper and then touched
in the first trial during 2 or 3 seconds with dry caustic; but
this was too long a contact, for the tips were blackened for a
length of rather above 1 mm. They showed no signs of geotropism after an interval of 9 h., and were then thrown away.
In a second trial the tips of three radicles were touched for a
shorter time, and were blackened for a length of from 0 5 to
0 7o mm.: they all remained horizontal for 4 h., but after 8 h.
30 m. one of them, in which the blackened tip was only 0 5 mm.
in length, was inclined at 21° beneath the horizon. Six control radicles all became slightly geotropic in 4 h., and strongly
so after 8 h. 30 m., with the chief seat of curvature generally
between 6 or 7 mm. from the apex. In the cauterised specimens,
the terminal growing part, 10 mm. in length, increased during
-
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the 8 h. 30 m. to a mean length of 13 mm.; and in the controls
to 14 3 mm.
In a third trial the tips of five radicles (exposed to a temp,
of 70°-71°) were touched with the caustic only once and very
slightly; they were afterwards examined under the microscope,
and the part which was in any way discoloured was o n a n
average 7 6 mm. in length. After 4 h. 10 m. none were b e n t ;
after 5 h. 45 m., and again after 23 h. 30 m., they still remained
horizontal, excepting one which was now inclined 20° beneath
the horizon. The terminal part, 10 mm. in length, had i n creased greatly in length during the 23 h. 30 m., viz., to a n
average of 26 mm. Four control radicles became slightly geotropic after the 4 h. 10 m., and plainly so after the 5 h. 45 m.
Their mean length after the 23 h. 30 m. had increased from
10 mm. to 31 mm. Therefore a slight cauterisation of the tip
checks slightly the growth of the whole radicle, and manifestly
stops the bending of that part which ought to bend most under
the influence of geotropism, and which still continues to
increase greatly in length.

Concluding Bemarks.—Abundant evidence has now
been given, showing that with various plants the tip
of the radicle is alone sensitive to geotropism; and
that when thus excited, it causes the adjoining parts
to bend. The exact length of the sensitive part seems
to be somewhat variable, depending in part on the age
of the radicle; but the destruction of a length of from
less than 1 to 1*5 mm. (about -aVth of an inch), in the
several species observed, generally sufficed to prevent
any part of the radicle from bending within 24 h., or
even for a longer period. The fact of the tip alone
being sensitive is so remarkable a fact, that we will
here give a brief summary of the foregoing experiments.
The tips were cut off 29 horizontally extended radicles
of Vicia faha, and with a few exceptions they did not
become geotropic in 22 or 23 h., whilst unmutilated
radicles were always bowed downwards in 8 or 9 h. It
should be borne in mind that the mere act of cutting
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off the tip of a horizontally extended radicle does not
prevent the adjoining parts from bending, if the tip
has been previously exposed for an hour or two to the
influence of geotropism. The tip after amputation is
sometimes completely regenerated in three days; and
it is possible that it may be able to transmit an
impulse to the adjoining parts before its complete
regeneration. The tips of six radicles of Cucurbita
ovifera were amputated like those of Vioia faba; and
these radicles showed no signs of geotropism in 24 h.;
whereas the control specimens were slightly affected
in 5 h., and strongly in 9 h.
With plants belonging to six genera, the tips of the
radicles were touched transversely with dry caustic;
and the injury thus caused rarely extended for a greater
length than 1 mm., and sometimes to a less distance, as
judged by even the faintest discoloration. We thought
that this would be a better method of destroying the
vegetative point than cutting it off; for we knew, from
many previous experiments and from some given in
the present chapter, that a touch with caustic on one
side of the apex, far from preventing the adjoining
part from bending, caused it to bend. In all the
following cases, radicles with uncauterised tips were
observed at the same time and under similar circumstances, and they became, in almost every instance,
plainly bowed downwards in one-half or one-third of
the time during which the cauterised specimens were
observed. With Vicia faba 19 radicles were cauterised ; 12 remained horizontal during 23-24 h.;
G became slightly and 1 strongly geotropic. Eight of
these radicles were afterwards reversed, and again
touched with caustic, and none of them became geotropic in 24 h., whilst the reversed control specimens
became strongly bowed downwards within this time.
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With Pisum sativum, five radicles had their tips touched
with caustic, and after 32 h. four were still horizontal.
The control specimens were slightly geotropic in
7 h. 20 m., and strongly so in 24 h. The tips of 9 other
radicles of this plant were touched only on the lower
side, and 6 of them remained horizontal for 24 h., or
were upturned in opposition to geotropism; 2 were
slightly, and 1 plainly geotropic. With Phaseolus
multiflorus, 15 radicles were cauterised, and 8 remained horizontal for 24 h.; whereas all the controls
were plainly geotropic in 8 h. 30 m. Of 5 cauterised
radicles of Gossypium herbaceum, 4 remained horizontal
for 23 h. and 1 became slightly geotropic; 6 control
radicles were distinctly geotropic in 7 h. 45 m. F i v e
radicles of Gueurbita ovifera remained horizontal in
peat-earth during 25 h., and 9 remained so in damp
air during 8£ h.; whilst the controls became slightly
geotropic in 4 h. 10 m. The tips of 10 radicals of this
plant were touched on their lower sides, and 6 of
them remained horizontal or were upturned after 19 h.,
1 being slightly and 3 strongly geotropic.
Lastly, the tips of several radicles of Vicia faba and
Phaseolus multiflorus were thickly coated with grease
for a length of 3 mm. · This matter, which is highly
injurious to most plants, did not kill or stop the growth
of the tips, and only slightly lessened the rate of
growth of the whole radicle ; but it generally delayed
a little the geotropic bending of the upper part.
The several foregoing cases would tell us nothing,
if the tip itself was the part which became most
bent; but we know that it is a part distant from the
tip by some millimeters which grows quickest, and
which, under the influence of geotropism, bends most.
We have no reason to suppose that this part is injured
by the death or injury of the tip; and it is certain
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that after the tip has been destroyed this part goes on
growing at such a rate, that its length was often doubled
in a day. We have also seen that the destruction of the
tip does not prevent the adjoining part from bending,
if this part has already received some influence from
the tip. As with horizontally extended radicles, of
which the tip has been cut off or destroyed, the part
which ought to bend most remains motionless for
many hours or days, although exposed at right angles
to the full influence of geotropism, we must conclude
that the tip alone is sensitive to this power, and transmits some influence or stimulus to the adjoining parts,
causing them to bend. We have direct evidence of
such transmission; for when a radicle was left extended
horizontally for an hour or an hour and a half, by
which time the supposed influence will have travelled
a little distance from the tip, and the tip was then
cut off, the radicle afterwards became bent, although
placed perpendicularly. The terminal portions of
several radicles thus treated continued for some time
to grow in the direction of their newly-acquired curvature ; for as they were destitute of tips, they were no
longer acted on by geotropism. But after three or
four days when new vegetative points were formed, the
radicles were again acted on by geotropism, and now
they curved themselves perpendicularly downwards.
To see anything of the above kind in the animal
kingdom, we should have to suppose that an animal
whilst lying down determined to rise up in some particular direction ; and that after its head had been cut
off, an. impulse continued to travel very slowly along
the nerves to the proper muscles ; so that after several
hours the headless animal rose up in the predetermined direction.
As the tip of the radicle has been found to be the
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part which is sensitive to geotropism in the members of
such distinct families as the Leguminosae, Malvaceae,
Cucurbitacese and G-ramineae, we may infer that this
character is common to the roots of most seedlingplants. Whilst a root is penetrating the ground, the
tip must travel first; and we can see the advantage of
its being sensitive to geotropism, as it has to determine the course of the whole root. Whenever the tip
is deflected by any subterranean obstacle, it will also
be an advantage that a considerable length of the root
should be able to bend, more especially as the tip
itself grows slowly and bends but little, so that the
proper downward course may be soon recovered. But
it appears at first sight immaterial whether this were
effected by the whole growing part being sensitive to
geotropism, or by an influence transmitted exclusively
from the tip. We should, however, remember that it
is the tip which is sensitive to the contact of hard
objects, causing the radicle to bend away from them,
thus guiding it along the lines of least resistance i n
the soil. It is again the tip which is alone sensitive,
at least in some cases, to moisture, causing the
radicle to bend towards its source. These two kinds
of sensitiveness conquer for a time the sensitiveness
to geotropism, which, however, ultimately prevails.
Therefore, the three kinds of sensitiveness must often
come into antagonism ; first one prevailing, and then
another; and it would be an advantage, perhaps a
necessity, for the interweighing and reconciling of
these three kinds of sensitiveness, that they should
be all localised in the same group of cells which have
to transmit the command to the adjoining parts of
the radicle, causing it to bend to or from the source of
irritation.
Finally, the fact of the tip alone being sensitive to
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the attraction of gravity has an important bearing on
the theory of geotropism. Authors seem generally to
look at the bending of a radicle towards the centre of
the earth, as the direct result of gravitation, which is
believed to modify the growth of the upper or lower
surfaces, in such a manner as to induce curvature in
the proper direction. But we now know that it is the
tip alone which is acted on, and-that this part transmits some influence to the adjoining parts, causing
them to curve downwards. Gravity does not appear
to act in a more direct manner on a radicle, than it
does on any lowly organised animal, which moves
away when it feels some weight or pressure. *

2
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CHAPTEB X I I . .
SUMMABY AND CONCLUDING REMARKS.
Nature of the circumnutating movement—History of a g e r m i n a t i n g
seed — The radicle first protrudes and circumnutat.es—Its t i p
highly sensitive—Emergence of the hypocotyl or of the e p i c o t y l
from the ground under the form of an arch—Its circumnutation
and that of the cotyledons—The seedling throws up a leaf-bearing
stem—The circumnutation of all the parts or organs—Modified
circumnutation—Epinasty and hyponasty—Movements of c l i m b i n g
plants —Nyctitropic movements—Movements excited by l i g h t a n d
gravitation — Localised sensitiveness — Resemblance between t h e
movements of plants and animals—The tip of the radicle a c t s l i t e
a brain.

IT may be useful to the reader if we briefly sum up
the chief conclusions, which, as far as we can judge,
have been fairly well established by the observations
given in this volume. All the parts or organs in
every plant whilst they continue to grow, and some
parts which are provided with pulvini after they have
ceased to grow, are continually circumnutating. This
movement commences even before the young seedling
has broken through the ground. The nature of the
movement and its causes, as far as ascertained, have
been briefly described in the Introduction.
Why
every part of a plant whilst it is growing, and in some
cases after growth has ceased, should nave its cells
rendered more turgescent and its cell-walls more
extensile first on one side and then on another, thus
inducing circumnutation, is not known. It would
appear as if the changes in the cells required periods
of rest.
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In some cases, as with the hypocotyls of Brassica,
the leaves of Dionaea and the joints of the Graminese,
the circumnutating movement when viewed under the
microscope is seen to consist of innumerable small
oscillations. The part under observation suddenly
jerks forwards for a length of '002 to *001 of an inch,
and then slowly retreats for a part of this distance;
after a few seconds it again jerks forwards, but with
many intermissions. The retreating movement apparently is due to the elasticity of the resisting tissues.
How far this oscillatory movement is general we do
not know, as not many circumnutating plants were
observed by us under the microscope; but no such
movement could be detected in the case of Drosera
with a 2-inch object-glass which we used. The phenomenon is a remarkable one. The whole hypocotyl
of a cabbage or the whole loaf of a Dionaea could not
jerk forwards unless a very large number of cells on
one side were simultaneously affected. Are we to suppose that these cells steadily become more and more
turgescent on one side, until the part suddenly yields
and bends, inducing what may be called a microscopically minute earthquake in the plant; or do the
cells on one side suddenly become turgescent in an
intermittent manner; each forward movement thus
caused being opposed by the elasticity of the tissues ?
Circumnutation is of paramount importance in the
life of every plant; for it is through its modification
that many highly beneficial or necessary movements
have been acquired. When light strikes one side
of a plant, or light changes into darkness, or when
gravitation acts on a displaced part, the plant is
..enabled in some unknown manner to increase the
always varying turgescence of the cells on one side;
so that the ordinary circumnutating movement is
2 s 2
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modified, and the part bends either to or from t h e
exciting cause; or it may occupy a new position, as
in the so-called sleep of leaves. The influence which
modifies circumnutation may be transmitted from one
part to another. Innate or constitutional changes,
independently of any external agency, often modify
the circumnutating movements at particular periods
of the life of the plant. As circumnutation is universally present, we can understand h o w it is that
movements of the same kind have been developed i n
the most distinct members of the vegetable series.
But it must not be supposed that all the movements
of plants arise from modified circumnutation; for, as
we shall presently see, there is reason to believe that
this is not the case.
Having made these few preliminary remarks, we
will in imagination take a germinating seed, and consider the part which the various movements play i n
the life-history of the plant. The first change is t h e
protrusion of the radicle, which begins at once to
circumnutate. This movement is immediately modified by the attraction of gravity and rendered geotropic. The radicle, therefore, supposing the seed t o
be lying on the surface, quickly bends downwards, following a more or less spiral course, as was seen on t h e
smoked glass-plates. Sensitiveness to gravitation resides in the tip; and it is the tip which transmits
some. influence to the adjoining parts, causing t h e m
to bend. As soon as the tip, protected by the rootcap, reaches the ground, it penetrates the surface, if
this be soft or friable; and the act of penetration is
apparently aided by the rocking or circumnutating
movement of the whole end of the radicle. If the surface is compact, and cannot easily be penetrated, then
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the seed itself, unless it be a heavy one, is displaced
or lifted up by the continued growth and elongation
of the radicle. But in a state of nature seeds often
get covered with earth or other matter, or fall into
crevices, &c, and thus a point of resistance is afforded,
and the tip can more easily penetrate the ground.
But even with seeds lying loose on the surface there
is another aid: a multitude of excessively fine hairs
are emitted from the upper part of the radicle, and
these attach themselves firmly to stones or other objects lying on the surface, and can do so even to glass;
and thus the upper part is held down whilst the tip
presses against and penetrates the ground. The
attachment of the root-hairs is effected by the liquefaction of the outer surface of the cellulose walls, and
by the subsequent setting hard of the liquefied matter.
This curious process probably takes place, not for
the sake of the attachment of the radicles to superficial
objects, but in order that the hairs may be brought into
the closest contact with the particles in the soil, by
which means they can absorb the layer of water surrounding them, together with any dissolved matter.
After the tip has penetrated the ground to a little
depth, the increasing thickness of the radicle, together
with the root-hairs, hold it securely in its place; and
now the force exerted by the longitudinal growth of
the radicle drives the tip deeper into the ground.
This force, combined with that due to transverse
growth, gives to the radicle the power of a wedge.
Even a growing root of moderate size, such as that
of a seedling bean, can displace a weight of some
pounds. It is not probable that the tip when buried
in compact earth can actually circumnutate and thus
aid its downward passage, but the circumnutating
movement will facilitate the tip entering any lateral
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or oblique fissure in the earth, or a burrow made by
an earth-worm or larva; and it is certain that roots
often run down the old burrows of worms. The tip,
however, in endeavouring to circumnutate, will continually press against the earth on all sides, and this
can hardly fail to be of the highest importance to the
plant; for we have seen that when little bits of cardlike paper and of very thin paper were cemented on
opposite sides of the tip, the whole growing part of
the radicle was excited to bend away from the side
bearing the card or more resisting substance, towards
the side bearing the thin paper. We may therefore
feel almost sure that when the tip encounters a stone
or other obstacle in the ground, or even earth more
compact on one side than the other, the root will bend
away as much as it can from the obstacle or the more
resisting earth, and will thus follow with unerring
skill a line of least resistance.
The tip is more sensitive to prolonged contact with
an object than to gravitation when this acts obliquely
on the radicle, and sometimes even when it acts in the
most favourable direction at right angles to the radicle.
The tip was excited by an attached bead of shellac,
weighing less than ^ g t h of a grain (0*33 mg.) ; it is
therefore more sensitive than the most delicate tendril, namely, that of Passiflora gracilis, which was barely
acted on by a bit of wire weighing ^ t h of a grain. B u t
this degree of sensitiveness is as nothing compared with
that of the glands of Drosera, for these are excited by
particles weighing only
of a grain. The sensitiveness of the tip cannot be accounted for by its
being covered by a thinner layer of tissue than the
other parts, for it is protected by the relatively thick
root-cap. It is remarkable that although the radicle
bends away, when one side of the tip is slightly touched
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with caustic, yet if the side be much cauterised the
injury is too great, and the power of transmitting some
influence to the adjoining parts causing them to bend,
is lost. Other analogous cases are known to occur.
After a radicle has been deflected by some obstacle,
geotropism directs the tip again to grow perpendicularly downwards; but geotropism is a feeble power,
and here, as Sachs has shown, another interesting
adaptive movement comes into play; for radicles at
a distance of a few millimeters from the tip are
sensitive to prolonged contact in such a manner that
they bend towards the touching object, instead of from
it as occurs when an object touches one side of the
tip. Moreover, the curvature thus caused is abrupt;
the pressed part alone bending. Even slight pressure
suffices, such as a bit of card cemented to one side.
Therefore a radicle, as it passes oyer the edge of any
obstacle in the ground, will through the action of geotropism press against it; and this pressure will cause
the radicle to endeavour to. bend abruptly over the
edge. It will thus recover as quickly as possible its
normal downward course.
Eadicles are also sensitive to air which contains
more moisture on one side than the other, and they
bend towards its source. It is therefore probable that
they are in like manner sensitive to dampness in the
soil. It was ascertained in several cases that this
sensitiveness resides in the tip, which transmits an
influence causing the adjoining upper part to bend
in opposition to geotropism towards the moist object.
We may therefore infer that roots will be deflected
from their downward course towards any source of
moisture in the soil.
Again, most or all radicles are slightly sensitive to
light, and, according to Wiesner, generally bend a little
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from it. Whether this can be of any service to them
is very doubtful, but with seeds germinating on the
surface it will slightly aid geotropism in directing
the radicles to the ground.* We ascertained in one
instance that such sensitiveness resided in the tip, and
caused the adjoining parts to bend from the light.
The sub-aerial roots observed by Wiesner were all
apheliotropic, and this, no doubt, is of use in bringing
them into contact with trunks of trees or surfaces of
rock, as is their habit.
We thus see that with seedling plants the tip of the
radicle is endowed with diverse kinds of sensitiveness ;
and that the tip directs the adjoining growing parts
to bend to or from the exciting cause, according to the
needs of the plant. The sides of the radicle are also
sensitive to contact, but in a widely different manner.
Gravitation, though a less powerful cause of movement than the other above specified stimuli, is ever
present; so that it ultimately prevails and determines
the downward growth of the root.
The primary radicle emits secondary ones which
project sub-horizontally; and these were observed in
one case to circumnutate. Their tips are also sensitive
to contact, and they are thus excited to bend away
from any touching object; so that they resemble in
these respects, as far as they were observed, the
primary radicles. If displaced they resume, as Sachs,
has shown, their original sub-horizontal position; and
this apparently is due to diageotropism. The secondary
radicles emit tertiary ones, but these, in the case of
the bean, are not affected by gravitation; consequently
they protrude in all directions. Thus the general
* Dr. Karl Riehter, •who has
especially attended to this subject
(' K. Akad. der Wissenschaften

in "Wien,* 1879, p. 149), states t h a t
apheliotropism does not aid r a dicles in penetrating t h e ground.
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arrangement of the three orders of roots is excellently
adapted for searching the whole soil for nutriment.
Sachs has shown that if the tip of the primary
radicle is cut off (and the tip will occasionally be
gnawed off with seedlings in a state of nature) one of
the secondary radicles grows perpendicularly downwards, in a manner which is analogous to the upward
growth of a lateral shoot after the amputation of
the leading shoot. We have seen with radicles of the
bean that if the primary radicle is merely compressed
instead of being cut off, so that an excess of sap is
directed into the secondary radicles, their natural condition is disturbed and they grow downwards. Other
analogous facts have been given. As anything which
disturbs the constitution is apt to lead to reversion,
that is, to the resumption of a former character, it
appears probable that when secondary radicles grow
downwards or lateral shoots upwards, they revert to
the primary manner of growth proper to radicles and
shoots.
With dicotyledonous seeds, after the protrusion of
the radicle, the hypocotyl breaks through the seedcoats ; but if the cotyledons are hypogean, it is the
epicotyl which breaks forth. These organs are at first
invariably arched, with the upper part bent back
parallel to the lower; and they retain this form until
they have risen above the ground. In some cases,
however, it is the petioles of the cotyledons or of the
first true leaves which break through the seed-coats
as well as the ground, before any part of the stem
protrudes; and then the petioles are almost invariably
arched. We have met with only one exception, and that
only a partial one, namely, with the petioles of the two
first leaves of Acanthus candelabrum. With Delphinium
nudicaule the petioles of the two cotyledons are com1
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pletely confluent, and they break through the ground
as an arch; afterwards the petioles of the successively
formed early leaves are arched, and they are thus
enabled to break through the base of the confluent
petioles of the cotyledons. In the case of Megarrhiza,
it is the plumule which breaks as an arch through the
tube formed by the confluence of the cotyledonpetioles. With mature plants, the flower-stems and
the leaves of some few species, and the rachis of
several ferns, as they emerge separately from the
ground, are likewise arched.
The fact of so many different organs in plants of
many kinds breaking through the ground under the
form of an arch, shows that this must be in some
manner highly important to them. According to
Haberlandt, the tender growing apex is thus saved
from abrasion, and this is probably the true explanation. But as both legs of the arch grow, their power
of breaking through the ground will be much increased as long as the tip remains within the seedcoats and has a point of support. In the case of
monocotyledons the plumule or cotyledon is rarely
arched, as far as we have seen; but this is the case
with the leaf-like cotyledon of the onion; and the
crown of the arch is here strengthened by a special
protuberance. In the Gramineae the summit of the
straight, sheath-like cotyledon is developed into a
hard sharp crest, which evidently serves for breaking
through the earth. With dicotyledons the arching of
the epicotyl or hypocotyl often appears as if it merely
resulted from the manner in which the parts are
packed within the seed; but it is doubtful whether
this is the whole of the truth in any case, and it certainly was not so in several cases, in which the arching was seen to commence after the parts had wholly
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escaped from the seed-coats. As the arching occurred
in whatever position the seeds were placed, it is no
doubt due to temporarily increased growth of the
nature of epinasty or hyponasty along one side of the
pari.
As this habit of the hypocotyl to arch itself appears
to be universal, it is probably of very ancient origin.
It is therefore not surprising that it should be inherited, at least to some extent, by plants having
hypogean cotyledons, in which the hypocotyl is only
slightly developed and never protrudes above the
ground, and in which the arching is of course now
quite useless. This tendency explains, as we have
seen, the curvature of the hypocotyl (and the consequent movement of the radicle) which was first
observed by Sachs, and which we have often had to
refer to as Sachs' curvature.
The several foregoing arched organs are continually
circumnutating, or endeavouring to circumnutate, even
before they break through the ground. As soon as
any part of the arch protrudes from the seed-coats it
is acted upon by apogeotropism, and both the legs
bend upvyards as quickly as the surrounding earth will
permit, until the arch stands vertically. By continued
growth it then forcibly breaks through the ground;
but as it is continually striving to circumnutate this
will aid its emergence in some slight degree, for we
know that a circumnutating hypocotyl can push away
damp sand on all sides. As soon as the faintest ray of
light reaches a seedling, heliotropism will guide it
through any crack in the soil, or through an entangled
mass of overlying vegetation; for apogeotropism by
itself can direct the seedling only blindly upwards,
Hence probably it is that sensitiveness to light resided
jn the tip of the cotyledons of the Graminese, and An
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the upper part of the hypocotyls of at least some
plants.
As the arch grows upwards the cotyledons are
dragged out of the ground. The seed-coats are either
left behind buried, or are retained for a time still
enclosing the cotyledons. These are afterwards cast
off merely by the swelling of the cotyledons. But
with most of the Cucurbitaceae there is a curious
special contrivance for bursting the seed-coats whilst
beneath the ground, namely, a peg at the base of the
hypocotyl, projecting at right angles, which holds down
the lower half of the seed-coats, whilst the growth
of the arched part of the hypocotyl lifts up the upper
half, and thus splits them in twain. A somewhat
analogous structure occurs in Mimosa pudiea and some
other plants. Before the cotyledons are fully expanded and have diverged, the hypocotyl generally
straightens itself by increased growth along the concave side, thus reversing the process which caused
the arching. Ultimately not a trace of the former
curvature is left, except in the case of the leaf-like
cotyledons of the onion.
The cotyledons can now assume the function of
leaves, and decompose carbonic acid; they also yield
up to other parts of the plant the nutriment which
they often contain. When they contain a large stock
of nutriment they generally remain buried beneath
the ground, owing to the small development of the
hypocotyl; and thus they have a better chance of
escaping destruction by animals. From unknown
causes, nutriment is sometimes stored in the hypocotyl
or in the radicle, and then one of the cotyledons or
both become rudimentary, of which several instances
have been given. It is probable that the extraordinary manner of germination of Megarrhiza Catifomica,
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Ipomcea leptophylla and pandurata, and of Quereus
virens, is connected with, the burying of the tuber-like
roots, which at an early age are stocked with nutriment ; for in these plants it is the petioles of the
cotyledons which first protrude from the seeds, and
they are then merely tipped with a minute radicle and
hypocotyl. These petioles bend down geotropically
like a root and penetrate the ground, so that the true
root, which afterwards becomes greatly enlarged, is
buried at some little depth beneath the surface. Gradations of structure are always interesting, and Asa
Gray informs us that with Ipomcea Jalappa, which
likewise forms huge tubers, the hypocotyl is still of
considerable length, and the petioles of the cotyledons
are only moderately elongated. But in addition to the
advantage gained by the concealment of the nutritions
matter stored within the tubers, the plumule, at least
in the case of Megarrhiza, is protected from the frosts
of winter by being buried.
With many dicotyledonous seedlings, as has lately
been described by De Vries, the contraction of the
parenchyma of the upper part of the radicle drags the
hypocotyl downwards into the earth; sometimes (it is
said) until even the cotyledons are buried. The hypocotyl itself of some species contracts in a like manner.
It is believed that this burying process serves to
protect the seedlings against the frosts of winter.
Our imaginary seedling is now mature as a seedling,
for its hypocotyl is straight and its cotyledons are
fully expanded. In this state the upper part of the
hypocotyl and the cotyledons continue for some time
to circumnutate, generally to a wide extent relatively
to the size of the parts, and at a rapid rate. But
seedlings profit by this power of movement only when
it is modified, especially by the action of light and
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gravitation ; for they are thus enabled to move more
rapidly and to a greater extent than can most mature
plants. Seedlings are subjected to a severe struggle
for life, and it appears to be highly important to them
that they should adapt themselves as quickly and as
perfectly as possible to their conditions. Hence also
it is that they are so extremely sensitive to light and
gravitation. The cotyledons of some few species are
sensitive to a touch; but it is probable that this is
only an indirect result of the foregoing kinds of sensitiveness, for there is no reason to believe that they
profit by moving when touched.
Our seedling now throws up a stem bearing leaves,
and often branches, all of which whilst young are continually circumnutating. If we look, for instance, at a
great acacia tree, we may feel assured that every one of
the innumerable growing shoots is constantly describing small ellipses ; as is each petiole, sub-petiole, and
leaflet. The latter, as well as ordinary leaves, generally move up and down in nearly the same vertical
plane, so that they describe very narrow ellipses.
The flower-peduncles are likewise continually circumnutating. If we could look beneath the ground, and
our eyes had the power of a microscope, we should see
the tip of each rootlet endeavouring to sweep small
ellipses or circles, as far as the pressure of the surrounding earth permitted. All this astonishing amount
of movement has been going on year after year since
the time when, as a seedling, the tree first emerged
from the ground.
Stems are sometimes developed into long runners or
stolons. These circumnutate in a conspicuous manner, and
are thus aided in passing between and over surrounding
obstacles. But whether the circumnutating movement
has been increased for this special purpose is doubtful.
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We have now to consider circumnutation in a
modified form, as the source of several great classes of
movement. The modification may be determined by
innate causes, or by external agencies. Under the first
head we see leaves which, when first 'unfolded, stand
in a vertical position, and gradually bend downwards
as they grow older. We see flower-peduncles bending
down after the flower has withered, and others rising
up; or again, stems with their tips at first bowed
downwards, so as to be hooked, afterwards straightening themselves; and many other such cases. These
changes of position, which are due to epinasty or
hyponasty, occur at certain periods of the life of the
plant, and are independent of any external agency.
They are effected not by a continuous upward or
downward movement, but by a succession of small
ellipses, or by zigzag lines,—that is, by a circurnnutating movement which is preponderant in some
one direction.
Again, climbing plants whilst young circumnutate
in the ordinary manner, but as soon as the stem
has grown to a certain height, which is different for
different species, it elongates rapidly, and now the
amplitude of the circumnutating movement is immensely increased, evidently to favour the stem catching hold of a support. The stem also circumnutates
rather more equally to all sides than in the case of
non-climbing plants. This is conspicuously the case
with those tendrils which consist of modified leaves,
as these sweep wide circles; whilst ordinary leaves
usually circumnutate nearly in the same vertical plane.
Mower-peduncles when converted into tendrils have
their circumnutating movement in like manner greatly
increased.
We now come to our second group of circumnu-
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tating movements—those modified through external
agencies. The so-called sleep or nyctitropic movements of leaves are determined by the daily alternations of light and darkness. It is not the darkness
which excites them to move, but the difference in the
amount of light which they receive during the day
and night; for with several species, if the leaves have
not been brightly illuminated during the day, they
do not sleep at night. They inherit, however, some
tendency to move at the proper periods, independently of any change in the amount of light. The
movements are in some cases extraordinarily complex,
but as a full summary has been given in the chapter
devoted to this subject, we will here say but little on
this head. Leaves and cotyledons assume their nocturnal position by two means, by the aid of pulvini and
without such aid. In the former case the movement
continues as long as the leaf or cotyledon remains in
full health; whilst in the latter case it continues only
whilst the part is growing. Cotyledons appear to
sleep in a larger proportional number of species than
do leaves. In some species, the leaves sleep and not
the cotyledons ; in others, the cotyledons and not the
leaves; or both may sleep, and yet assume widely
different positions at night.
Although the nyctitropic movements of leaves and
cotyledons are wonderfully diversified, and sometimes
differ much in the species of the same genus, yet the
blade is always placed in such a position at night, that
its upper surface is exposed as little as possible to full
radiation. We cannot doubt that this is the object
gained by these movements ; and it has been proved
that leaves exposed to a clear sky, with their blades
compelled to remain horizontal, suffered much more
from the cold than others which were allowed to assume
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their proper vertical position. Some curious facts
have been given under this head, showing that horizontally extended leaves suffered more at night, when
the air, which is not cooled by radiation, was prevented
from freely circulating beneath their lower surfaces ;
and so it was, when the leaves were allowed to go to
sleep on branches which had been rendered motionless.
In some species the petioles rise up greatly at night,
and the pinnse close together. The whole plant is
thus rendered more compact, and a much smaller
surface is exposed to radiation.
That the various nyctitropic movements of leaves
result from modified circumnutation has, we think,
been clearly shown. In the simplest cases a leaf
describes a single large ellipse during the 24 h. ; and
the movement is so arranged that the blade stands
vertically during the night, and reassumes its former
position on the following morning. The course pursued
differs from ordinary circumnutation only in its greater
amplitude, and in its greater rapidity late in the
evening and early on the following morning. Unless
this movement is admitted to be one of circumnutation, such leaves do not circumnutate at all, and this
would be a monstrous anomaly. In other cases, leaves
and cotyledons describe several vertical ellipses during
the 24 h. ; and in the evening one of them is increased
greatly in amplitude until the blade stands vertically
either upwards or downwards. · In this position it continues to circumnutate until the following morning,
when it reassumes its former position. These movements, when a pulvinus is present, are often complicated by the rotation of the leaf or leaflet ; and such
rotation on a small scale occurs during ordinary circumnutation. The many diagrams showing the movements of sleeping and non-sleeping leaves and coty2 o
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ledons should be compared, and it will be seen that
they are essentially alike. Ordinary circumnutation
is converted into a nyctitropic movement, firstly by an
increase in its amplitude, but not to so great a degree
as in the case of climbing plants, and secondly by its
being rendered periodic in relation to the alternations of day and night. But there is frequently a
distinct trace of periodicity in the circumnutating
movements of non-sleeping leaves and cotyledons.
The fact that nyctitropic movements occur in species
distributed in many families throughout the whole
vascular series, is intelligible, if they result from the
modification of the universally present movement of
circumnutation ; otherwise the fact is inexplicable.
In the seventh chapter we have given the case of
a Porlieria, the leaflets of which remained closed all
day, as if asleep, when the plant was kept dry, apparently for the sake of checking evaporation. Something of the same kind occurs with certain Graminese.
At the close of this same chapter, a few observations
were appended on what may be called the embryology
of leaves. The leaves produced by young shoots on
cut-down plants of Melilotus tanrica slept like those of
a Trifolium, whilst the leaves on the older branches
on the same plants slept in a very different manner,
proper to the genus; and from the reasons assigned
we are tempted to look at this case as one of reversion
to a former nyctitropic habit. So again with Desmodium gyrans, the absence of small lateral leaflets on
very young plants, makes us suspect that the immediate progenitor of this species did not possess lateral
leaflets, and that their appearance in an almost rudimentary condition at a somewhat more advanced age
is the result of reversion to a trifoliate' predecessor.
However this may be, the rapid circumnutating or

IRIS - LILLIAD - Université Lille 1

gyrating movements of the little lateral leaflets, seem
to be due proximately to the pulvinus, or organ of
movement, not having been reduced nearly so much
as the blade, during the successive modifications
through which the species has passed.
We now come to the highly important class of
movements due to the action of a lateral light. When
stems, leaves, or other organs are placed, so that one
side is illuminated more brightly than the other, they
bend towards the light. This heliotropic movement
manifestly results from the modification of ordinary
circumnutation; and every gradation between the two
movements could be followed. When the light was
dim, and only a very little brighter on one side than
on the other, the movement consisted of a succession
of ellipses, directed towards the light, each of which
approached nearer to its source than the previous one.
When the difference in the light on the two sides
was somewhat greater, the ellipses were drawn out
into a strongly-marked zigzag line, and when much
greater the course became rectilinear. We have
reason to believe that changes in the turgescence of
the cells is the proximate cause of the movement
of circumnutation; and it appears that when a plant
is unequally illuminated on the two sides, the always
changing turgescence is augmented along one side,
and is weakened or quite arrested along the other
sides. Increased turgescence is commonly followed by
increased growth, so that a plant which has bent itself
towards the light during the day would be fixed in this
position were it not for apogeotropism acting during
the night. But parts provided with pulvini bend, as
Pfeffer has shown, towards the light; and here growth
does not come into play any more than in the ordinary
circumnutating movements of pulvini.
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Heliotropism prevails widely throughout the vegetable kingdom, but whenever, from the changed habits
of life of any plant, such movements become injurious
or useless, the tendency is easily eliminated, as we see
with climbing and insectivorous plants.
Apheliotropic movements'are comparatively rare in
a well-marked degree, excepting with sub-aerial roots.
In the two cases investigated by us, the movement
certainly consisted of modified circumnutation.
The position which leaves .and cotyledons occupy
during the day, namely, more or less transversely to
the direction of the light, is due, according to Frank,
to what we call diaheliotropism. As all leaves and
cotyledons are continually circumnutating, there can
hardly be a doubt that diaheliotropism results from
modified circumnutation. From the fact of leaves and
cotyledons frequently rising a little in the evening, it
appears as if diaheliotropism had to conquer during
the middle of the day a widely prevalent tendency to
apogeotropism.
Lastly, the leaflets and cotyledons of some plants
are known to be injured by too much light; and when
the sun shines brightly on them, they move upwards
or downwards, or twist laterally, so that they direct
their edges towards the light, and thus they escape
being injured. These paraheliotropic movements certainly consisted in one case of modified circumnutation ; and so it probably is in all cases, for the leaves
of all the species described circumnutate in a conspicuous manner. This movement has hitherto been
observed only with leaflets provided with pulvini, in
which the increased turgescence on opposite sides is
not followed by growth ; and we can understand why
this should be so, as the movement is required only
for a temporary purpose.. It would manifestly be dis-
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advantageous for the leaf to be fixed by growth in its
inclined position. For it has to assume its former
horizontal position,^ as soon as possible after the sun
has ceased shining too brightly on it.
The extreme sensitiveness of certain seedlings to
light, as shown in our ninth chapter, is highly remarkable. The cotyledons of Phalaris became curved
towards a distant lamp, which emitted so little light,
that a pencil held vertically close to the plants, did
not cast any shadow which the eye could perceive
on a white card. These cotyledons, therefore, were
affected by a difference in he amount of light on their
two sides, which the eye could not distinguish. The
degree of their curvature within a given time towards
a lateral light did not correspond at all strictly with
the amount of light which they received; the light
not being at any time in excess. They continued for
nearly half an hour to bend towards a lateral light,
after it had been extinguished. They bend with
remarkable precision towards it, and this depends on
the illumination of one whole side, or on the obscuration of the whole opposite side. The difference in the
amount of light which plants at any time receive in
comparison with what they have shortly before received, seems in all cases to be the chief exciting cause
of those movements which are influenced by light.
Thus seedlings brought out of darkness bend towards
a dim lateral light, sooner than others which had previously been exposed to daylight. We have seen
several analogous cases with the nyctitropic movements of leaves. A striking instance was observed in
the case of the periodic movements of the cotyledons
of a Cassia; in the morning a pot was placed in an
obscure part of a room, and all the cotyledons rose up
closed; another pot had stood in the sunlight, and
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the cotyledons of course remained expanded; both
pots were now placed close together in the middle of
the room, and the cotyledons which had been exposed
to the sun, immediately began to close, while the
others opened; so that the cotyledons in the two pots
moved in exactly opposite directions whilst exposed
to the same degree of light.
We found that if seedlings, kept in a dark place,
were laterally illuminated by a small wax taper for
only two or three minutes at intervals of about threequarters of an hour, they all became bowed to the
point where the taper had been held. We felt much
surprised at this fact, and until we had read Wiesner's
observations, we attributed it to the after-effects of
the light; but he has shown that the same degree
of curvature in a plant may be induced in the
course of an hour by several interrupted illuminations lasting altogether for 20 m., as by a continuous
illumination of 60 m. We believe that this case,
as well as our own, may be explained by the excitement from light being due not so much to its
actual amount, as to the difference in amount from
that previously received; and in our case there were
repeated alternations from complete darkness to light.
In this, and in several of the above specified respects,
light seems to act on the tissues of plants, almost in
the same manner as it does on the nervous system
of animals.
There is a much more striking analogy of the same
kind, in the sensitiveness to light being localised in
the tips of the cotyledons of Phalaris and Avena, and
in the upper part of the hypocotyls of Brassica and
Beta; and in the transmission of some influence from
these upper to the lower parts, causing the latter to
bend towards the light. This influence is also trans-
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mitted beneath, the soil to a depth where no light
enters. It follows from this localisation, that the
lower parts of the cotyledons of Phalaris, &c, which
normally become more bent towards a lateral light
than the upper parts, may be brightly illuminated
during many hours, and will not bend in the least, if
all light be excluded from the tip. It is an interesting experiment to place caps over the tips of the
cotyledons of Phalaris, and to allow a very little light
to enter through minute orifices on one side of the
caps, for the lower part of the cotyledons will then
bend to this side, and not to the side which has been
brightly illuminated during the whole time. In the
case of the radicles of Sinapis alba, sensitiveness to
light also resides in the tip, which, when laterally
illuminated, causes the adjoining part of the root to
bend apheliotropically.
Gravitation excites plants to bend away from the
centre of the earth, or towards it, or to place themselves in a transverse position with respect to it.
Although it is impossible to modify in any direct
manner the attraction of gravity, yet its influence
could be moderated indirectly, in the several ways
described in the tenth chapter; and under such
circumstances the same kind of evidence as that given
in the chapter on Heliotropism, showed in the plainest
manner that apogeotropic and geotropic, and probably
diageotropic movements, are all modified forms of
circumnutation.
Different parts of the same plant and different
species are affected by gravitation in widely different
degrees and manners. Some plants and organs exhibit
hardly a trace of its action. Young seedlings which,
as we know, circumnutate rapidly, are eminently sensitive ; and we have seen the hypocotyl of Beta bending
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upwards through 109° in 3 h. 8 m. The after-effects
of apogeotropism last for above half an hour; and
horizontally-laid hypocotyls are sometimes thus carried temporarily beyond an upright position. The
benefits derived from geotropism, apogeotropism, and
diageotropism, are generally so manifest that they
need not be specified. With the flower-peduncles of.
Oxalis, epinasty causes them to bend down, so that
the ripening pods may be protected by the calyx
from the rain. Afterwards they are carried upwards
by apogeotropism in combination with hyponasty, and
are thus enabled to scatter their seeds over a wider
space. The capsules and flower-heads of some plants
are bowed downwards through geotropism, and they
then bury themselves in the earth for the protection
and slow maturation of the seeds. This burying
process is much facilitated by the rocking movement
due to circumnutation.
In the case of the radicles of several, probably of all
seedling plants, sensitiveness to gravitation is confined
to the tip, which transmits an influence to the adjoining
upper part, causing it to bend towards the centre of
the earth. That there is transmission of this kind was
proved in an interesting manner when horizontally
extended radicles of the bean were exposed to the
attraction of gravity for 1 or 1J h., and their tips were
then amputated. Within this time no trace of curvature was exhibited, and the radicles were now placed
pointing vertically downwards; but an influence had
already been transmitted from the tip to the adjoining
part, for it soon became bent to one side, in the same
manner as would have occurred had the radicle
remained horizontal and been still acted on by geotropism. Radicles thus treated continued to grow out
horizontally for two or three days, until a new tip was
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reformed; and this was then acted on by geotropism,'
and the radicle became curved perpendicularly downwards.
It has now been shown that the following important
classes of movement all arise from modified circumnutation, which is omnipresent whilst growth lasts,
and after growth has ceased, whenever pulvini are
present. These classes of movement consist of those
due to epinasty and hyponasty,—those proper to
climbing plants, commonly called revolving nutation,'
•—the nyctitropic or sleep movements of leaves and
cotyledons,—and the two immense classes of movement excited by light and gravitation. When we
speak of modified circumnutation we mean that light,
or the alternations of light and darkness, gravitation,
slight pressure or other irritants, and certain innate
or constitutional states of the plant, dp not directly
cause the movement; they merely lead to a temporary increase or diminution of those spontaneous
changes in the turgescence of the cells which are
already in progress. In what manner, light, gravitation, &c, act on the cells is not' known; and we
will here only remark that, if any stimulus affected
the cells in such a manner as to cause some slight
tendency in the affected part to bend in a beneficial
manner, this tendency might easily be increased
through the preservation of the more sensitive individuals. But if such bending were injurious, the
tendency would be eliminated unless it was overpoweringly strong; for we know how commonly all
characters in all organisms vary. Nor can we see any
reason to doubt, that after the complete elimination of
a tendency to bend in some one direction under a
certain stimulus, the power to bend in a directly
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opposite direction might gradually be acquired through
natural selection.*
Although so many movements have arisen through
modified circumnutation, there are others which
appear to have had a quite independent origin; but
they do not form such large and important classes.
When a leaf of a Mimosa is touched it suddenly
assumes the same position as when asleep, but Brücke
has shown that this movement results from a different
state of turgescence in the cells from that which
occurs during sleep ; and as sleep-movements are certainly due to modified circumnutation, those from a
touch can hardly be thus due. The back of a leaf of
Drosera rotvmdifolia was cemented to the summit of
a stick driven into the ground, so that it could not
move in the least, and a tentacle was observed during
many hours under the microscope; but it exhibited
no circumnutating movement, yet after being momentarily touched with a bit of raw meat, its basal
part began to curve in 23 seconds. This curving
movement therefore could not have resulted from
modified circumnutation. But when a small object,
such as a fragment of a bristle, was placed on one side
of the tip of a radicle, which we know is continually
circumnutating, the induced curvature was so similar
to the movement caused by geotropism, that we can
hardly doubt that it is due to modified circumnutation. A flower of a Mahonia was cemented to a
stick, and the stamens exhibited no signs of circumnutation under the microscope, yet when they were
lightly touched they suddenly moved towards the pistil.
Lastly, the curling of the extremity of a tendril when
* See the remarks in Frank's
* Die wagerechte Kichtung von
PflanzentheUen' (1870, pp. 90,

91, & c ) , on natural selection i n
connection with geotropism, h e l i o tropism, &o.
*
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touched seems to be independent of its revolving or
circumnutating movement. This is best shown by the
part which is the most sensitive to contact, circumnutating much less than the lower parts, or apparently
not at all.*
Although in these cases we have no reason to
believe that the movement depends on modified circumnutation, as with the several classes of movement
described in this volume, yet the difference between
the two sets of cases may not be so great as it at
first appears. In the one set, an irritant causes an
increase or diminution in the turgescence of the cells,
which are already in a state of change; whilst in the
other set, the irritant first starts a similar change in
their state of turgescence. Why a touch, slight
pressure or any other irritant, such as electricity, heat,
or the absorption of animal matter, should modify the
turgescence of the affected cells in such a manner as to
cause movement, we do not know. But a touch acts in
this manner so often, and on such widely distinct plants,
that the tendency seems to be a very general one; and
if beneficial, it might be increased to any extent. In
other
touch produces a very different effect,
as with Mtella, in which the protoplasm may be seen
to recede from the walls of the cell; in Lactuca, in
which a milky fluid exudes; and in the tendrils of
certain Yitacese, Oucurbitacese, and Bignoniaceae, in
which slight pressure causes a cellular outgrowth.
Finally, it is impossible not to be struck with the
resemblance between the foregoing movements of
plants and many of the actions performed unconsciously by the lower animals.f With plants an
* For the evidence on this
head, see the ' Movements and
Habits of Climbing Plants,'1875,

pp. 173, 174.
t Saohs remarks to nearly the
same effect: " D a s s sich die le-
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astonishingly small stimulus suffices; and even •with
allied plants one may be highly sensitive to t h e
slightest continued pressure, and another highly sensitive to a slight momentary touch. The habit of moving
at certain periods is inherited both by plants and
animals; and several other points of similitude have
been specified. But the most striking resemblance is
the localisation of their sensitiveness, and the transmis*
sion of an influence from the excited part to another
which consequently moves. Yet plants do not of course
possess nerves or a central nervous system; and we
may infer that with animals such structures serve only
for the more perfect transmission of impressions, and
for the more complete intercommunication of the
several parts.
We believe that there is no structure in plants more
wonderful, as far as its functions are concerned, than
the tip of the radicle. If the tip be lightly pressed
or burnt or cut, it transmits an influence to the upper
adjoining part, causing it to bend away from the
affected side; and, what is more surprising, the tip
can distinguish between a slightly harder and softer
object, by which it is simultaneously pressed on opposite sides. If, however, the radicle is pressed by a
similar object a little above the tip, the pressed part
does not transmit any influence to the more distant
parts, but bends abruptly towards the object. If the
tip perceives the air to be moister on one side than
on the other, it likewise transmits an influence to the
upper adjoining part, which bends towards the source
of moisture. When the tip is excited by light (though
bende Pflanzensubstanz derart
innerlich differenzirt, dass eineelne Theile mit specifischen
Energien ausgerüstet sind, ahn-

Hob, wie die verschiedenen S i n n e s nerven des T h i e r e ' (' A r b e i t e n
des Bot. Inst, in Würzburg,' B d .
ii. 1879, p. 282).
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in the case of radicles this was ascertained in only a
single instance) the adjoining part bends from the
light; but when excited by gravitation the same part
bends towards the centre of gravity. In almost every
case we can clearly perceive the final purpose or advantage of the several movements. Two, or perhaps more,
of the exciting causes often act simultaneously on the
tip, and one conquers the other, no doubt in accordance with its importance for the life of the plant.
The course pursued by the radicle in penetrating the
ground must be determined by the tip; hence it
has acquired such diverse kinds of sensitiveness. It
is hardly an exaggeration to say that the tip of the
radicle thus endowed, and having the power of
directing the movements of. the adjoining parts, acts
like the brain of one of the lower animals; the brain
being seated within the anterior end of the body,
receiving impressions from the sense-organs, and
directing the several movements.
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INDEX.
AMPHIOA KPŒ A.

ABIES.
A.

Abies communis, effect of killing or
injuring t h e leading shoot. 187
pectinata, effect of killing or
injuring the leading shoot, 187
, affected by Mcidium elatinum,
188
Abronia umbellata, its single, developed cotyledon, 78
, rudimentary cotyledon, 95
, rupture of the seed-coats, 105
AbutiJon Darwinii, sleep of leaves
and not of cotyledons. 314
. nocturnal movement of leaves,
323
Acacia Farnesiana, state of plant
when awake and asleep, 381, 382
, appearance at night, 395
, nyctitropic movements of
pinnas, 402
, t h e axes of the ellipses, 404
lophantha, character of first
leaf, 415
retinoides, circumnutation of
young phyllode, 236
Acanthosicyos horrida, nocturnal
movement of cotyledon. 304
Acanthus candelabrum, inequality in
the two first leaves, 79
, petioles not arched, 553
latifolius, variability in first
leaves, 79
mollis, seedling, manner of
breaking through the ground,
78, 79
, circumnutation of young leaf,
249, 269
8JW108U8,

79

, movement of leaves, 249

Adenanthera pavonia, n y c t i t r o p i c
movements of leaflets, 3 7 4
JEcidium elatinum, effect o n t h e
lateral branches of t h e silver fir,
188
JEsculus Mppocastanum, m o v e m e n t s
of radicle, 28, 29
, sensitiveness of apex of radicle,
172-174
Albizzia lophantha, nyctitropic m o v e ments of leaflets, 3 8 3
, of pinnae, 402
Allium eepa, conical protuberance
on arched cotyledon, 59
, circumnutation of basal half
of arched cotyledon, 6 0
, mode of breaking t h r o u g h
ground, 87
, straightening process, 1 0 1
porrum, movements of flowerstems, 226
Aloptcurus pratensis, j o i n t s affected
by apogeotropism, 5 0 3
Aloysia citriodora, c i r c u m n u t a t i o n
of stem, 210
Amaranthus, sleep of leaves. 3 8 7
caudatus, noctural m o v e m e n t
of cotyledons, 307
Amorpha fruticosa, sleep of leaflets,
H54
Ampélopsis tricuspidata, h y p o n a s t i o
movement of hooked t i p s , 272—
275
Amphicar'pcea monoica, c i r c u m n u t a tion and nyctitropic m o v e m e n t s
of leaves, 365
, effect of sunshine o n leaflets,
445
, geotropic
movements
of,
520
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AN0DA.

BRASSICA.

Anoda Wrightii, sleep of cotyledons,
302, 312
, of leaves, 324
, downward movement of cotyledons, 444
Apheliotropistn, or negative hellotropism, 5, 419, 432
Apios graveolens, heliotropic movements of hypocoty], 422-424
tuberosa, vertical sinking of
leaflets at night, 368
Apium graveolens, sleep of cotyledons, 305
——, petroselinum, sleep of cotyledons, 304
Apogeotropio movements effected by
joints or pulvini, 502
Apogeotropism, 5, 494; retarded by
heliotropism, 5 0 1 ; concluding remarks on, 507
Arachis hypogaia, circumnutation of
gynophore, 225
, effects of radiation on leaves,
289, 296
, movements of leaves, 357
, rate of movement, 404
, circumnutation of vertically
dependent young gynophores, 519
, downward movement of the
same, 519
Arching of various organs, importance of, to seedling plants, 87,
8 8 ; emergence of hypocotyls or
epicotyls in the form of an, 553
Asparagus officinalis, circumnutation of plumules, 60-62.
, effect of lateral light, 484
Asplenium, tricliomanes, movement
in the fruiting fronds, 257, n.
Astragalus uliginosus, movement of
leaflets, 355
Avena sativa, movement of cotyledons, 65, 66.
, sensitiveness of tip of radicle
to moist air, 183
, heliotropic movement and circumnutation of cotyledon, 421,422
, sensitiveness of cotyledon to a
lateral light, 477
, young sheath-like cotyledons
strongly apogeotropio, 499 -

Avena sativa, movements of oldish
cotyledons, 499, 500
Averrhoa bilimbi, leaf asleep, 330
, angular movements when
going to sleep, 331-K35
, leaflets exposed to bright
sunshine, 447
Azalea Indica, circumnutation of
stem, 208
B.
Bary, de, on the effect of the iEcidium on the silver fir, 188
Batiilin, Prof, on the nyctitropic
movements of leaves, 283 ; on tho
sleep of leaves of Sida napcea,
3 2 2 ; on Polygonum
aviculare,
K87; on the effect of sunshine on
leaflets of Oxalis acetosella, 447
BauMnia, nyctitropic movements,
873
, movementsof petioles of young
seedlings, 401
——, appearance of young plants
at night, 402
Beta vulgaris, circumnutation of
liypocotyl of seedlings, 52
, movements of cotyledons, 52,
53
, effect of light, 124
, nocturnal movement of cotyledons, 307
, heliotropio movements of,
420
, transmitted effect of light on
liypocotyl, 482
, apogeotiopio movement of
hypocotyl, 496
Bignonia capreolata, apheliotropic
movement of tendrils, 432, 45(1
Bouche' on Melaleuca
ericosfolia,
383
Brassica napus, circumnutation of
flower-stems, 226
Brassica
oleraeea, circumnutation
of seedling, 10
, of radicle, 11
, geotropic movement of radicle,
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BBASSIOA.

CASSIA.

Brassica olerácea, movement of
Cannabis sativa. s i n k i n g of t h e y o u n g
buried and arched hypocotyl, 13,
leaves at n i g h t , 4 4 4
14,15
Cassia, nyctitropio m o v e m e n t of
, conjoint circumnutation of
leaves, 3 6 9
hypocotyl and cotyledons, 16, 17,
Cassia Barclayana, n o c t u r n a l m o v e 18
ment of leaves, 3 7 2
, of hypocotyl in darkness, 19
, slight m o v e m e n t o f l e a f l e t s , 4 0 l
•
, of a cotyledon with hypocotyl
calliantha, u n i n j u r e d b y e x secured to a stick, 19, 20
posure at night, 289, n.
, rate of movement, 20
, nyctitropio
movement
of
•
, ellipses described by hypoleaves, 371
cotyls when erect, 105
, circumnutating m o v e m e n t of
•
, movements of cotyledons, 115
leaves, 372
,
of stem, 202
.
corymbosa, cotyledons sensi,
of leaves at night, 229,
tive to contact, 126
230
, nyctitropio m o v e m e n t
of
, sleep of cotyledons, 301
leaves, 369
, circumnutation of hypocotyl
fioribunda, use of s l e e p m o v e of seedling plant, 425
. ments, 289
, heliotropic movement and
, effect of radiation o n t h e
circumnutation of hypocotyls,
leaves at night, 294
426
, circumnutating a n d n y c t i , effect of lateral light on hypotropio movement of a t e r m i n a l
cotyls, 479-482
leaflet, 372, 373
, apogeotropic movement of
, movements of y o u n g a n d older
hypocotyls, 500, 501
leaves, 400
Brassica rapa, movements of leaves,
florida, cotyledons s e n s i t i v e t o
230
contact, 126
^
Brongniart, A., on the sleep of
, sleep of cotyledons, 3 0 8
,. Slrephiumfloribundum,891
glauca, cotyledons s e n s i t i v e t o
Bruce, Dr., on the sleep of leaves in
contact, 126
Aterrhoa, 330
, sleep of cotyledons. 3 0 8
BryopUyllum (vel Calanchoe) calycilaevigata, effect of r a d i a t i o n
num, movement of leaves, 237
on leaves, 289, n.
—'— mimosoides, m o v e m e n t of c o t y ledons. 116
, sensitiveness of, 126
C.
, sleep of, 308
, nyctitropio m o v e m e n t
of
Camellia Japónica, circumnutation
leaves, 372
of leaf, 231, 232
, effect of b r i g h t s u n s h i n e o n
Candolle, A . de, on Trapa natans,
cotyledons, 446
9 5 ; on sensitiveness of cotyneglecta, movements of, 1 1 7
ledons, 127
, effect of light, 1 2 4
, sensitiveness of c o t y l e d o n s ,
Canna Warscewiczii, oiroumnuta126
tion of plumules, 58, 59
nodosa, non-sensitive c o t y l e , of leaf, 252
dons, 126
Cannabis sativa, movements of
, do not rise at n i g h t , 3 0 8
leaves, 250
pubescens, non-sensitive c o t y , nocturnal movements of cotyledons,
126
ledons, 307
1
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CASSIA.

CRINCJI.

Cassia pubescens, uninjured by exposure at night, 293
- — - , sleep of cotyledons, 308
, nyctitropio movement of
leaves, 371
, circumnutating movement
of leaves, 372
, nyctitropio movement of
petioles, 400
, diameter of plant at night,
402
ep. (?) movement of cotyledons,
116
tora, circumnutation of cotyledons and hypocotyls, 34, 35,
109, 308
.
effect of light, 124,125
, sensitiveness to contact,
125
, heliotropic movement and
circumnutation of hypocotyl,
431
——, hypocotyl of seedling slightly
heliotropic, 454
•
, apogeotropic movement of old
hypocotyl, 497
, movement of hypocotyl of
young seedling, 510
Caustio (nitrate of silver), effect of,
on radicle of bean, 1 5 0 , 1 5 6 ; on
the common pea, 160.
Cells, table of the measurement
of, in the pulvini of Oxalis
corniculata, 120 ; changes in,
547
Centrosema, 365
Ceratophyllum demersum, movements of stem, 211
Cereus Zandbeclai, its rudimentary
cotyledons, 97
speciossimus, circumnutation
of stem, 206, 207
Cerinthe major, circumnutation of
hypocotyl, 49
, of cotyledons, 49
, ellipses described b y hypocotyls when erect, 107
•
effect of darkness, 124
Chatin, M., on Pinus tfordman-niana, 389
Chenopodium album, sleep of

leaves, but not of cotyledons, 314,
319
Chenopodium album, movement of
leaves, 387
Chlorophyll injured by bright light,
446
Ciesielski, on the sensitiveness of
the tip of the radicles, 4, 523
Circumnutation, meaning explained,
1; modified, 263-279; and heliotropism, relation between, 4 3 5 ;
of paramount importance to every
plant, 547
Cisms discolor, circumnutation of
leaf, 233
Citrus aurantium, circumnutation
of epicotyl, 28
•
, unequal cotyledons, 95
Clianthus
Dampieri,
nocturnal
movement of leaves, 297
Coboea scandens, ciroumnutation of,
270
Cobn, on the water secreted b y
Lathriea squamaria, 86, n.; on
the movement of leaflets of Oxalis, 447
Colutea arborea, nocturnal movement of leaflets, 355
Coniferie, circumnutation of, 211
Coronilla rosea, leaflets asleep, 355
Corylus avellana, circumnutation of
young shoot, emitted from the
epicotyl, 55, 56
, arched epicotyl, 77
Cotyledon umbilicus, circumnutation of stolons, 219, 220
Cotyledons, rudimentary, 94-98 ;
circumnutation of, 109-112; nocturnal movements, 111, 112; pulvini or joints of, 112-122 ;• disturbed periodic movements .by
light, 1 2 3 ; sensitiveness of, to
contact, 1 2 5 ; nvctitropic movements of, 283, 2 9 7 ; list of cotyledons which rise or sink at
night, 3 0 0 ; concluding remarks
on their movements, 311
Crambe maritima, circumnutation of
leaves, 228, 229
Crinum capense, shape of leaves,
253

2
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CRINUM.

DESMODIUM.

Crinum capense, circumnutation of,
254
Crotolaria (sp. ?), sleep of leaves,
310
Cryptogams, circumnutation
of,
257-259
Cucumis dudaim, movement of cotyledons, 43, 44
, sleep of cotyledons, 304
Cucurbita aurantia, movement of
kypocotyl, 42
, cotyledons vertical at night,
304
ovifera, geotropic movement
of radicle, 38, 39
, circumnutation of archedhypoootyl, 39
, of straight and vertical hypocotyl, 40
, movements of cotyledons, 41,
42, 115, 124
, position of radicle, 89
, rupture of the seed-coats,
102
, circumnutation of hypocotyl
when erect, 107, 108
, sensitiveness of apex of radicle, 169-171
, cotyledons vertical at night,
304
•
, not affected by apogeotropism,
509
, tips cauterised transversely,
537
Curvature of the radicle, 193
Cycas pectinata, circumnutation of
young leaf, whilst emerging from
the ground, 58
, first leaf arched, 78
, circumnutation of terminal
leaflets, 252
Cyclamen Persicum, movement of
cotyledon, 46
, undeveloped cotyledons, 78,
96
, circumnutation of peduncle,
225
,
, of leaf, 246, 247
, downward apheliotropic movement of a flower peduncle, 4 3 3 435

Cyclamen Persicum, burying of t h e
pods, 433
Cyperus alternifolius, circumnutation of stem, 212
, movement of stem, 509
Cytisus fragrant, circumnutation of
hypocotyl, 37
, sleep of leaves, 344, 3 9 7
, apogeotropic movement of
stem, 494-496
D.
Dahlia, circumnutation of y o u n g
leaves, 244-246
Dalea alopecuroides, leaflets d e pressed at night, 354
Darkness, effect of, on t h e movement of leaves, 407
Darlingtonia Califomiea, i t s leaves
or pitchers apheliotropic, 4 5 0 , n.
Darwin, Charles, on Maurandia
semperflorens, 225; on the Swedish
turnip, 230, n.; movements of
climbing plants, 266. 2 7 1 ; t h e
lieliotropic movement of t h e tendrils of Bignonia eapreolata, 4 3 3 ;
revolution of cliuibing plants,
4 5 1 ; on the curling of a tendril,
570
, Erasmus, on t h e peduncles of
Cyclamens, 433
, Francis, on the radicle of
Sinapis alba, 4 8 6 ; on Hygroscopio seeds, 489, n.
Datura
stramonium,
nocturnal
movement of cotyledons, 298
Delpino, on cotyledons of Cbaerophyllum and Corydalis, 96, n.
Delphinium nudicaule, mode of
breaking through t h e ground, 80
, confluent petioles öf two cotyledons, 553
Desmodium gyrane, movement of
leaflets, 257, n.
, position of leaves a t n i g h t ,
285
, sleep of leaves, n o t of cotyledons, 314
, circumnutation a n d nyoti-
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EUCALYPTUS.

DESMODJTJM.

tropic movement of leaves, 3 5 8 360
Desmodium gyrans, movement of
lateral leaflets, 361
, jerking of leaflets, 362
, nyctitropic movement of petioles, 400, 401
, diameter of plant at night,
402
, lateral movement of leaves,
404
, zigzag movement of apex of
leaf, 405
, shape of lateral leaflet, 416
vespertilionis, 364, n.
Deutzia gracilis, ciroumnutation of
stem, 205
Diageotropism, 5 ; or transversegeotropism, 520
Diaheliotropism, 5 ; or TransversalHeliotropismus of Frank, 4 1 9 ;
influenced by epinasty, 439 ;
by weight and apogeotropism,
440
Dianthus caryophyllus, 230
, circumnutation of young leaf,
231, 269
Dicotyledons, circumnutation widely spread among, 68
Dioncea, oscillatory movements of
leaves, 261, 271
Dioncea muscipula, circumnutation
of young expanding leaf, 239,
240
, closure of the lobes and circumnutation of a full-grown leaf,
241
, oscillations of, 242-244
Diurnal sleep. 419
Drosera Capensis, structure of firstformed leaves, 414
roiundifolia, movement of
young leaf, 237, 238
, of the tentacles, 239
, sensitiveness of tentacles,
- .261
, shape of leaves, 414
, leaves not heliotropic, 450
, leaves circumnutate largely,
454
, sensitiveness of 570

Duchartre on Tephrosia cariboea,
354; on the nyctitropic movement
of the Cassia, 369
Duval-Jouve, on the movements of
Sryophyllum calycinum, 237; of
the narrow leaves of the Gramineae, 413
Dyer. Mr. Thiselton, on the leaves
of Orotolaria, 3 4 0 ; on Cassia fioribunda, 369, n., on the absorbent
hairs on the buried flower-heads
of Trifolium subterraneum, 517

E .

Echeveria stoloni/era, circumnutation of leaf, 237
Echinocactus viridescens, its rudimentary cotyledons, 97
Echinocystis lobata, movements of
tendrils, 266
——, apogeotropism of tendrils,
510
Elfving, F., on the rhizomes of
Sparganium ramosum, 1 8 9 ; on
the diageotropic movement in the
rhizomes of some plants, 521
Elymus arenareus, leaves closed
during the day, 413
Embryology of leaves, 414
Engelmann, Dr., on the Quercus
virens, 85
Epinasty, 5, 267
Epicotyl, or plumule, 5 ; manner
of breaking through the ground,
7 7 ; emerges from the ground
under the form of an arch, 553
Erythrina caffra, sleep of leaves,
367
corallodendron, movement of
terminal leaflet, 367
crista-galli, effect of temperature on sleep of leaves,
318
, circumnutation and nyctitropic movement of terminal
leaflets, 367
Eucalyptus resinifera, circumnutation of leaves, 244

2
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EUPHORBIA.

GYHNPSPERMS.

Euphorbia jacquineeeflora, nyctitropic movement of leaves, 38S

Githago segetum, circumnutation o f
hypocotyl, 2 1 , 108
, burying of hypocotyl, 1 0 9
, seedlings feebly i l l u m i n a t e d ,
124, 128
, sleep of cotyledon, 3 0 2
,
leaves, 3 2 1
Glaucium luteum, ciroumnutation
of young leaves, 228
Gleditschia, sleep of leaves, 3 6 8
Glycine hispida, vertical s i n k i n g of
b-aflets, 366
Glycyrrhiza, leaflets d e p r e s s e d at
night, 355
Godlewskl, E m i l , o n t h e t u r g e scence of t h e cells, 4 8 5
Gooseborry, effect of radiation, 2 8 4
Gossypium (vnr. N a n k i n cotton),
ciroumnutation
of
hypocotyl,
22
, movement of cotyledon, 2 2 , 2 3
, sleep of leaves, 3 2 4
arboreum (?), s l e e p of c o t y l e dons, 303
Braziliense, nocturnal m o v e ment of leaves, 324
, sleep of cotyledons, 3 0 3
herbaceum, sensitiveness of
apex of radicle, 168
, radicles cauterised transversely, 537
maritimum, nocturnal m o v e ment of leaves, 324
Gravitation, movements e x c i t e d b y ,
567
Gray, Asa, o n DelpJiinziim
nudicaule, 8 0 ; on Megarrhiza
Californica, 81 ; on the m o v e m e n t s i n
the fruiting fronds of Asplenium
irichomanes, 257 ; o n t h e Amphicarpcea monoica, 520 ; o n t h e
Ipomœa Jalappa, 5 5 7
Grease, effect of, on radicles a n d
their tips, 182, 185
Gressner, Dr. H., on t h e cotyledons
of Cyclamen Persicum, 4 6 , 7 7 ;
on hypocotyl of t h e same, 9 6
Gymnosperms, 389

F.

Flahault, M., on the rupture of
seed-coats, 102-104, 106
Flower-stems, ciroumnutation of,
223-226
Fragaria Bosacea, ciroumnutation
of stolon, 214-218
Frank, Dr. A . B., the terms Heliotropism and Geotropism, first
used by him, 5, n.; radicles acted
on by geotropism, 70, n.; on the
stolons of Fragaria, 2 1 5 ; periodic
and nyctitropic movements of
leaves, 2 8 4 ; on the root-leaves
of plants kept in darkness, 4 4 3 ;
on pulvini, 485 ; on natural
selection in connection with
geotropism, heliotropism, &c,
570
, on Transversal-Heliotropismus, 419
Fuchsia, ciroumnutation of stem,
205, 206

O.

Gazania ringens, ciroumnutation
of stem, 208
Genera containing sleeping plants,
320, 321
Geotropism, 5; effect of, on t h e
primary radicle, 196; the reverse
of apogeotropism, 512 ; effect on
the tips of radicles, 543
Geranium einereum, 304
Endressii, 304
Iberieum, nocturnal movement
of cotyledons, 298
Biehardsoni, 304
rotundifolium, nocturnal movement of cotyledon, 304, 312
subcaulescens, 304
Germinating seed, history of a,
518
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HABERLANDT.

H.
Haberlandt, Dr., on the protuberance on the hypocotyl of Allium,
5 9 ; the importance of the arch
to seedling plants, 8 7 ; subaerial and subterranean cotyledons, 110, n.; the arched hypocotyl, 554
Hasniatuxylon Campechianum, nocturnal movement of leaves, 368,
369
Uedera helix, circumnutation of
stem, 207
Hedysarum coronarium, nocturnal
movements of leaves, 356
Helianthemum prostratum, gootroj>io movement of flower-heads,
518
Heliantlms annum, ch-cumnutation
of hypocotyl, 45
, arching of hypocotyl, 90
, nocturnal movement of cotyledons, 305
Heliotropism, 5 ; uses of, 4 4 9 ; a
modified form of circumnutation,
490
Belleborm niger, mode of breaking
. through the ground, 86
Hensen, Prof., on roots in wormburrows, 72
Henslow, Kev. G-., on the cotyledons of Fhalaris Canariensis,
62
Hofmeistor, on the curious movement of Spirogyra, 3, 259, n.; of
the leaves of Pistia straiiotes,
255; of cotyledons at night, 297 ;
of petals, 414
and Batalin on the movements
of the cabbage, 229
Hooker, Sir J., on the effect of light
on the pitchers of Sarracenia,
450
Hypocotyl, 5 ; manner of breaking through the ground, 77 ;
emerges under the form of an
arch, 553
Hypocotyls and Epicotyls, circura-

IPOMCEA.

nutation and other movements
when arched,98; power of straightening themselves, 100; rupture
of the seed-coats, 102-106 ; illustration of, 1 0 6 ; circumnutation
when erect, 1 0 7 ; when in dark,
108
Hyponasty, 6, 267

I.
Iberisumhellata, movement of stem,
202.
Illumination, effect of, on the sleep
of leaves, 398
Imatophyllum vel Olivia (sp. ?),
movement of leaves, 255
Indigo/era tinetoria, leaflets depressed at night, 354
Inheritance in plants, 407, 491
Insectivorous and climbing plants
not heliotiopio, 450; influence of
light on, 488
Ipomcea bona nox, arching of hypocotyl, 90
nocturnal position of cotyledons, 306, 312
cmrulea vel Pharbitis nil,
circumnutation
of
seedlings,
47
, movement of cotyledons, 4 7 49, 109
, nocturnal movements of cotyledons, 305
, sleep of leaves, 386
, sensitiveness to light, 451
, the hypocotyledonous stems
heliotropic, 453
, coccinea, position of cotyledons at night, 306, 312
leptophylla, mode of breaking
through the ground, 83, 84
, arching of the petioles of the
cotyledons, 90
, difference in sensitiveness to
gravitation in different parts,
509
, extraordinary manner of germination, 557
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IPOMŒA.

LOTUS.

Ipomœa pandurata, manner of germination, 84, 557
—purpurea (vel Pliarbitis Jiispida), nocturnal movement of
cotyledons, 305, 312
, sleep of leaves, 386
, sensitiveness to light, 451
, t h e hypocotyledonous stems
heliotropic, 4 5 3
Iris pseudo-acorus, circumnutation
of leaves, 253
Irmisch, on cotyledons of Banunculus Ficaria, 06
Ivy, its stems heliotropic, 451

262 ; dicotyledons, 2 2 6 - 2 5 2 ; m o nocotyledons, 2 5 2 - 2 5 7 ; n y c t i t r o pism of, 2 8 0 ; their temperature affected b y their position at n i g h t ,
2 9 4 ; nyctitropic or s l e e p m o v e ments, 315, 3 9 4 ; p e r i o d i c i t y of
their movements inherited, 4 0 7 ;
embryology of, 4 1 4 ; s o - c a l l e d
diurnal sleep, 445
Legurninosm, sleep of cotyledons,
3 0 8 ; sleeping species, 3 4 0
L e Maout and Decaisne, 6 7
Lepidium sativum, sleep of c o t y l e dons, 302
Light, movements excited b y 4 1 8 ,
5 6 3 ; influence o n most v e g e t a b l e
tissues, 486 ; acts o n plant a s o n
the nervous system of a n i m a l s ,
487
Lilium auratum, circumnutation of
stem, 2 1 2
, apogeotropic m o v e m e n t
of
stem, 498, 499
Linnaeus, ' S o m n u s
Plantarum,'
2 8 0 ; o n plants s l e e p i n g , 3 2 0 ;
on t h e leaves of Sida
abutilon,
324; on QSnothera mollissima,
383
Linum Berendieri, nocturnal m o v e ment of cotyledons, 2 9 8
usitatissimum, circumnutation
of stem, 203
Lolium perenne, joints affected by
apogeotropisra, 502
Lonicera brachypoda, hooking o f t h e
tip, 272
, sensitiveness to l i g h t , 4 5 3
Loomis, Mr., on t h e movements i n
the fruiting fronds of Asplenium
tricliomanes, 257
Lotus aristata, effect of radiation
on leaves, 2 9 2
Creticus, leaves a w a k e a n d
asleep, 354
Gebelii, nocturnal m o v e m e n t
of cotyledons, 308
, leaflets provided w i t h p u l v i n i ,
353
Jacobseus, movements of c o t y ledons, 35, 109
, pulvini of, 115

E .

Kerner on the bending down of pedunoles, 414
Klinostat, the, an instrument devised by Sachs to eliminate geotropism, 93
Kraus, Dr. Carl, on the underground
shoots of Tritieum repères, 189 ;
on Cannabis sativa, 250, 307,
312 ; on the movements of leaves,
318

II.

Lactuca scariola, sleep of cotyledons, 305
Lagenaria vulgaris, circumnutation
of seedlings, 42
, of cotyledons, 43
, cotyledons vertical at night,
304
Lathrsea squamana,
mode
of
breaking through the ground,
185
,
, quantity of water secreted,
85, 86, n.
Laihyrus
nissolia,
circumnutation of stem of young seedling,
33
, ellipses described by, 107,
108
Leaves, circumnutation of, 2 2 6 -
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LOTUS.

MELILOTUS.

Lotus Jacobssus, movements at
night, 116, 121. 124
, development of pulvini, 122
, sleep of cotyledons, 308, 313
, nyctitropic movement of
leaves, 353
major, sleep of leaves, 353
perigrinus, movement of leaflets, 353
Lunularia vulgaris, circumnutation
of fronds, 258
Lupinus, 340
•
albifrons, sleep of leaves, 344
Hartwegii, sleep of leaves,
341
luteus, ciroumnutation of cotyledons, 38, 110
, effect of darkness, 124
Lupintis, position of leaves when
asleep, 341
, different positions of loaves at
night, 343
, varied movements of leaves
and leaflets, 395
Menziesii, sleep of leaves, 343
mutabilis, sleep of leaves,
343
•
nanus, sleep of leaves, 343
pilosus, sleep of leaves, 340,
341
" polypliyllus, sleep of leaves,
343
pubescent, sleep of leaves by
day and night, 342
, position of petioles at night,
343
, movements of petioles, 401
speciosus, circumnutation of
leaves, 236
Lynch, Mr. K., on Paehira aquatica, 95, » . ; sleep movements of
Averrhoa, 330

Marsilia guadrifoliata, effect of radiation at night, 292
, ciroumnutation and nyctitropic movement of leaflets, 3 9 2 394
, rate of movement, 404
Martins, on radiation at night,
284, TO.
Masters, Dr. Maxwell, on the leading shoots of the Goniferic, 211
Maurandia semperflorens, circumnutation of peduncle, 225
Medicago maculata, nocturnal position of leaves, 345
marina, leaves awake and
asleep, 344
Meehan, Mr., on the effect of an
iEcidiuin on Portulaca oleracea,
189
Megarrhiza Californiaa, mode of
breaking through the ground,
81
, germination described by Asa
Gray, 82
, singular manner of germination, 83, 556
Melaleuca ericcefolia, sleep of leaves,
383
Melilotus, sleep of leaves, 345
alba, sleep of leaves, 347
coerulea, sleep of leaves, 347
dentata, effect of radiation at
night, 295
elegans, sleep of leaves, 347
gracilis, sleep of leaves, 347
infesta, sleep of leaves, 347
Italica, leaves exposed at
night, 291
, sleep of leaves, 347
macrorrliiza, leaves exposed at
night, 292
, sleep of leaves, 347
messanensis, sleep of leaves o n
full-grown and young plants,
348, 416
officinalis, effect of exposure of
leaves at night, 290, 296
, nocturnal movement of leaves,
346, 347
, circumnutation of leaves, 348
, movement of petioles, 401

M.
Maranta arundinaeea, nyctitropic
movement of leaves, 389-391
, after much agitation do not
sleep, 319
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MELILOTUS.

NEPTTJNIA.

Melilotm parviflora, sleep of leaves,
347
Petitpierreava, leaves exposed
at night, 291, 296
, sleep of leaves, 347
secundiflora, sleep of leaves,
347
suaveolens, leaves exposed at
night, 291
, sleep of leaves, 347
sulcata, sleep of leaves, 347
Taurica, leaves exposed at
night, 291
, sleep of leaves, 347, 415
Methods of observation, 6
Mimosa albida, cotyledons vortical
at night, 116
, not sensitive to contact, 127
, sleep of cotyledons, 308
, rudimentary leaflets, 3o'4
, nyctitropic movements of
leaves, 379, 380
, circumnutation of the main
petiole of young leaf, 381
, torsion, or rotation of loaves
and leaflets, 400
, first true leaf, 416
, effect of bright sunshine on
basal leaflets, 445
marginata, nyctitropic movements of leaflets, 381
pudica, movement of cotyledons, 105
— — , rupture of the seed-coats,
105
, circumnutation of cotyledons,
109
, pulvini of, 113, 115
, cotyledons vertical at night,
116
, hardly sensitive to contact,
127
, effect of exposure at n i g h t ,
293
, nocturnal movement of leaves,
297
, sleep of cotyledons, 308
, circumnutation and nyctitropic movement of main petiole,
374-37S
, of leaflets, 378

Mimosa albida, c i r c u m n u t a t i o n a n d
nyctitropic movement of p i n n t e ,
402
, .number of e l l i p s e s d e s c r i b e d
iu given time, 4 0 6
, effect of bright s u n s h i n e o n
leaflets, 446

Mirahilis

jalapa

a n d longiflora,

nocturnal m o v e m e n t s o f c o t y l e dons, 307
, nyctitropic m o v e m e n t
of
leaves, 387
Mohl, on heliotropism
in
tendrils, stems, and t w i n i n g p l a n t s ,
451
Momentum-like m o v e m e n t , t h e a c cumulated effects of a p o g e o tropi*m, 508
Monocotyledons, s l e e p o f l e a v e s ,
3S9
Monotropa Itypopitys,
mode
of
breaking through t h e g r o u n d , 8 6
Morren, on t h e m o v e m e n t s o f
stamens of Sparinanuia a n d
Cereus, 226
Muller, Fritz, o n Cassia tora, 3 4 ;
on the circumnutation o f IAnum
usitatissimum, 2 0 3 ; m o v e m e n t s
of the flower-stems of a n A l i s m a ,
226
Mutisia
clematis, m o v e m e n t o f
leaves, 246
, leaves not heliotropio, 4 5 1

K.
Natural selection i n c o n n e c t i o n
with geotropism, h e l i o t r o p i s m ,
&c, 570
Nephrodium molle, c i r c u m n u t a t i o n
of very y o u n g frond, 66
, of older frond, 2 5 7
, slight m o v e m e n t of f r o n d s ,
509
Neptum'a oleracea, s e n s i t i v e n e s s t o
contart, 128
, nvctitropio m o v e m e n t of leaflets, 374
, of pinnte, 4 0 2
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OXALIS.

NICOTIANA.
Nicotiana glauea, sleep of leaves,
385, 386
- — - , circumnutation of leaves,
386
Nobbe, on the rupture of the seedcoats in a seedling of Martynia,
105
Nolanaprostrata, movement of seedlings in the dark, 50
, circumnutation of seedling,
108
Nyctitropic movement of leaves,
560
Nyctitropism, or sleep of leaves,
2 8 1 ; in connection with radiation, 2 8 6 ; object gained by it,
413

0.

Observation, methods of, 6
(Enotheramollissima, sleep of leaves,
383
Opuntia basilaris, conjoint circumnutation of hypocotyl and cotyledon, 44
, thickening of the hypoootyl,
96
, circumnutation of hypocotyl
when erect, 107
, burying of, 109
Orange, seedling, circumnutation
of, 510
Orchis pyramidalis, complex movement of pollinia, 489
Oxalis acetosella, circumnutation of
flower-stem, 224
, effects of exposure to radiation at night, 287, 288, 296
, circumnutation and nyetitropio movemont in full-grown
leaf, 326
'•
, circumnutation of leaflet when
asleep, 327
, rate of ciroumnutation of
leaflets, 404
.
, effect of sunshine on leaflets,
447
, ciroumnutation of peduncle,
506

Oxalis acetosella, seed-capsules, only
occasionally buried, 518
articulata, nocturnal movements of cotyledons, 307

(Biophytum) sensitiva, rapidity of movement of cotyledons
during the day, 26
, pulvinus of, 113
, cotyledons vertical at night,
116,118
buplewrifolia, circumnutation
of foliaoeous petiole, 328
, nyctitropio movement of terminal leaflet, 329
carnom, ciroumnutation of
flower-stem, 223
, epinastio movements of flowerstem, 504
, effect of exposure at night,
288, 296
, movements of t h e flower-peduncles due to apogeotropismrand other forces, 503-506

corniculata (var. cuprea),
movements of cotyledons, 26
, rising of cotyledons, 116
, rudimentary pulviui of cotyledons, 119
, development of pulvinus,
122
, effect of dull light, 124
, experiments on leaves at night,
288
fioribunda, pulvinus of cotyledons, 114
, nocturnal movement, 118,
307, 313
fragrans, sleep of leaves,
324
Ortegesii, circumnutation of
flower-stems, 224
sleep of large leaves, 327
, diameter of plant at night,
402
, large leaflets affected by bright
sunshine, 447
Plumierii, sleep of leaves, 327
•
purpurea, exposure of leaflets
• at night, 293
rosea, ciroumnutation of cotyledons, 23, 24
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OXALIS.

PHASEOLUS.

Oxalü rosea, pulvinus of, 113
•
, movement of cotyledons at
night. 117, 118, 307
, effect of dull light, 124
, non - sensitive cotyledons,
127
sensitiva, movement of cotyledons, 109, 127,128
, circumnutation of flower-stem,
224
, nocturnal movement of cotyledons, 307, 312
, sleep of leaves, 327
tropceoloides, movement of cotyledons at night, 118,120
Valdiviana, conjoint circumnutation of cotyledons and hypocotyl, 25
, cotyledons rising vertically at
night, 114, 115, 117, 118
, non-sensitive cotyledons, 127
, nocturnal movement of cotyledon, 307, 312
, sleep of leaves and not of cotyledons, 315
, movements of leaves, 327

ment and circumnutation of very
young leaf, 248, 249, 269.
Pfeffer, Prof., on the turgescence of
the cells, 2 ; on p u l v i n i of leaves,
113, 1 1 7 ; sleep movements o f
leaves, 280, 283, 2 8 4 ; nocturnal
rising of leaves of Malva, 3 2 4 ;
movements of leaflets i u Desmo-

P.

Pacliira aquatica, unequal cotyledons, 95, n.
Pancratium littorale, movement of
leaves, 255
Paraheliotropism, or diurnal sleep
of leaves, 445
Passiflora gracilis, circumnutation
and nyctitropic movement of
leaves, 383,384
, apogeotropic movement of
tendrils, 510
, sensitiveness of tendrils, 550
Pelargonium zonale, circumnutation
of stem, 203
•
, and downward movement of
young leaf, 232, 233, 269
Petioles, the, rising of, beneficial to
plant at night, 402
Petunia violacea, downward move-

dium gyrans, 3 5 8 ; o n Phyllanthus Niruri, 3 8 8 ; influence of a
pulvinus on leaves, 3 9 6 ; periodic
movements of sleeping l e a v e s ,
407, 4 0 8 ; movements of petals,
414; effect of bright sunshine o n
. leaflets of Robinia, 4 4 5 ; effect of
light on parts provided with p u l vini, 363
PTialaris Canariensis, movements of
old seedlings, 62
, circumnutation of cotyledons,
63, 64, 108
, heliotropic movement a n d circumnutation of cotyledon towards
a dim lateral light, 427
, sensitiveness of cotyledon to
light, 455
, effect of exclusion of l i g h t
from tips of cotyledons, 4 5 6
, manner of bending towards
light, 457
, effects of painting with I n d i a n
ink, 467
, transmitted effects of l i g h t ,
469
, lateral illumination of t i p ,
470
, apogeotropic movement of t h e
sheath-like cotyledons, 497
, change from a straight u p ward apogeotropic course to c i r . cumnutation, 499
, apogeotropio movement of
cotyledons, 500
Pliaseolus Sernandesii,
nocturnal
movement of leaves and leaflets,
368

caracalla, 93
, nocturnal movement of leaves,
368
, effect of bright s u n s h i n e o n
leaflets, 446
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PHASEOLUS.

QUEROUS.

Phaseolus multiflorus, movement of
radicles, 29
, of young radicle, 72
, of hypocotyl, 91, 93
, sensitiveness of apex of radicle,
163-167
, to moist air, 181
•
, cauterisation and grease on
the tips, 535
, nocturnal movement of leaves,
368
, nyctitropic movement of the
first unifoliate leaves, 397
Boxburghii, effect of bright
sunshine on first leaves, 445
, vulgaris, 93
, sleep of leaves, 318
, vertical sinking of leaflets at
night, 368
Phyllanthus Niruri, sleep of leaf• lets, 388
linoides, sleep of leaves,
387
Pilocereus Hmlletii, rudimentary
cotyledons, 97
Pimelia speetabilis, sleep of leaves,
387
Pincers, wooden, through which
the radicle of a bean was allowed
to grow, 75
Pinus austriaca, circumnutation of
leaves, 251, 252
Nordmanniana, nyctitropic
movement of leaves, 389
pinaster, circumnutation of
hypocotyl, 56
>
, movement of two opposite
cotyledons, 57
, circumnutation of young leaf,
250, 251
, epuiastie downward movement of young leaf, 270
Pistia stratiotes,
movement of
leaves, 255
Pisum sativum, sensitiveness of
apex of radicle, 158
•
, tips of radicles cauterised
transversely, 534
P l a n t s , sensitiveness
to light,
4 4 9 ; hygroscopic movements of,
489

Plants, climbing, circumnutation of,
264; movements of, 559
, mature, circumnutation of,
201-214
Pliny on the sleep-movements of
plants, 280
Plumbago Capensis, circumnutation
of stem, 208, 209
Poinciana Gilliesii, sleep of leaves,
368
Polygonum aviculare, leaves vertical
at night, 387
convolvulus, sinking of t h e
leaves at niglit, 318
Pontederia (sp. ?), circumnutation
of leaves, 256
Porlieria
hygrometrica, circumnutation and nyctitropic movements of petiole of leaf, 335,
336
, effect of watering, 336-33S
, leaflets closed during the day,
413
Portulaca olerácea, effect of JEcidium on, 189
Primula Sinensis, conjoint circumnutation of hypocotyl and cotyledon, 45, 46
Pringsheim on the injury to chlorophyll, 446
Prosopis, nyctitropic movements of
leaflets, 374
Psoralea acaulis, nocturnal movements of leaflets, 354
Pteris aquilina, rachis of, 86
Pulvini, or joints; of cotyledons,
1 1 2 - 1 2 2 ; influence of, on the
movements of cotyledons, 3 1 3 ;
effect on nyctitropic movements,
396

Q.

Quercus (American sp.), circumnutation of young stem, 53, 54
robur, movement of radicles,
54, 55
, sensitiveness of apex of
radicle, 174-176
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SACHS.

.QUEKCUS.
Quercus virens, manner of germination, 85, 557
R.
Eadiation at night, effect of, on
leaves, 284-286
Radicles, manner in which they
penetrate the ground, 69-77 ; circumnutation of, 6 9 ; experiments
with split sticks, 7 4 ; with
wooden pincers, 75 ; sensitiveness
of apex to contact and other irritants, 129 ; of Vicia faba, 1 3 2 158; various experiments, 1 3 5 • 140; summary of results, 143-151;
power of an irritant on, com, pared with geotropism, 151-154 ;
sensitiveness of tip to moist
air, 1 8 0 ; with greased tips,
185; effect of killing or injuring
the primary radicle, 187-191;
curvature of, 1 9 3 ; . affected by
moisture, 1 9 8 ; lip alone sensitive
• to geotropism, 5 4 0 ; protrusion
and circumnutation in a germinating seed, 5 4 8 ; tip highly sensitive, 5 5 0 ; the tip acts like the
brain of one of the lower animals,
573
, secondary, sensitiveness of
the tips in the bean, 151; become
vertically gcotropic, 186-191
Raniey on the movements of the
cotyledons of Mimosa pudiaa,
and Cliantlms Dampieri at night,
297
Ranunculus Ficaria,
mode of
breaking through the ground,
86, 90
, single cotyledon, 96
•
, effect of lateral light, 484
Raphanus sativa, sensitiveness of
apex of radicle, 171
•
, sleep of cotyledons, 301
Eattan, Mr., on the germination of
the seeds of Megarrhiza Californica, 82
Delation between circumnutation
and heliotropism, 435

Reseda odorata, hypocotyl of s e e d ling slightly heliotropic, 4 5 4
Eeversion, due to mutilation, 1 9 0
Rhipsalis cassytha, rudimentary c o tyledons, 97
Ricinus Borboniensis, c i r c u m n u t a tion of arched hypocotyl, 5 3
Robinia, effect of bright s u n s h i n e
on its leaves, 445
pseudo-acacia, leaflets v e r t i c a l
at night, 355
Eodier, M., o n t h e m o v e m e n t s o f
Ceratophyllum demersum, 2 1 1
Eoyer, Ch., on the sleep-movements
of plants, 281, n.; on t h e s l e e p of
leaves, 318 ; the leaves of Medicago rnaculata, 345 ; o n Wistaria
Sinensis, 354
Rubus idozus (hybrid) c i r c u m n u t a tion of stem, 205
, apogcotropic m o v e m e n t o f
stem, 498
Ruiz and Pavon, on Porlieria liygrometrica, 336

S.

SACHS on " revolving n u t a t i o n , " 1 ;
intimate connection b e t w e e n t u r gescence and growth, 2, n.; c o t y ledon of the onion, 5 9 ; a d a p t a tion of root-hairs, 69 ; t h e m o v e ment of the radicle, 7 0 , 7 2 , 7 3 ;
movement i n the hypocotyls o f
the bean, &c, 9 1 ; s e n s i t i v e n e s s
of radicles, 131, 145, 1 9 8 ; s e n s i tiveness of the primary radicle
in the bean, 1 5 5 ; i n t h e c o m mon pea, 1 5 6 ; effect of m o i s t
air, 1 8 0 ; of k i l l i n g or i n j u r i n g
the primary radicle, 1 8 6 , 1 8 7 ;
circumnutation of flower-stems,
225; epinasty, 268 ; m o v e m e n t s
of leaflets of Trifolium
incarnatum, 3 5 0 ; action of l i g h t i n
modifying t h e periodic m o v e ments of leaves, 418 ; on g e o t r o pism and heliotropism, 4 3 6 , n.;
on Tropcsolum majus,
453 ;
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STAPELIA.

SARRACENIA.
on the hypoontyls slightly heliotropic, and stems strongly apheliotropio of the ivy, 4 5 3 ; lielioti'opism of radicles, 4 8 2 ; experiments on tips of radicles
of bean, 523, 5 2 4 ; curvature of
the hypocotyl, 555 ; resemblance
between plants and animals,
571
Sarraeenia purpurea, circumnutation of young pitcher, 227
Saxifraga
sarmentosa,
circumnutation of an inclined stolon,
218
Schrankia aeuleata, nyotitropic
movement of the pinna?, 381,
403
—— uneinata, nyctitropic movements of leaflets, 381
Beourigera coronilla,
nocturnal
movements of leaflets, 352
Seed-capsules, burying of, 513
Seed-coats, rupture of, 102-106
Seedling plants, circumnutating
movements of, 10
Selaginella, circumnutation of, 258
Kraussii (?), circumnutation of
young plant, 66
Sida napcca, depression of leaves at
night, 322
, no pulvinus, 322
return, vertical rising of leaves,
322
rhoinbifolia, sleep of cotyledon s,
308
, sleep of leaves, 314
, vertical rising of leaves, 322
, no pulvinus, 322
, circumnutation and nyctitropic movements of leaf of young
plant, 322
, nyctitropic movement of
leaves, 397
Siegesbechia orientalis, sleep of
leaves, 319, 384
Sinapis alba, hypocotyl bending towards t h e light, 461
, transmitted effect of light on
radicles, 482, 483, 567
, growth of radicles i n darkness, 486

Sinapis nigra, sleep of cotyledons,
301
Smilax aspera, tendrils apheliotropie, 451
Smilhia Pfundii, non - sensitive
• cotyledons, 127
, hyponastic movement of the
curved summit of the stem, 2 7 4 276
, cotyledons not sleeping at
night, 308
, vertical movement of leaves,
356
sensitiva, sensitiveness of cotyledons to contact, 126
, sleep of cotyledons, 308
Sopliora chrysophylla, leaflets rise at
night, 368
Solanum dulcamara, circumnutating stems, 266
lycopersicum, movement of
hypocotyl, 50
, of cotyledons, 50
, effect of darkness, 124
, rising of cotyledons at night,
306
, heliotropio movements of
hypocotyl, 421
, effect of an intermittent light,
457
, rapid heliotropism, 461
palinacantlmm,
circumnutation of arched hypocotyl, 51,
100
, of cotyledon, 51
, ellipses described by hypocotyl when erect, 107
- — , nocturnal movement of cotyledons, 306 .
Sparganium ramosum, rhizomes of,
189
Sphœrophysa salsola, rising of
leaflets, 355
Spirogyra princeps, movements of,
259, ».
Stahl, Dr., on the effect of JEcidium on shoot, 1 8 9 ; on t h e influence of light on swarm-spores,
488, ».
Stapelia sarpedon, circumnutation
of hypocotyl, 46, 47
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STAPELTA.

TBITICUM.

Stapelia sarpedon, minute cotyledons, 97
Stellarla media, nocturnal movement of leaves, 297
Stems, circumnutation of, 201-214
Stolons, or Eunners, circumnutation of, 214-222, 558
Strasburges on the effect of light
on spores of Hîematoecus, 455, n. ;
the influence of light on the
swarm-spores, 488
Strawberry, stolons of the, circumnutate, but not affected by moderate light, 454
Strepldum florilrundum, circumnutation and nyctitropio movement
of leaves, 391, 392

Trifolium pratense, leaves exposed
at night, 293
repem, circumnutation of
flower-stem, 225
, cireumnutating and epinastio
movements of flower-stem, 2 7 6 279
,
nyctitropio movement of
leaves, 349
, circumnutation and nyctitropio movements of terminal
leaflets, 352, H53
, sleep movements, 349
resupinatum, no pulvini to
cotyledons, 118
, circumnutation of stem, 204
, effect of exposure at night,
295
, cotyledons n o t rising at
night, 118, 309
, circumnutation and nyctitropio movements of terminal
leaflets, 351, 352
strictum, movements of cotyledons at night, 116, 118
, nocturnal and diurnal movements of cotyledons, 309-311,
313
, movement of the left-hand
cotyledon, 316
subterraneum, movement of
flower-heads, 71
, of cotyledons at night, 116,
118, 309
, circumnutation of flower-stem,
224, 225
, circumnutation and nyctitropio movements of leaves, 350
, number of ellipses i n 2 4
hours, 405
, burying its flower-heads, 513,
514
, downward movement of p e duncle, 515
, cireumnutating movement of
peduncle, 516
Trigonella Cretica, sleep of leaves,
345
Triticum
repens,
underground
shoots of, become apogeotropic,
189

T.
Tamarindus Indiea,
nyctitropio
movement of leaflets, 374
Transversal - holiotropismus
(of
Frank) or diaheliotropism, 438
Trapa natans, unequal cotyledons,
95, n.
Tecoma radicans, stems apheliotropic, 451
Teplirosia caribsea, 354
Terminology, 5 Thalia dealbata, sleep of leaves,
389
, lateral movement of leaves,
404
Triehosanthes anquina, action of the
peg on the radicle, 104
, nocturnal movement of cotyledons, 304
Trifolium, position of terminal leaflets at night, 282
globomm, with hairs protecting
the seed-bearing flowers, 517
•
glomeratum, movement of
cotyledons, 309
incamatum, movement of
cotyledons, 309
Pannonicum, shape of first
true leaf, 350, 415

IRIS - LILLIAD - Université Lille 1

WILSON.

TRITIOTJM.
Triticum vulgare, sensitiveness of
tips of radicle to moist air, 184
Tropoeolum majus (?), sensitiveness
of apex of radicle to contact, 167
, circumnutation of stem, 204
, influence of illumination on
nyctitropio movements, 838-840,
344
, heliotropic movement and
circumnutation of epicotyl of a
young seedling, 428, 429
, of an old internode towards a
lateral light, 430
, stems of very young plants
highly heliotropic, of old plants
slightly apheliotropic, 453
, effoct of lateral light, 484
minus (?), circumnutation of
buried and arched epicotyl, 27
V.
Ulex, or gorse, first-formed leaf of,
415
TJraria lagopus, vertical sinking of
leaflets at night, 365
Vaucher, on the burying of the
flower-heads of Trifolium subterraneum, 5 1 3 ; on the protection of seeds, 517
Verbena melindres (?), circumnutation of stem, 210
, apogeotropic movement of
stem, 495
V,
Vicia faha, circumnutation of radicle, 29, 30
, of epicotyl, 31-33
, curvature of hypoeoty], 92
, sensitiveness of apex of radicle, 132-134
, of the tips of secondary radicles, 154
, of t h e primary radicle above
the apex, 155-158
, various experiments, 135-143
•, summary of results, 143-151
, power of an irritant on, com-

pared with that of geotropism,
151-154
Viciafaba, circumnutation of leaves,
233-235
, circumnutation of terminal
leaflet, 235
, effect of apogeotropism, 444
, effect of amputating the tips
of radicles, 523
, regeneration of tips, 526
, short exposure to geotropic
action, 527
, effects of amputating the tips
obliquely, 528
, of cauterising the tips, 529
, of grease on the tips, 534
Vines, Mr., on cell growth, 3
Vries, De, on turgescence, 2 ; on
epinasty and hyponasty, 6, 267,
268; the protection of hypocotyls during winter, 557; stolons
apheliotropic, 1 0 8 ; the nyctitropio movement of leaves, 283;
the position of leaves influenced
by epinasty, their own weight and
apogeotropism, 4 4 0 ; apogeotropism in petioles and midribs, 443;
the stolons of strawberries, 454 ;
the joints or pulvini of the Graminese, 502
W.
Watering, effect of, on Porlieria
hygrometrica, 336-338
Wells, ' Essay on Dew,' 284, n.
Wiesuer, Prof., on the circumnutation of the hypoootyl, 99, 1 0 0 ;
on the hooked tip of climbing
stems, 2 7 2 ; observations on the
effect of bright sunshine on
chlorophyll in leaves, 4 4 6 ; the
effects of an intermittent light,
4 5 7 ; on aerial roots, 4 8 6 ; on
special adaptations, 490
.
IVigandia, movement of leaves, 248
Williamson, Prof., on leaves of

Drosera Capensis, 414
Wilson, Mr. A . S., on the movements of Swedish turnip leaves,
230, 298
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WINKLEB.
Winkler on the protection of seedlings, 108
Wistaria Sinensis, leaflets depressed
at night, 351
— — , circaranutation with lateral
light, 452

Zea, Mays, circutnnutation of cotyledon, 64

Zea Mays, geotropic movement of
radicles, 65
, sensitiveness of a p e s of radicle to contact, 177-179
, secondary radicles, 179
, heliotropio movements of
seedling, 64, 421
, tips of radicles cauterised,
539
Zukal, on the movements of Spirulina, 259, n.

THE END.
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LUNAR OBSERVATIONS at GREENWICH. 1788 to 1819. Compared
with the Tables, 1821. 4to. 7s. 6d.
MACLEAR ON LACAILLE'S ARC OF MERIDIAN. 2 Vols. 20». each.
:
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ADMIRALTY PUBLICATIONS—continued.
MAYER'S DISTANCES of the MOON'S CENTRE from the
PLANETS. 1822,8».; 1823, is. 6d. lS24to 1835. 8vo. 4s. each.
TABULAE MOTUUM SOLIS ET L U N A 1770. 5s.
ASTRONOMICAL OBSERVATIONS MADE AT GOTTINGEN, from 1756 to 1761. 1826. Folio. 7*. 6i.
NAUTICAL ALMANACS, from 1767 to 1877, 80s. 2s. ed. each.
• SELECTIONS FROM, up to 1812. 8vo. 5s.
1834-54. 6s.
SUPPLEMENTS, 1828 to 1833, 1837 and 1838.
TABLE requisite to he used with the N.A.
1781. 8vo. 5s.
SABINE'S PENDULUM EXPERIMENTS to DETERMINE THE FIGURE
OF THE EARTH. 1825. 4to. 40s.
SHEPHERD'S TABLES for CORRECTING LUNAR DISTANCES. 1772.
Royal 4to. 21s.
TABLES, GENERAL, of the MOON'S DISTANCE
from the SUN, and 10 STARS. 1787. Folio. 5s. Gd.
TAYLOR'S SEXAGESIMAL TABLE. 1780. 4to. 16s.
TABLES OF LOGARITHMS. 4to. 60s.
TIARK'S ASTRONOMICAL OBSERVATIONS for the LONGITUDE
of MADEIRA. 1822. 4to. 5s.
CHRONOMETRICAL OBSERVATIONS for DISTOBENOES
of LONGITUDE between DOVER, PORTSMOUTH, and FALMOUTH. 823.
4to. 5s.
VENUS and JUPITER: OBSERVATIONS of, compared with the TABLES.
London, 1822. 4to. 2s.
WALES AND BAYLY'S ASTRONOMICAL OBSERVATIONS.
1777. 4to. 21s. '
REDUCTION OF ASTRONOMICAL OBSERVATIONS
HADE IN THE SOUTHERN HEMISPHERE. 1764—1771. 1788. 4tO.
IOS. ea.
B A R B A U L D (MRS.). Hymns in Prose for Children. With
Illustrations. Crown 8vo.
BARCLAY (JOSEPH, LL.D.). Selected Extracts from the Talmud, chiefly illustrating tlie Teaching of the Bible. With an Introduction. Illustrations. 8vo. 14s.
B A R K L E Y (H. C ) . Pive Years among the Bulgarians and Turks
,
between the Danube and the Black Sea. Post 8vo. 10s. 6d.
Bulgaria Before the War; during a Seven Years'
Experience of European Turkey and its Inhabitants. Post 8vo. 10s. 6<f.
My Boyhood : a True Story. A Book for Schoolboys and others. With Illustrations. Post 8vo. 6s.
BARROW (SIR JOHN). Autobiographical Memoir, from Early
Life to Advanced Age. Portrait. 8vo. 16s.
(JOHH) Life, Exploits, and Voyages of Sir Francis
Drake. PoBtSvo. 2s.
B A R R Y (SIR CHARLES). Life and Works. By CAHOH BARRY.
With Portrait and Illustrations. Medium 8vo, 15s.
B A T E S (H. W.) Records of a Naturalist on the River Amazons
during eleven years of Adventure and Travel. Illustrations. Post 8vo.
7s. 6d.
B A X (CAPT. R.N.). Russian Tartary, Eastern Siberia, China, Japan,
and Formosa. A Narrative of a Cruise in the Eastern Seas. With
Map and Illustrations. Crown 8vo. 12s.
BELCHER (LADY). Account of the Mutineers of the 'Bounty,'
and tbeir Descendants: witto their Settlements.in Plteairn and Norfolk,
Islands. With Illustrations. Post8vo. 12s.
B E L L (SIR CHAS.). Familiar Letters. Portrait. Post 8vo. 12s.
B2
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BELL

(DOYNE C ) .

Notices of the Historic Persons buried i n

THE CHAPEL OF ST. PETER AD VINEULA, IN THE TOWER OF LONDON, WITH AN
ACCOUNT OF THE DISCOVERY OF THE SUPPOSED REMAINS OF QUEEN ANNE BOLEYII.
WITH ILLUSTRATIONS. CROWN 8YC. 14S.

BELT (THOS.). The Naturalist in Nicaragua, including a Residence

AT THE GOLD MINES OF CHONTALES; WITH JOURNEYS IN THE SAVANNAHS
AND FORESTS; AND OBSERVATIONS ON ANIMALS AND PLANTS. ILLUSTRATIONS.
POST8VO. 12».

BERTRAM (JAS. G.). Harvest of the S e a : an Account of British

FOOD FISHES, INCLUDING SKETCHES OF FISHERIES AND FISHER FOLK. WITH
60 ILLUSTRATIONS. 8VO. 9».

BIBLE

COMMENTARY.

THE OLD TESTAMENT. EXPLANATORY

AND CRITICAL. WITH A REVISION OF THE TRANSLATION. BY BISHOPS
AND CLERGY OF THE ANGLICAN CHURCH. EDITED BY F. C COOK,
M.A, CANON OF EXETER. 6 VOLS. MEDIUM 8VO. 61.16S.
JOB.
/ GENESIS,
I EXODUS.
VOL. IV. PSALMS.
VOL. I. / LEVITICUS.
PROVERBS.
24S.
1 NUMBERS.
| ECCI.ESIASTES.
^DEUTERONOMY.
( SONG OF SOLOMON.
VOL. V. ( ISAIAH.
VOLS TT F JOSHUA, JUDGES, RUTH,
20». \ JEREMIAH.
KINGS, CHROAND III. II SN
AIC
MLUEEBL,, EZRA,
NEIIEMIAII, VOL. VI. EZEKIEL.
36». \ EBTHEB.
DANIEL.
25S.
MINOR PROPHETS.

(

THE NEW TESTAMENT. 4 VOLS. Medium 8vo.

/•INTRODUCTION.
VOL. I J ST. MATTHEW.
18S. "J ST. MARK.
(. Sx. LUKE.
ST. JOHN.
VOL. II. J
I ACTS.

fROMANS, CORINTHIANS,
GALATIANS, PHILIPPIANS,
J EPIIESIANS, COLOSSIANS,
VOL. III.' | THESSALONIAN.*, PHILEMON, PASTORAL EPISTLES,
^HEBREWS.
( ST. JAMES. ST. JOHN, ST.
VOL. IV. -i PETER, ST. JUDE, REVE( LATION.

BIGG-WITHER (T. P.). Pioneering in South Brazil; three years of

FOREST AND PRAIRIE LIFE IN THE PROVINCE OF PARANA. MAP AND ILLUSTRATIONS.
2 VOLS. CROWN 8VO. 24».

BIEOH (SAMUEL).

A History of Ancient Pottery and Porcelain :

EGYPTIAN, ASSYRIAN, GREEK, ROMAN, AND ETRUSCAN. WITH COLOURED
PLATES AND 200 ILLUSTRATIONS. MEDIUM 8VO. 42S.

BIRD (ISABELLA). The Hawaiian Archipelago; or Six Months

AMONG THE PALM GROVES, CORAL REEFS, AND VOLCANOES OF THE SANDWICH
ISLANDS. WITH ILLUSTRATIONS. CROWN 8VO. 7». 6d.t

BIS8ET (GENERAL SIR JOHN). Sport and War in South Africa from

1834 TO 1867, WITH A NARRATIVE OF THE DUKE OF EDINBURGH'S VISIT,
WITH MAP AND ILLUSTRATIONS. CROWN 8VO. 14»,

BLACKSTONE'S COMMENTARIES; adapted to the Present

STATE OF THE LAW. BY R. MALCOLM KERR, LL.D. Revised Edition,
INCORPORATING ALL THE RECENT CHANGES IN THE LAW. 4 VOLS. 8VO. 60».

B L U N T (REV. J. J . ) . Undesigned Coincidences in the Writings of

THE OLD «TND NEWTESTAMENTS, AN ARGUMENT OF THEIR VERACITY: CONTAINING
THE BOOKS OF MOSES, HISTORICAL AND PROPHETICAL SCRIPTURES, AND THE
GOSPELS AND ACTS. POST 8VO. 6S.
History of the Church in the First Three Centuries.

POST 8VO. 6».
—

Parish Priest; H i s Duties, Acquirements and Obliga-

TIONS. POST 8VO, 6S.
University Sermons. Post 8vo. 6«.
Plain Sermons. 2 vols. Post 8vo. 12s.
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BOSAVELL'S Life of Samuel Johnson, L L . D . Including t h e
Tour to the Hebrides. Edited by Mr. CROKEB. Seventh Edition.
Portraits. 1 vol. Medium 8vo. 12«.
BRACE (0. L.). Manual of Ethnology; or the Races of the Old
World. Post8vo. 6s.
BOOK OF COMMON P R A Y E R .
Illustrated with Coloured
Borders, Initial Letters, and Woodcuts. 8vo. ISs.
BORROW (QEOROE). Bible in Spain; or the Journeys, Adventures,
and Imprisonments of an Englishman in an Attempt to circulate the
Scriptures in the Peninsula. Post8vo. 6s.
Gypsies of Spain; their Manners, Customs, Religion, and Language. With Portrait, Post 8vo. 6s.
:
Lavengro ; The Scholar—The Gypsy—and the Priest.
Post 8vo. 5s.
Romany Rye—a Sequel to " Lavengro." Post 8vo. 5s.
WILD WALES : its People, Language, and Scenery.
Post 8vo. 58.
Romano Lavo-Lil; Word-Book of the Romany, or
English Gypsy Language; with Specimens of their Poetry, and an
account of certain Gypsyries. PostSvo. 10s. 6d.
B R A Y (Mas.). Life of Thomas Stothard, R.A.
With Portrait
and 60 Woodcuts. 4to. 21s.
BRITISH ASSOCIATION REPORTS. 8vo.
York and Oxford, 1831-32,18s. 6d.
Glasgow, 1856,16s.
Cambridge, 1833,12s.
Cheltenham, 1856, 18s.
Edinburgh, 1884,15s.
Dublin, 1857,15s.
Dublin, 1836, 13s. 6d.
Leeds. 1858, 20s.
Bristol, 1836, 12s.
Aberdeen, 1859,15s.
Liverpool, 1837, 16s. 6d.
Oxford, 1860, 25s.
Newcastle, 1838,15s.
Manchester, 1861,15s.
Birmingham, 1839, 13s. 6i.
Cambridge, 1862,20s.
Glasgow, 1840,15s.
,
Newcastle, 1863, 25s.
Bath, 1864, 18s.
Plymouth, 1841, 18s. ed.
Birmingham, 1865, 25s
Manchester, 1842, 10s. 6d.
Nottingham, 1866, 24s.
Cork, 1843,12s.
Dundee, 1867, 26s.
York, 1844, 20s.
Norwich, 1868, 25s.
Cambridge, 1845,12s.
Exeter, 1869, 22s.
Southampton, 1846,15s.
Liverpool, 1870,18s.
Oxford, 1847,18s.
Edinburgh, 1871,16s.
Swansea, 1848,9s.
Brighton, 1872, 24s.
Birmingham, 1849,10s.
Bradford, 1873, 25s.
Edinburgh, 1850, IBs.
BelfaBt, 1874. 24s.
Ipswich, 1851,16s. 6d.
Bristol, 1875, 25s.
Belfast, 1862,15s.
Qlasgow, 1876, 25s.
Hull, 1853,10s. 6d.
Liverpool, 1864,18s.
BROUGHTON (LORD). A Journey through Albania, Turkey in
Europe and Asia, to Constantinople. Illustrations. 2 Vols. 8vo. 80».
Yisits to Italy.

2 Vols.

Post 8vo.

18«.

BRUGSCH (PROFESSOR). A History of Egypt, from the earliest
period. Derived from Monuments and Inscriptions. New Edition. Translated by the late H . DANBY SEYMOUR. 2 vols. 8vo.
[Nearly Ready.
B U C K L E Y (ARABELLA B.). A Short History of Natural Science,
' and the Progress of Discovery from the time of the Greeks to the
present day, for Schools and young Persons. Illustrations. Post
8vo. 9s.

IRIS - LILLIAD - Université Lille 1

BURGON (REV. J . W . ) . Christian Gentleman; or, Memoir of
Patrick Fraser Tytler. Post Svo. 9«.

BURN (COL.). * Dictionary of Naval and Military Technical
Terms, English and French—French and English. Crown 8vo. 16».

BUXTON (CHARLES).

Memoirs of Sir Thomas Powell Buxton,

Bart. With Selections from his Correspondence.
Popular Edition. Fcap. 8vo. 6*.

Portrait. 8vo. 16s.

Ideas of the Day. 8ro. 6«.
BURCKHARDT'S (DB. JACOB) Cicerone; or Art Guide to Painting hi Italy. Translated Irom the German by MRS. A. CLOUGH. Post
8vo. 6s.

BYLES (SIR JOHN). Foundations of Religion in the Mind and
Heart of Man. Post Svo. 6s.

BYRON'S (LORD) LIPE AND WORKS :—
LIFE, LETTERS, AND JOURNALS. By THOMAS MOORE.
Cabinet
Edition. Plates. 6 Vols. Fcap. 8vo. 18». j or One Volume, Portraits.
Royal 8vo., 7s. ed.
LIFE AND POETICAL WORKS. Popular Edition.
Portraits.
2 vols. Koyal 8vo. 16s.

POETICAL WORKS. Library Edition. Portrait. 6 Vols. 8vo. 45s.
POETICAL WORKS. Cabinet Edition. Plates. 10 Vols. 12mo. 30«.
POETICAL WORKS. Pocket Ed.

8 Vols.

16mo. In a case. 21«.

POETICAL WORKS. Popular Edition. Plates. Royal 8vo. 7s. 6d.
POETICAL WORKS.

Pearl Edition.

CHILDE HAROLD.

With 80 Engravings.

Crown 8vo. 2s. 6d.

CHILDE HAROLD.

16mo.

CHILDE HAROLD.

Vignettes.

CHILDE HAROLD.

Portrait.

16mo.

16mo.

2». ed.-

TALES AND POEMS.
MISCELLANEOUS.

2 Vols.

DRAMAS AUD PLAYS.
DON JUAN AND Bspr-o.

Crown 8vo.

12a.

'

2s. 6d.
16mo.

^,

5*.

16mo.

2 Vols.

1*.
6d.

5*.

16mo.

2 Vols. 16mo.

[

5«.

BEAUTIES. Poetry and Prose. Portrait. Fcap. 8vo. 8s. 6d.
BUTTMANN'S Lexilogus; a Critical Examination of the
Meaning of numerous Greek Words, chiefly in Homer and Hesiod.
By Rev. J. R. FISHLAKE. 8VO. 12«.

_

Irregular Greek Verbs.

With all the Tensea

extant—their Formation, Meaning, and Usage, with Notes, by Kev.
J. R. FISHLAKE. Post 8vo. 6«.

CALLCOTT

(LADY).

Little

Arthur's History of England.

Mm Edition, brought down to 1872. With Woodcuts. Fcap. Svo. Is. 6<t.

CARNARVON (LORD).

Portugal,

Provinces. Post 8vo. Ss. ed.

CARTWF.IGHT (W. C).

Gallicia, and the Basqu

The Jesuits: their Constitution and

Teaching. An Historical Sketch. 8vo. 9s.
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C A M P B E L L (LORD). Lord Chancellors and Keepers of the
Great Seal of England. From the Earliest TimeB to the Death of Lord
Eldoninl838. 10 Vols. Crown 8vo. 6«. each.
. Chief Justices of England. Prom the Norman
Conquest to the Death of LordTenterden. 4 Vols. Crown 8vo. 6s. each.
Lives of Lyndhurst and Brougham. 8vo. 16«.
Lord Bacon. Pcap. 8vo. 2s. 6d.
(SIR GBORSB) Handy-Book on the Eastern Question ; being a Very Recent View of Turkey. With Map. Post 8vo. 6s.
(THOS.) Essay on English Poetry.; With Short
Lives of the British Poets. Post 8vo. 8s. 6d,
OAVALCASELLE AND CKOWE'S History of Painting in
NORTH ITALY, from the 14th to the 16th Century. With Inustrations.
a Vols. 8vo. 42s.
Early Flemish Painters, their Lives and
Works. Illustrations. Post 8vo. 10s. @d.; or Large Paper, 8vo. 15s,
LifePortrait
and Times
of Titian, with
some
Account
of his Family. With
and Illustrations.
2 vols.
8vo.
42s.
CESNOLA (GEN. L. P. DI). Cyprus; its Ancient Cities, Tombs,
and Temples. A Narrative of Researches and Excavations during Ten
Years' Residence iu that Island. With Map and 400 Illustrations.
Medium 8vo, 50s.
CHILD (CHAPLIN). Benedicite; or, Song of the Three Children ;
being Illustrations of the Power, Beneficence, and Design manifested
by the Creator in his works. Post 8vo. 6s.
CHISHOLM (Mrs.). Perils of the Polar Seas; True Stories of
Arctic Discovery and Adventure. Illustrations. Post 8vo. 6s.
CHURTON (AKOHDEAOON).
Poetical Remains, Translations and
Imitations. Portrait. Post 8vo. 7s. 6rf.
New Testament.
Edited with a Plain Practical
Commentary for Families and General Readers. With 100 Panoramic
and other Views, from Sketches made on the Spot. 2 vols. 8vo. 21s.
CLASSIC PREACHEUS OF T H E E N G L I S H
CHURCH.
St. James's Lectures, 1877. By Canon Llghtfoot, Prof. Wace, Dean
of Durham, Rev. W. R. Clark, Canon Farrar, and Dean of Norwich.
With an Introduction by J. 1£. ICcmpe, M.A., Rector. Post Svo. 7s. Gd.
C U V E ' S (LORD) Life. By REV. G. R. GLEIG. Post 8vo. 3s. 6d.
CLODE (C.M.). Military Pcrces of the Crown; their Administration and Government. 2 Vols. 8vo. 21s. each.
Administration of Justice under Military and Martial
Law, as applicable to the Army, Navy, Marine, and Auxiliary Forces.
8vo. 12s.
COLERIDGE'S (SAMUEL TATLOS) Table-Talk. Portrait. 12mo. 3s.6cf.
COLONIAL LIBRARY. [See Home and Colonial Library.]
COMPANIONS FOR T H E DEVOUT L I F E .
St. James' Lectures, 1875—6.
DEIMITATIONECHRISTI. CanonFarrnr.
THKOLOGIA GERMANICA.
Can
PKNRBEB or BLAISE PASCAL. Dean
Ashwell.
Church.
FENELON'S CEUVKES SPIRITUELLES.
S. FRANCOIS DE SALES.
Dean
Kov. T. T.Carter.
Goulbnru.
ANDRKWES' DEVOTIONS. Bishop of
BAXTER'S SAINTS' REST. Archbishop
Ely. -·
CIIRISTIA YEAR. Canon Barry.
of Dublin,
PARADISE LOST. Rev. E. H, BickerS. AUGUSTINE'S CONFESSIONS. Bishop
steth.
of Deny.
PILGRIM'S PROGRESS. Dean Howson.
JEREMY TAYLOR'S HOLY LIVING ANI>
PR^YEB BOOK. Dean Burgon.
DYINQ. Rev. Dr. Humphry.
With Preface by J. E. KEMPE, Rector. Orown 8vo.
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COOK. (Canon).

Sermons Preached at Lincoln's Inn.

8vo.

9*.

COOKE (E. W.). Leaves from m y Sketch-Book. Being a selection fromfcketchefimade during many tours. With Descriptive Text.
60 Plates. „ 2 vols. Small folio. 31s. 6d. each.
COOKERT (MODERN DOMESTIC). Founded on Principles of Economy
and Practical Knowledge. By a Lady. Woodcuts. Fcap. 8vo. 6s.
COOPER (T. T.). Travels of a Pioneer of Commerce on an
Overland Journey from China towards India. Illustrations. 8vo. 16s,
CRABBE (REV. GEORQB). Life and Poetical Works. W i t h Illustrations. Hoyal 8vo. 7s.
CRAWFORD & BALCARRES (Earl of). Etruscan Inscriptions.
Analyzed, Translated, and Commented upon. 8vo. 12s.
CEIPPS (WILFRED). Old English Plate : Ecclesiastical, Decorative,
and Domestic, its makers and marks. Illustrations. Medium 8vo, 21s,
CROKER
(J. W.).
Progressive
Geography
for Children.
18mo. U.6d.
Stories for Children, Selected from the History of
England. Woodcuts. 16mo. 2s. 6d.
Boswell's Life of Johnson.
Including the Tour t o
the Hebrides. Seventh Edition. Portraits. 8vo. 12s.
Early Period of the French Revolution. 8vo.
15s.
Historical Essay on the Guillotine. Fcap. 8vo. 1«.
CROWE AND C A V A L C A S E L L E .
Lives of the Early Flemish
Painters. Woodcuts. Post 8vo, 10s. 6d.; or Large Paper, 8vo, 15s.
History of Painting in N o r t h Italy, from 14th to
16th Century. Derived from Researches in that Country. With Illustrations. 2 Vols. 8vo. 42s.
— Life and Times of Titian, -with pome Account of his
Family, chiefly from new and unpublished records. With Portrait and
Illustrations. 2 vols. 8vo. 42s.
CUMMING (R. GORDON). Five Years of a Hunter's Life i n the
Far Interior of South Africa. Woodcuts. Post 8vo. 6s.
C U N Y N G H A M E (SIR ARTHUR). Travels in the Eastern Caucasus,
on the Caspian and Bli>ck Seas, in Daghestan and the Frontiers of
Persia and Turkey. With Map and Illustrations. 8vo. JSs.
OURTIUS' (PROFESSOR) Student's Greek Grammar, for the Upper
Forms. Edited by Da. WM. SMITH. Post 8vo. 6s.
Elucidations of the above Grammar.
Translated by
EVELYN ABBOT. Post Svo. 7s, 6d.
Smaller Greek Grammar for the Middle and Lower
Forms. Abridged from the larger work. 12mo. 8s. 6d.
Accidence of the Greek Language.
Extracted from
the above work. 12mo. 2s. 6d.
—:
Principles of Greek Etymology. Translated by A. S.
WILKINS, M.A., and E. B. ENGLAND, B,A, 2 vols. 8vo. 15s. each.
CURZON (HON. ROBERT). Visits to the Monasteries of the Levant.
Illustrations. Post 8vo. 7s. fid.
CUST (GENERAL). Warriors of the 17th Century—The Thirty Years'
War. 2 Vols. 16s. Civil Wars of France and England. 2 Vols. 16s.
Commanders of Fleets and Armies. 2 Vols. 18s.
— — Annals of the Wars—18th & 19th Century, 1 7 0 0 — 1 8 1 5 .
With Maps. 9 Vols. Post 8vo. 6s. each.
:
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D A V Y (SIR HUMPHRY). Consolations in Travel; or, Last Days
of a Philosopher. 'Woodcuts. Fcap. 8vo. 8s. 6d.
Salmonia; or, Days of
Fcap.8vo. 8s. 6*.
D A R W I N (CHARLES) WORKS :—

Ply

Pishing.

Woodcuts.

JOURNAL OP A NATURALIST DURING A VOYAGE ROUND THE
WORLD. Crown 8vo. 9s.
ORIGIN OP SPECIES BY MEANS OF NATURAL SELECTION; or, the
Preservation of Favoured Races in the Struggle for Life. Woodcuts.
Crown 8vo. 7». 6d.
VARIATION OP ANIMALS AND PLANTS UNDER DOMESTICATION.
Woodcuts. 2 Vols. Crown 8vo. 18s.
DESCENT OF MAN, AND SELECTION IN RELATION TO SEX.
Woodcuts. Crown 8vo. 9s.
EXPRESSIONS OF THE EMOTIONS IN MAN AND ANIMALS. With
Illustrations. Crown 8vo. 12s.
VARIOUS CONTRIVANCES BY WHICH ORCHIDS ARE FERTILIZED
BY INSECTS. Woodcuts. Crown 8vo. 9s.
MOVEMENTS AND HABITS OF CLIMBING PLANTS.
Woodcuts,
Crown 8vo. 6s.
INSECTIVOROUS PLANTS. Woodcuts. Crown 8vo. 14s.
EFFECTS OF CROSS AND SELF-FERTILIZATION IN THE VEGETABLE
KINGDOM. Crown 8vo. 12s.
DIFFERENT FORMS OF FLOWERS ON ^LANTS OF THE SAME
SPKOIES. Crown 8vo. 10«. Bd.
FACTS AND ARGUMENT FOR DARWIN.
By FRITZ
Translated by W. S. DALLAS. Woodcuts. Post 8vo. 6s.

MULLER.

D E COSSON (E. A.). The Cradle of the Blue N i l e ; a Journey
through Abyssinia and Soudan, and a residence at the Court of King
John of Ethiopia. Map and Illustrations. 2 vols. Post8vo. 21s.
D E N N I S (GEORGE). The Cities and Cemeteries of Etruria.
A
new Edition, revised, recording all the latest Discoveries. With 20
Plans and 15'J Illustrations. 2 vols. 8vo. 42s.
D E N T (EMMA). Annals of Winchcombe and Sudeley.
Portraits, Plates and Woodcuts. 4to. 42s.
'

With 120

D E R B Y (EARL OF). Iliad of Homer rendered into English
Blank Verse. 10ft Edition. With Portrait. 2 Vols. Post 8vo. 10s.
D E R B Y (BISHOP OF). Witness of the Psalms to Christ and Christianity. The Bampton Lectures for 1S76. 8vo.
D E U T S C H (EMANUEL). Talmud, Islam, The Targums and other
Literary Remains. Svo. 12s.
D I L K E (SIR C. W.).
Papers of a Critic. Selected from the
Writings of the late Cms. WKNIWOKTH DILKB. With a Biographical Sketch. 2 Vols. 8vo. 24s.
D O G - B R E A K I N G , with Odds and Ends for those who love the
Bog and Gnn. By GEN. HUTCHINSON. With 40 Illustrations.
Crown 8vo. 7s. 6<2.
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DOMESTIC M O D E R N COOKERY.
Founded on Principles of
Economy and Practical Knowledge, and adapted for Private Families.
Woodcuts. Fcap.8vo. 6a.
DOUGLAS'S (SIRHOWARD) Life and Adventmes. Portrait. 8vo. IBs.
Theory and Practice o'f Gunnery.
Plates. 8vo. 21«.
Construction of Bridges and the Passage of Rivers
in Military Operations. Plates. Svo. 21s.
(WM.) Horse-Shoeing; As it Is, and A s it Should be.
Illustrations. Post 8vo. 7s. 6d.
DRAKE'S (SIR FRANCIS) Life, Voyages, and Exploits, by Sea and
Land. By JOHN BABBOW. Post Svo. 2s.
D R I N K W A T E R (JOHN).
History of the Siege of Gibraltar,
1779-1783. With a Description and Account of that Garrison from the
Earliest Periods. Post8vo. 2s.
DUCANGE'S MBDLKVAL LATIN-ENGLISH DICTIONARY. Translated
and Edited by Rev. E. A.DAYMAN and J. H. HESSELS. Small 4to.
[In

preparation.

DTJ C H A I L L U (PAUL B.). EQUATORIAL AFRICA, with Accounts
of the Gorilla, the Nest-building Ape, Chimpanzee, Crocodile, &c.
Illustrations. 8vo. 21s.
Journey to Ashango Land; and Further Penetration into Equatorial Africa. Illustrations. 8vo. 21s.
D U F F E R I N (LORD). Letters from H i g h Latitudes; a Yacht
Voyage to Iceland, Jan Mayen, and Spitsbergen. Woodcuts. Post
8vo. 7s. 6d.
D U N C A N (MAJOR). History of the Royal Artillery.
Compiled from the Original Records. With Portraits. 2 Vols. 8vo. 30s.
•
English in Spain; or, The Story of the War of Succession, 1834 and 1840. Compiled from the ReportB of the British
Commissioners With Illustrations. 8vo. 16s.
EABTLAKE (SIR CHARLES). Contributions to t h e Literature of
the Fine Arts. With Memoir of the Author, and Selections from Ma
Correspondence. By LADY EASTLAKE. 2 Vols. 8vo. 24s.
E D W A R D S (W. H.). Voyage up the River Amazons, including a
Visit to Para. Post8vo. 2s.
E I G H T M O N T H S AT ROME,'during the Vatican Council, with
a Daily Account of the Proceedings. By POMPONIO LETO. Translated from the Original. Svo. 12s.
ELDON'S (LORD) Public and Private Life, with Selections from
his Correspondence and Diaries. By HOBAOH TWIBS. Portrait. 2
Vols. Post8vo. 21s.
ELGIN (LORD). Letters and Journals.
Edited by THEODORE
WALBOND. With Preface by Dean Stanley. 8vo. 14s.
ELLESMERE (LORD).
TWO Sieges of Vienna by the Turks.
Translated from the German. Post 8vo. 2s.
ELLIS (W.). Madagascar Revisited.
Setting forth the Persecutions and Heroic Sufferings of the Native Christians. Illustrations.
8vo. 16s.
—
" Memoir.
By H i s SON.
With his Character a n d
Work. By REV. HEKBY ALLOH, D.D. Portrait. Svo. 10s. 6d.
—:
(ROEIHSON) Poems and Fragments of Catullus. 16mo. 5s.
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E L P H I N S T O N E (Hon. MOUNTSTUART).
History of India—the
Hindoo and Mahomedan Periods. Edited by PROFESSOR COWELL.
Map. 8vo. 18s.
— (H. W . ) Patterns for Turning; Comprising
Elliptical and other Figures cut on the Lathe without the use of any
Ornamental Chuck. With 70 Illustrations. Small 4to. 15s.
E N G L A N D . . See CALLCOTT, CHOKER, HUME, MARKHAM, SMITH,
and STANHOPE.
E S S A Y S ON CATHEDRALS.
With an Introduction.
By
BEAK HOWSON. 8VO. 12S.
ELZE (KARL). Life of Lord Byron. With a Critical Essay on his
Place in Literature. Translated from the German. With Portrait. 8vo. 16s.
PERGUSSON (JAMES). History of Architecture in all Countries
from the Earliest Times. With 1,600 Illustrations, 4 Vols. Medium 8YO.
Vol. I. & II. Ancient and Media3val. 63«.
Vol. III. Indian & Eastern. 42s. Vol. IV. Modern. 31s. 6<2.
Rude Stone Monuments in all Countries; their A g e
and Uses. With 230 Illustrations. Medium Svo. 24s.
Holy Sepulchre and the Temple at Jerusalem.
Woodcuts. 8vo. 7s. 6d.
Temples of the Jews and other buildings in
the Haram Area at Jerusalem. With Illustrations. 4to. 42s.
FLEMING (PROFESSOR). Student's Manual of Moral Philosophy.
With Quotations and References. Post 8vo. 7s. fid.
FLOWER GARDEN. B y REV. THOS. JAMES. Fcap. 8vo. IS.
F O R B E S (CART. C. J. P.S.) Sketches of Native Burmese; Life,
Manners, CuBtoms, and Religion. Crown 8vo.
[i» (Ac Frees.
FORD (RICHARD). Gatherings from Spain. Post 8vo. 3s. 6ri!.
FORSYTH (WILLIAM). Hortensius; an Historical Essay on the
Office and Duties of an Advocate. Illustrations. 8vo. 12s.
History of AncientManuscripts. Post8vo. 2s. 6d.
Novels and Novelists of the 18th Century, i n
Illustration of the Manners and Morals of the Age. Post8vo. 10s. 6(2,
F O R T U N E (ROBERT). Narrative of Two Visits to the Tea Countries
of China, 1843-52. Woodcuts. 2 Vols. Post 8vo. 18s.
PORSTER (JOHN). The Early Life of Jonathan Swift. 1667-1711.
With Portrait 8vo. 15s.
POSS (EDWARD). Biographia Juridica, or Biographical Dictionary
of tie Judges of .England, from the Conquest to the Present Time,
1066-1870. Medium Svo. 21s.
F R A N C E (HISTORY OF). See MARKHAM—SMITH—Student's.
F R E N C H I N A L G I E R S ; The Soldier of the Foreign Legion—
and the Prisoners of Abd-el-Kadir. Translated by Lady DUFF GORDON.
PoBt8vo. 2s.
FRERE ( SIR BARTLE ). Indian Missions. Small 8vo. 2s. 6d.
Eastern Africa as a field for Missionary Labour. W i t h
Map. Crown Svo. 5S.
Bengal Famine.
How it will be Met and H o w to
Prevent Future Famines in India. With Maps. Crown 8vo. 5s.
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GALTON (FRANCIS). A r t of Travel; or, Hints on the Shifts and
Contrivances available in Wild Countries. Woodcuts. Post 8vo.
7s. 6d.
GEOGRAPHY. See CROKER—SMITH—STUDENTS.
GEOGRAPHICAL SOCIETY'S J O U R N A L . (Published Yearly.)
GEORGE (ERNEST). The Mosel; a Series of Twenty Etchings, with
Descriptive Letterpress. Imperial 4to. 42s.
Loire and South of France; a Series of Twenty
Etchings, with Descriptive Text. Folio. 42s.
GERMANY (HISTORY OF). See MARKHAM.
·
GIBBON (EDWARD). History of the Decline and Fall of t h e
Eoman Empire. Edited by MILMAN and GUIZOT. Edited, with Notes ,
by Dr. WM. SMITH. Maps. 8 Vols. 8vo. 60s.
The Student's Edition; an Epitome of the above
wort, incorporating the Researches of Recent Commentators. By Dr.
WM. SMITH. Woodcuts. Post 8vo. 7s. 6d.
G I F F A R D (EDWARD). Deeds of Naval Daring; or, Anecdotes of
the British Navy. Fcap. 8vo. Ss. 6d.
GLADSTONE ( W . E . ) . Rome and the Newest Fashions i n
Religion. Three Tracts. 8vo. 7s. Sd.
GLEIG (G. R.). Campaigns of the British Army at Washington
and New Orleans. Post 8vo. 2s.
Story of the Battle of Waterloo, Post 8vo. 3s. 6a!.
Narrative of Sale's Brigade i n Affghanistan. Post 8vo. 2s,
•
Life of Lord Clive. Post 8vo. 3s. 6d.
Sir Thomas Munro. Post 8vo. 3s. 6d.
G L Y N N E (SIR STEPHEN R.). Notes on the Churches of Kent.
With Preface by W. H. Gladstone, M.P. Illustrations. 8vo. 12s.
GOLDSMITH'S (OLIVER) Works. Edited with N o t e s by PETER
CUNNINGHAM. Vignettes. 4 Vols. 8vo. 80s.
GORDON (SIR ALEX.). Sketches of German Life, and Scenes
from the War of Liberation. Post 8vo. 8s. Sd.
(LADY DUFF) Amber-Witch: A Trial for Witch.
craft. PostSvO. 2s.
French i n AlgierB.
1. The Soldier of the Foreign
Legion. 2. The Prisoners of Abd-el-Kadir. Post 8vo. 2s.
GRAMMARS. See CURTIUS ; HALL ; HTJTTON ; KINO EDWARD ;
MATTHIJE; MAETZNER; SMITH.
GREECE (HISTORY OF). See GROTE—SMITH—Student.
GUIZOT (M.). Meditations on Christianity. 3 Vols. Post 8vo. 30«.
GROTE'S (GEORGE) W O R K S : —
HISTORY OF GREECE. From the Earliest Times to the close
of the generation contemporary with-the death of Alexander the Great.
Library Edition. Portrait, Maps, and Plans. 10 Vols. 8vo. 120s.
Cabinet Edition. Portrait and Plans. 12 Vols. Post 8vo. 6s. each,
PLATO, and other Companions of Socrates. 3 Vols. 8vo. 45s.
ARISTOTLE. 2 Vols. 8vo. 32s.
MINOR WORKS. With Critical Remarks; B y ALEX, BAIN.
Portrait, 8vo. 14s.
FRAGMENTS ON ETHICAL SUBJECTS. With Introduction. B y
ALEXANDER BAIN. 8VO. 7S. 6*.
LETTERS ON SWITZERLAND IN 1847. 6s.
PERSONAL LIFE. Compiled from Family Documents, Original
Letters, &c. By Mrs. GROTH. Portrait. 8vo. 12s.
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HALL (T. D.) AND Dr. War. SMITH'S School Manual of English
Grammar. With Copious Exercises. 12mo. 8s. 6d.

Primary English Grammar for Elementary Schools.
Eased on the above work, 16nio, Is.

Child's First Latin Book, including a Systematic Treatment of tbe New Pronunciation, and a full Praxis of Nouus, Adjectives, and Pronouns. 16mo. Is. 6rf.
HALLAM'S (HENRY) WORKS
THE CONSTITUTIONAL HISTORY OF ENULAND, from the Accession of Henry the Seventh to the Death of George the Second. Library
Edition. 8 Vols. 8vo. 30s. Cabinet Edition, 3 Vols. PostSvo. 12s.

Student's Edition of the above work.
SMITH, D.CL. Post 8vo.

Edited by WM.

7s. 6d.

HISTORY OF EUROPE DURING: THE MIDDLE AOES. Library
Edition. 3 Vols. 8vo. 30s. Cabinet Edition, 3 Vols. Post 8vo. 12s.

Student's Edition of the above work.

Edited by WM.

SMITH, D.C.L. PostSvo. 7s. 6«.
LITERARY HISTORY OP EUROPE DURING THE 15TH, 16TH, AND
17TH CENTURIES. Library Edition. 3 Vols. 8vo. 36s. Cabinet Edition.
4 Vols. Post8vo. 16s.

HALLAM'S (ARTHUR) Literary ^Remains; in Verse and Prose.
Portrait. Fcap. 8vo. 8s. 6d.

HAMILTON (GEN. SIR P . W.). History of the Grenadier Guards.
From Original Documents in the Bolls' Records, War Office, Regimental
Records, &c. With Illustrations. 3 Vols. 8vo. 63s.

HART'S ARMY LIST. (Published Quarterly and Annually.) ]
HAY (SIR J. H. DRUMMOND).

Western Barbary, its Wild Tribes

and Savage Animals. Post Svo. 2s.

HEAD'S (SIR FRANCIS) WORKS :—
THE ROYAL ENGINEER.

Illustrations.

8vo. 12s.

LIFE OP SIR JOHN BURGOYNE. * Post 8vo.
RAPID JOURNEYS ACROSS THE PAMPAS.

Is.

Post 8vo.

2s.

BUBBLES FROM THE BRUNNEN OF NASSAU. Illustrations. Post
8vo. 7s. 6d.
STOKERS AND POKERS ; or, the London and North Western
Railway. Post 8vo. 2s.

HEAD (SIR EDMUND) Shall and Will;
Verbs. Fcap. 8vo. 4s.
HEBER'S (BISHOP) Journals in India.

or, Future Auxiliary

2 Vols.

Post 8vo. 7s.

• Poetical Works. Portrait. Pcap. 8vo. 3s. 6d.
1

Hymns adapted to the Church Service. 16mo. Is. 6d.
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HAND-BOOK—TRAVEL-TALK. English, French, German, and
Italian. 18mo. 8s. 6«!.

•

HOLLAND AND BELGIUM. Map and Plans.
Post 8vo. 6s.

NORTH

GERMANY and THE RHINE,—

Tbo Black Forest, the Harts, Thiirinprerwald, Saxon Switzerland,
Bti?en the Giant Mountains, Taunns, Odenwald, Blass, and Lothringen. Map and Plans. Post 8vo. 10s.

SOUTH GERMANY, — Wurtemburg, Bavaria,
Austria, Styria, Salzbnrg, the Austrian and Bavarian Alps, Tyrol, Hungary, and the Danube, from UJm to the Black Sea. Map. Post 8vo. 10s.

PAINTING. German, Flemish, and Dutch Schools.
Illustrations. 2 Vols. Post 8vo. 24s.

LIVES OF EARLY FLEMISH PAINTERS. By
CBOWE and CAVALOASELLE. Illustrations. Post 8vo. 10s. Gd.

. SWITZERLAND, Alps of Savoy, and Piedmont.
Maps. Post 8vo. 9s.

FRANCE, Part I. Normandy, Brittany, the French
Alps, the Loire, the Seine, the Garonne, and Pyrenees. Post8vo. 7s. 6tf,

—

Part II. Central France, Auvergne, the

Cevennes, Burgundy, the Rhone and Saone, Provence, Nimes, Aries,
Marseilles, the French Alps, Alsace, Lorraine, Champagne, &c. Maps.
Post 8vo. 7s. 6ct.

MEDITERRANEAN ISLANDS—Malta, Corsica,
Sardinia, and Sicily, Maps. Post 8»o.

-

[In the Press.

ALGERIA. Algiers, Constantine, Oran, the Atlas
Range. Map. Post8vo. 9s.

PARIS, and its Environs. Map. 16mo. 3s. 6d.
SPAIN, Madrid, The Castiles, The Basque Provinces,
Leon, The Asturias, Galicia, Estremadura, Andalusia, Ronda, Granada,
Murcia, Valencia, Catalonia, Aragon, Navarre, The Balearic Islands,
&e.&c. Maps. Post8vo. 20s.

PORTUGAL, LISBON, Porto, Cintra, Mafra, &c.
Map. Post8vo. 12s.

NORTH ITALY, Tarin, Milan, Cremona, the

Italian Lakes, Bergamo, Brescia, Verona, Mantua, Vicenza, Padua,
Ferrara, Bologna, Ravenna, Rimini, Piacenza, Genoa, the Riviera,
Venice, Parma, Modena, and". Romagna. Map, Post 8vo. 10s.

CENTRAL ITALY, Florence, Lucca, Tuscany, The
Marches,Umbria, and late Patrimony of St. Peter's. Map. Post8vo. 10«.

—

ROME AND ITS ENVIRONS,

Map. Post 8vo. 10s.

SOUTH ITALY, Naples, Pompeii, Herculaneum,
and Vesuvius. Map. Post8vo. 10s.

,
—

:

PAINTING. The Italian Schools. Illustrations.

2 Vols. Post8vo. 80s.
"LIVES OF ITALIAN PAINTERS, FROM CIMABUE
to BASSANO. By Mrs. JAMESON. Portraits. Post 8vo. 12s.

NORWAY, Chrietiania, Bergen, Trondhjem. The
Fjelds and Fjords. Map. Post 8vo. 9s*

SWEDEN, Stockholm, Upsala, Gothenburg, the
Shores of the Baltic, &e. Post 8vo. 6s.

DENMARK, Sleswig, Holstein, ] Copenhagen, Jut-

land, Iceland. Map. Post 8vo. 6s.
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HAND-BOOK—RUSSIA, ST. PETERSBURG, MOSCOW, POLAND, and
F I N L A N D . Maps. Post8vo.
18s.
GREECE, the Ionian Islands, Continental Greece,
Athens, the Peloponnesus, the Islands of the -flSgean Sea, Albania,
Thessaly, and Macedonia. Maps. Post 8vo. 15s.
TURKEY I N ASIA—CONSTANTINOPLE, the Bos.
phorus, Dardanelles, Brousa, Plain of Troy, Crete, Cyprus, Smyrna,
Ephesus, the Seven Churches, Coasts of the Black Sea, Armenia,
Mesopotamia, &o. Maps. Post 8vo. 15s.
•
EGYPT, including Descriptions of the Course of
the Nile through Egypt and Nubia, Alexandria, Cairo, and Thebes, the
Suez Canal, the Pyramids, the Peninsula of Sinai, the Oases, the
Fyoom, &c. Map. Post 8vo. 15s.
——
H O L Y LAND—STRIA, PALESTINE, Peninsula of
Sinai, Edom, Syrian Deserts,Potra, Damascus ; and Palmyra. Maps.
Post 8vo. 20s. *#* Travelling Map of Palestine. In a case. 12s.
I N D I A — BOMBAY AND MADRAS.
Map. 2 Vols.
Post 8vo. 12s. each.

ENGLISH

HANDBOOKS.

HAND-BOOK—MODERN LONDON. Map. 16mo. 3s. 6d.
— —
E N V I R O N S OF LONDON within a circuit of 20
miles. 2 Vols. Crown 8vo. 21s.
EASTERN COUNTIES, Chelmsford, Harwich, ColChester, Maldon, Cambridge, Ely, Newmarket, Bury St. Edmunds,
Ipswich, Woodbridge, Felixstowe, Lowestoft; Norwich, Yarmouth,
Cromer, &c. Map and Flans. Post 8vo. 12s.
CATHEDRALS of Oxford, Peterborough, Norwich,
Ely, and Lincoln. With 90 Illustrations. Crown 8vo. 18s.
:
K E N T , Canterbury, Dover, Ramsgate, Sheerness,
Rochester, Chatham, Woolwich. Map. Post 8vo. 7s. Gd,
——.
SUSSEX, Brighton, Chichester, Worthing, Hastings,
Lewes, Arundel, &c. Map. Post 8vo. 6s.
SURREY A N D H A N T S , Kingston, Croydon, Reigate, Guildford, Dorking, Boxhill, Winchester, Southampton, New
Forest, Portsmouth, and I S L E O F W I O H T . Maps. Post 8vo. 10s.
BERKS, BUCKS, A N D OXON, Windsor, Eton,
Reading, Aylesbury. Uxbridge, Wycombe, Henley, the City and University of Oxford, Blenheim, and the Descent of the Thames. Map.
Post 8vo. 7s. 6<f.
WILTS, DORSET, A N D SOMERSET, Salisbury,
Chippenham, Weymouth. Sherborne, Wells, Bath, Bristol,' Taunton,
&c. Map. Post8vo. 10s.
D E V O N A N D CORNWALL, Exeter, Ilfracombe,Linton, Sidmouth, Dawlish, Teignmouth, Plymouth, Devonport, Torquay, Launceston, Truro, Penzance, Falmouth, the Lizard, Land's End,
& 0 . Maps. Post8vo. 12s.
.
.
CATHEDRALS of Winchester, Salisbury, Exeter,
Wells, Chichester, Rochester, Canterbury, and St. Albans. With 130
Illustrations. 2 Vols. Crown 8vo. 36s. St. Albans separately, crown
8vo. 6s.
GLOUCESTER, HEREFORD, AND WORCESTER
Cirencester, Cheltenham, Stroud, Tewkesbury, LeominBter, Ross, Malvern, Kidderminster, Dudley, Bromsgrove, Evesham. Map. Post8vo. 9s.
CATHEDRALS of Bristol, Gloucester, Hereford,
Worcester, and Liohfield. With 50 Illustrations. Crown 8vo. 16».

(
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H A N D - B O O K — N O R T H WALES, Bangor, Camarvon, Beaumaris,
Snowdon, Llanberis, Dolgelly, Cader Idris, Conway, &c. Map, Post
8vo. 7«.
SOUTH WALES, Monmouth, Llandaff, Merthyr,
Vale of Neatb, Pembroke, Carmarthen, Tenby, Swansea, The Wye, &c.
Map. PostSvo. 7s.
CATHEDRALS
OF BANGOR, ST. A S A P H ,
Llandaff, and St. David's. With Illustrations. Post 8vo. 15s.
• NORTHAMPTONSHIRE
AND
RUTL AND—
Northampton, Peterborough, Towcestar, Daventry, Market Harborough, Ketteriog, Wallingboiougli, Thrapston, Stamford, Uppingham, Oakbam. Maps. Post8vo.
DERBY, NOTTS, LEICESTER,
STAFFORD,
Matlock, Bakewell, Chatsworth, The Peak, Buxton, Hardwick, Dove
Dale, Ashborne, Southwell, Mansfield, Retfora, Burton, Belvoir Melton
Mowbray, Wolverhampton, Lichfield, Walsall, Tamworth. Map.
Post 8vo. 9s.
•
SHROPSHIRE, CHESHIRE AND L A N C A S H I R E
—Shrewsbury, Ludlow, Bridgnorth, Oswestry, Chester, Crewe,Alderley,
Stockport, Birkenhead, Warrington, Bury, Manchester, Liverpool,
Burnley, Clitheroe, Bolton, Blackburn, WigaK, Preston, Rochdale,
Lancaster, Southport. Blackpool, &c. Map. Post 8vo. 10s.
YORKSHIRE, Doncaster, Hull, Selby, Beverley,
Scarborough, Whitby, Harrogate, Ripoo, Leeds, Wakefield, Bradford,
Halifax, Huddersfield, Sheffield, Map and Plans. Post8vo. 12s.
CATHEDRALS of York, Ripon, Durham, Carlisle,
Chester, and Manchester. With 60 Illustrations. 2 Vols. Crown 8vo.
21s.
- — D U R H A M AND N O R T H U M B E R L A N D ,
Newcastle, Darlington, Gateshead, Bishop Auckland, Stockton, Hartlepool,
Sunderland, Shields, Berwick-on-Tweed, Morpeth, Tynenioutli, Coldstream, Alnwick, &c. Map. Post8vo. 9s.
—
WESTMORLAND AND C U M B E R L A N D — L a n caster, Furness Abbey, Ambleside, Kendal, Windermere, Coniston,
Keswick, Grasmer.e, Ulswater, Carlisle, Gockermoutb, Penrith, Appleby.Map. Post8vo. '6s.
*»* MURRAY'S MA? OF THE LAKE DISTRICT, on canvas. 3s. 6d.
E N G L A N D AND WALES. Alphabetically arranged
and condensed into one volume. Post 8vo.
[In the Press.
SCOTLAND, Edinburgh, Melrose, Kelso, Glasgow,
Dumfries, Ayr, Stirling, Arran, The Clyde, Oban, Inverary, Loch
Lomond, Loch Katrine and Trossachs, Caledonian Canal, Inverness,
Perth, Dundee, Aberdeen, Braemar, Skye, • Caithness, Ross, Sutherland, &c. Mans and Plans. Post 8vo. 9.«.
"IRELAND, Dublin, Belfast, Donegal, Galway,
Wexford, Cork, Limerick, Waterford, Killarney, Munster, &c. Maps.
Post 8vo.
HERODOTUS. A New English Version. Edited, with Notes
and Essays, historical, ethnographical, and geographical, by CANON
RAWLINSON, assisted by SIB HENRY RAWLMSON and SIB J. G. WILKINSON. Maps and Woodcuts. 4 Vols. Svo. 48s.
HERSCHEL'S (CAROLINE) Memoir and Correspondence.
By
MRS. JOHN HERSCH'EL. With Portraits. Crown Svo 12s.
H A T H E R L E Y (LORD). The Continuity of Scripture, as Declared
by the Testimony of our Lord and of the Evangelists and Apostles.
8vo. 6s. Popular Edition. Post 8vo. 2s. fid.
H O L L W A Y (J. G.). A Month in Norway. Pcap. 8vo. 2«.
H O N E Y BEE. By REV. THOMAS JAMES. Fcap. 8vo. Is.
HOOK (DEAN). Church Dictionary.
8vo. 16*.^
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HOME AND COLONIAL LIBRARY. A Series of Works

adapted for all circles and classes of Readers, having been selected
for their acknowledged interest, and ability of the Authors, Post 8vo.
Published at 2s. and 3s. 6d. each, and arranged under two distinctive
heads as follows:—
CLASS A.

H I S T O R Y ,

B I O G R A P H Y ,

1. SIEGE OP GIBRALTAR.
2.
3.
4.
5.
6.
7.
8.
9.
10.

A N D

H I S T O R I C

T A L E S .

By

11. THE SIEGES OF VIENNA.
J O H N DRINKWATER.
2S.
By LOBD ELLESMERK. 2S.
THE AMBER-WITCH.
By
12. THE WAYSIDE CROSS. By
LADY DUFF GOBDON. 2S.
CAPT. MILMAN. 2S.
CROMWELL AND BUNYAN.
13. SKETCHES OF GERMAN LIFE.
By ROBEBT SOUTBBY, 2S,
By SIR A. GORDON. 3S. 6d.
LIFE OF SIB FRANCIS DRAKE.
14. THE BATTLE OF WATERLOO.
By JOHN BABBOW. 2S.
By REV. G. R. GLEIG. 3». 6d.
CAMPAIGNS AT WASHING15. AUTOBIOGRAPHY OF STEF.
TON. By REV. G. R. GLEIG. 2S.
FENS. 2«.
THE FRENCH IN ALGIERS.
16. THE BRITISH POETS. By
By LADY DUFF GORDON. 2S.
THOMAS CAMPBELL. 8s. 64.
THE FALL OF THE JESUITS,
17. HISTORICAL ESSAYS. By
LOBD MASON. 8s. 6(2.
2s,
18. LIFE OF LORD CLIVE. By
L1VONIAN TALES. 2s.
REV. G. R. GLEIG. 8s. 6d.
LIFE OF CONDE. By LOBD M A 19. NORTH - WESTERN RAILHON. 3s. 6d.
WAY. By SIB F. B. HEAD, 2S.
SALE'S BRIGADE. By R E V .
G . B . GLEIG. 2S.
20. LIFE OF MUNRO. By REV. G.
CLASS B. R. GLEIG. 3s. 6d.
V O Y A G E S ,

T R A V E L S ,

1. BIBLE IN SPAIN. By GEOBGK
BORROW. 3S. 6d.
2. GYPSIES OF SPAIN. By GEORGE
BORROW. 3S. 6d.
8 & 4. JOURNALS IN INDIA. By
BISHOP HKBEB. 2 Vols. 7s.
6. TRAVELS IN THE HOLY LAND.
By IBBY and MANGLES. 2S.
6. MOROCCO AND THE MOORS.
By J. DBUUMOND HAY. 2S.
7. LETTERS FROM THE BALTIC.
By a LADY.
8. NEW SOUTH WALES. By MBB.
MEREDITH, 2S.
9. THE WEST INDIES. By M. G.
LEWIS, 2S.
10. SKETCHES OF PERSIA. By
SIB JOHN MALCOLM. SS. Bd.
11. MEMOIRS OF FATHER RIPA.
12 & 1 8 . TYPEE AND O M O O . By
HERMANN MELVILLE. 2 Vols. 7s.
14. M I S S I O N A R Y LIFE IN CANADA. By REV. J. ABBOTT. 2S.

A N D

A D V E N T U R E S .

15. LETTERS FROM MADRAS. By
a LADY. 2S.
16. HIGHLAND SPORTS.
By
CHARLES ST. JOHN. 3S. 6d.
17. PAMPAS JOURNEYS. By SIB
F . B. HEAD. 2S.
18. GATHERINGS FROM SPAIN.
By RICHARD FOBD. 3S, 6tt
19. THE RIVER AMAZON. By
W. H . EDWABDS. is.
20. MANNERS & CUSTOMS OF
INDIA. ByRsv.C.AOLAND. 2s.
21. ADVENTURES IN MEXICO.
By G. F. RUXTON. 8S. 6i.
22. PORTUGAL AND GALICIA.
By LOBD CARNARVON. 3S. 6d.
23. BUSH LIFE IN AUSTRALIA.
By REV. H. W. HAYGABTH. 2S.
24. THE LIBYAN DESERT. By
BAYLE ST. JOHN, 2S.
25. SIERRA LEONE. By A LAD*.
3l.6d.

%* Each work may be had separately.
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• HOOK'S (THEODORE) Life, By Xi G. LOOKBART.

Fcapi 8vo. IS.

HOPE CP. C). AROHITBOTURE OF AHMEDABAD, with Histórica
Sketch and Architectural Nates, With Maps,. Photographs, and
Woodcuts. 4to. 6Í. 6s.

'• (A. J. BERESFORD) Worship in the Church of England.
8vo.

9s., or, Popular Selectimsfrom.

HORACE; a New Edition of the'Text,.

8vo. 2s. 6d.

Edited by DBAIT MILMAB.

With 100 Woodcuts. Crown 8vo. 7s. 64t
Life of. By DBAH MIMAN. Illustrations. , 8vo.

HOUGHTON'S (LORD) Monographs, Personal and Social

9«.

With

Portrait. Crown Ovo, lOs, 6i.

POETICAL WORKS.

Collected. Edition,

With Por-

trait. 2 Vols. Fcap. 8vo. 12s.

HUME (The Student's).

A History of England, from- the Inva-

HUTCHINSON (GEN.)

Dog Breaking, with Odds and Ends for

sion of Julius Ca?sar to the Revolution of 1688.
tinned to 1868. Woodcuts. Post 8vo.. 7j. 6d.

Corrected stnd coil-

those who love the Eog and the Gun. With 40 Illustrations. Uh
edition* 7*..6d.

HUTTON ( H . E . ) . Principia Gresca; an Introduction to the Study
of Greek. Comprehending; Grammar. Delectus, aad Exercise-book.,
with Vocabularies. Sixth Edition. 12mo. 8s, 6ei.

IRBY AND MANGLES' Travels in Egypt, Nubia, Syria, and
the Holy Land. Post 8vo. 2s.

JACOBSON (BISHOP).

Fragmentary Illustrations of the History

of the Book of Common Prayer; from Manuscript SourceB (Bishop
SAHDBRSON and Bishop WBENJ. 8VO. 6S.

JAMES' (REV. THOMAS) Fables of Jüsop. A New Translation, with
Historical Preface*
Post 8vo. 2s. 6d.

JAMESON (MRS.).

With 100 Woodonts hy TKHJUEI. and WOL».

Lives of the Early Italian Painters—

and the Progress of Painting In Italy—Cimabue to Bassano. With

60 Portraits, postsvo, 12s.
JENNINGS (Louis J.). Field Paths and Green Lanes in Surrey
and Sussex. Illustrations. Post 8vo, 10s. 6d.

JEEVIS (Rsr. W. H.). The Gallican Church, from the Concordat of Bologna, 1516, to the Revolution. With IUL Introduction.
Portraits. 2 Vols. 8*o. 28s,

JESSE (EDWARD)., Gleanings in Natural History. Fcp.Svo. Zs.6d.
JEX-BLAKE (REV. T. W.). Life in Faith: Sermons Preached
at Cheltenham and Rugby. Fcap. 8vo. 8s. Gd.

JOHNS (REV. B. G). Blind People; their Works and Ways. With
Sketche»of theLivesof some famous Blind Men, With Illustrations.
Post 8TS. 7S, Od,

JOHNSON'S (DR. SAMUEL) Life.

By James BoswelT., Including

rb» Tour to the Hebrides. Edited by MB. CHOKES, 1 vol. Royal
6vo. 12s Kern Edition. Portraits. 4 Vols. 8vo. [í* PfefMoMon.

—«

— — Lives of the most eminent English Poets, with

Critical Obserr&tfons on their Works. Edited with Notes* Corrective
and Explanatory, by PETER CUNNIKGHAW. 3 vols* 8wo . 22s, Gtk
JUNIUS' HANDWRITING Professionally investig-arted. By Mr. CHABOT;
Expert. With Preface and Collateral Evidence, by the Hon. EnwAHD
TYVISLETOS With Facsimiles, Woodcuts, &o. ato. A'3 8s.
v
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Z E N ' S (BISHOP) Life. By a LAYMAN. Portrait. 2 Vols. 8vo„ 18s.
Exposition of Hie Apostles' Creed. 16mo. Is. 6<2.
KERR (ROBERT). GENTLEMAN'S HOUSE ; OR, How TO PLAN" ENGLISH KBSIDBNCES FROM TH« PAU30WAGS TO THE' PALACE. With

Views and Plans. 8vo< 24s.
Small CountryHouse. A Brief Practical Discourse on
the Planning of a Kesidenoe from 20U0J. to SODui. With Supplementary Estimates to 7000!. Post 8vo; 3S.
Ancient L i g h t s ; a. Book for Architects, Surveyors,
Lawyers, and Landlords. 8vo. 5S. Gd.
(E, MALCOLM) Student's Blackstone;
A^ Systematic
Abridgment of the entire'Commentaries, adapted'to tile'present state
of the law; Post Svo. 7s. 6d.
K I N G E D W A R D VITH'S Latin Grammar. 12mo. 3s. 6tl.
Pirst Latin Btfok. 12mo.- 2s. 6 » .
K I N G (R. J.). Archaeology,Travel and A r t ; being Sketches and
Studies, Historioal and Descriptive. Svo. l-Js.
KIRK (Ji. POSTER). History of Charles the Bold, D u k e o f Burgundy. Portrait. 3 Vols. 8vo. 45s,
K I R K E 9 Handbook" of Physiology.
Edited b y W. MOKR2.NI
BAKER, F.R.C.S. With 400 Illustrations. Post 8vo. 14s.
KUGLER'S Handbook of Painting:—The Italian Schools. Revised and Remodelled from the most recent. R^sea-ches. By LADY
EASTLAKE. With 140 Illustrations. 2 Vols. Crown 8vo. 80s.
.
— Handbook of Painting.—The German, Flemish, and
Dutchi School)*., Revised and in part, re-written.. By-J. A. CHOWK.
WithBO Illustrations, 2 Vols. Crown Svo. 21«.
L A N E (B. W.). Account of the Manners and Customs of Modern
Egyptians. With Illustrations. 2 Vols. Post 8vo. 12s/
LAWRENCE (SIR GEO.). Reminiscences of Forty-three Years*
Service in India; including Captivities in Cubul among the Afghans
and among the Sikhs, and a narrative of tl*e Mutiny iu Rajputana
Crowu 8vo. 10s. 6d.
L A T A R D (A . H.). Nineveh and its Remains. Being a Narrative of Researches and Discoveries amidst the Ruins of Assyria.
With an Account of the Chaldean Christians of Kurdistan-, th&YezediSi
or Devil-worshippers; and an Enquiry into the Manners and Arts of
the Ancient Assyrians. Plates and Woodcuts. 2 Vnla. 8vo. 86s.
*,* A POPULAR EDITIOS of the above work. With Illustrations.
Post8vo. 7s. Bd.
— Nineveh and Babylon ; being the Narrative, of Discoveries in the Ruins, with Travels in Armenia, Knnilstan and the
Desert, during a Second Expedition to Assyria. With" Map and
Plates. 8vo. 21s.
*** A POPULAR EDITION of the above- work. Willi. Illustrations
Post Svo. 7s.- 8d.
LEATHES' (STANLEY) Practical Hebrew Grammar.
With the
Hebrew Text of Genesis i.—vi„ and Psivlms i.—-vi. Grammatical
Analysis and Vocabulary. Post 8vo. 7». 6d.
L E N N E P ' (REV. H . J . VAN)'. Missionary Travels' in Asia Minor.
With Illustrations of Biblical History and Archaeology. With Map
• and Woodcuts. 2 Vols. Post 8vo. 24s.
Modern Customs and Manners of Bible Lands i n
Illustration of Scripture. With Coloured Maps and 300 Illustrations.
2 Vols. 8vo. 21s.
13- 3
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L E S L I E (C. E.). Handbook for Y o u n g Painters. With Illustrations. Post 8vo. 7s. 6d.
Life and Works of Sir Joshua Reynolds. Portraits
and Illustrations. 2 Vols. 8vo. 42s.
L E T O (POMPOHIO). E i g h t Months at Rome during the Vatican
Council. With a dally account of the proceedings. Translated from
the original. 8vo. 12s.
L E T T E R S FROM THE BALTIC. B y a LADY. Post 8vo. 2s.
MADRAS. B y a LADY. Post 8vo. 2«.
SIERRA LEONE.

B y a LADY.

Post 8vo. 3s. 6d.

L E V I (LEONE). History of British Commerce; and of the Economic Progress of the Nation, from 1763 to 1870. 8vo. 16s.
L I D D E L L (DEAN). Student's History of Rome, from the earliest
Times to the establishment of the Empire. Woodcuts. Post 8vo, 7s. Gd,
L L O Y D (W. WATKISS). History of Sicily to the Athenian War;
with Elucidations of the Sicilian Odes of Pindar. With Map. 8vo. 14s.
L I S P I N G S from LOW L A T I T U D E S ; or, the Journal of the Hon.
ImpulsiaGushington. Editedbv LORDDUFFERIN. With24Plates.4to.21s.
LITTLE

ARTHUR'S

HISTORY

OP ENGLAND.

B y LADY CALL-

COTT. New Edition, continued to 1872. With Woodcuts. Fcap. 8vo. Is. 6d.
L I V I N G S T O N E (DR.). Popular Account of his First Expedition
to Africa, 1840-56. Illustrations. Post 8vo. 7s. 6d.
Second Expedition to Africa, 1858-64. Illustrations, Post8vo. 7s. Gd.
Last Journals i n Central Africa, from 1865 to
his Death. Continued by a Narrative of his last moments and sufferings.
By Rev. HORACE WALLER. Maps and Illustrations. 2 Vols. 8vo. 2tis.
LIVINGSTONIA.
Journal of Adventures i n Exploring Lake
Nyassa, and Establishing a Missionary Settlement there. By E. D,
YOUNG, R.N. Revised by Rev. HORACE WALLER. Maps. Post 8vo. 7s. Gd.
L I V O N I A N T A L E S . B y t h e Author of " Letters from the
Baltic." Post8vo. 2s.
LOCH ( H . B . ) . Personal Narrative of Events during Lord
Elgin's Second Embassy to China. With Illustrations. Post8vo. 9s.
L O C K H A R T (J. G.). Ancient Spanish Ballads.
Historical and
Romantic Translated, with Notes. With Portrait and Illustrations.
Crown 8vo. 5s.
Life of Theodore Hook. Fcap. 8vo. I s .
L O U D O N (MRS.). Gardening for Ladies. With Directions and
Calendar of Operations for Every Month. Woodcuts. Fcap. 8vo. 8s. Gd.
L Y E L L (SIR CHARLES). Principles of Geology; or, the Modern
Changes of the Earth and its Inhabitants considered as illustrative of
Geology. With Illustrations. 2 Vols. 8vo. 32s.
Student's Elements of Geology. With Table of British
Fossils and 600 Illustrations. Post 8vo. 9s.
Geological
Evidences
of t h e Antiquity of Man,
including an Outline of Glacial Post-Tertiary Geology, and Remarks
on the Origin of Species. Illustrations. 8vo. 14s.
(K.M.).
Geographical Handbook of Ferns. With Tables
to show their Distribution. Post 8vo, 7s. Gd.
L Y T T O N (LORD). A Memoir of Julian Fane. W i t h Portrait. Post
8vo. 6s.
MoOLINTOCK ( S I R L.). Narrative of t h e Discovery of the
Fate of Sir John Franklin and bis Companions in the Arctic Seas.
With Illustrations. Post 8vo. 7x. 6d.
M A C D O U G A L L (COL.). Modern Warfare as Influenced by Modern
Artillery. With Plans. Post8vo. 12s.
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MACGREGOR ( J . ) . Rob Roy on the Jordan, Kile, Red Sea, Gennesareth, &c. A Canoe Cruise in Palestine and Egypt and the Waters
of Damascus. With Map and 70 Illustrations. Crown 8vo. 7 s. Bd.
MAETZNER'S ENGLISH GRAMMAR. A Methodical, Analytical,
and Historical Treatise on the Orthography, Prosody, Inflections, and
Syntax of the English Tongue. Translated from the German. By
CLAIR J. GRECE, LL.D. 8 Vols. 8vo.
M A H O N (LORD), see STANHOPE.

86s.

M A I N E (SIR H. SUMNER). Ancient Law: its Connection with the
Early History of Society, and its Relation to Modern Ideas. 8vo. 12s.
— Village Communities in the East and West. 8vo. 12s.
Early History of Institutions. 8vo. 12s.
MALCOLM (SIR JOHN); Sketches of Persia. Post 8vo. 3s. 6d.
M A N S E L (DEAN).
Limits of Religious Thought Examined.
Post 8vo. 8s. Bd.
Letters, Lectures, and Papers, including the Phrontisterion, or Oxford in the XlXth Century. Edited by II. W. CHANDLER,
M.A. 8vo. 12s.
Gnostic Heresies of the First and Second Centuries.
With a sketch of his life and character. By Lord CARNARVON.
Edited by Canon LIGHTFOOT. 8vo. 10s. Bd.
M A N U A L OP SCIENTIFIC ENQUIRY.
For the Use of
Travellers. Edited by REV. R. MAIN. Post 8vo, 8s. 6d. {Published by
order of the Xjords of the, A dmiralty.)

MARCO POLO. The Book of Ser Marco Polo, the Venetian.
Concerning the Kingdoms and Marvels of the East. A new English
Version. Illustrated by the light of Oriental Writers and Modern
Travels. By COD. HENRY YULE, Maps and Illustrations. 2 Vols.
Medium Svo. 63s.
MARKHAM (CLEMENTS R.). The Introduction of Bark Culture
inti the British Dominions, containing a narrative of Journeys in Peru
and India, and some account of the Chincona Plantations already
tornied. Illustrations. 8vo.
(MRS.) History of England. From the First Invasion by the Romans to 1867. WoodcutB. 12mo. 3s. Bd.
History of France.
From the Conquest by the
Gauls to 1861. Woodcuts. 12mo. 3s. Bd.
History of Germany. From the Invasion by Marius
to 1867. Woodcuts. 12mo. 3s. Bd.
MARLBOROUGH'S (SARAH, DUCHESS OF) Letters. N o w first
published from the Original MSS. at Madresfield Court. With an
Introduction. 8vo. 10s. Bd.
MARRYAT (JOSEPH). History of Modern and Mediaeval Pottery
and Porcelain. With a Description of the Manufacture. Plates and
Woodcuts. 8vo. 42s.
MARSH (G. P.). Student's Manual of the English Language.
Edited with Additions. By DR. WM. SMITH. Post 8vo. 7s. Bd.
MASTERS in English Theology. The King's College Lectures,
1877. By Canon Barry, Dean of St. Paul's; Prof. Plumptre, Canrn
Westcott, Canon Farrar, and Prof. Cheetham. With Introduction by
Canon Barry. Post 8vo. 7s. 6<{.
MATTHIiE'S GREEK. GRAMMAR.
Abridged
Hevised by E. S. CROOKS. 12mo. 4s.

by

BLOMFIELD,

MAUREL'S Character, Actions, and Writings of Wellington.
Fcap. 8vo. Is. Bd.
MAYO ( LORD). Sport in Abyssinia; or, the Mareb and Tackazzee. With Illustrations. Crown 8ro. 12s.
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M E A D E (HON. HERBERT). Hide through t h e Disturbed Districts of
New Zealand, with a Cruise among the South Sea Islands. With Illustrations. Medium 8vo. 12s.
M E L V I L L E (HERMANN).
Marquesas a n d South Sea Islands.
2 Vols. Post 8vo. 7«.
M E R E D I T H (MRS. CHARLES). N o t e s and Sketches of N e w South
Wales. Post 8vo. 2s.
M I C H A E L A N G E L O , Sculptor, Painter, a n d Architect. H i s Life
and Works. By C. HEATH WILSON. Illustrations. itoyal8^. 26s.
M I L L I N G T O N (REV. T. S.). Signs and Wonders i n t h e Land of
Ham, or the Ten Plague* of Egypt, with Ancient and Modern Illustrations. Woodcuts. l'*»sf Svo. 7s. Gd.
M I L M A N ' S (DEAN) WORKS : —
HISTORY OP THE JEWS, from the earliest Period down to Modern
Times. S Vols. Post 8vo. I8s.
EARLY CHRISTIANITY, frr>m the Birth of Chrtet t o the Abolition of Paganism in the Roman Empire. 8 Vols. Post Svo. ISs.
'LATIN CHRISTIANITY, including that of t h e Popes to the
Puntifloate of Ninhohis V. 9 Vuls. Post8vo. 64».
ANNALS OF ST. PAUL'S CATHKDRAL, from t h e Romans to

the

funeral of Wellington. Illustrations. 8vo.
CHARACTER AND CONDUCT OF THE APOSTLES considered as an

Evidence of Christianity. 8vo. 10s. Gd.
QUINTI HORATII FLACCI OPERA.
With 100 Woodcuts.
Small
8vo. 7s. Gd.
L I F E OF QUINTUS EORATIUS FLACCCS.
W i t h Illustrations.

8vo. 9s.
POETICAL WORKS. The Fall of Jerusalem—Martyr of Antioch
—Balshrtzzar— Tamor—A.one Boleyu—Fazio, &c With Portrait and
Illustrations. S Vols. Fcap. 8vo. ISs.
PALL OP JERUSALEM.

Fcap. 8vo.

1«.

M I L M A N (CAPT. E . A . ) Wayside Cross. Post 8vo. 2s.
M I V A R T (ST. GEORGE). Lessons from N a t u r e ; as manifested i n
Mind and Matter. 8vo. 15s.
M O D E R N DOMESTIC COOKERY.
Founded on Principles of
Economy andPracticalKnowledge. NeviEdition. Woodcuts. Fcap.8vo. 5s.
M O N G R E D I E N (AUGUSTUS),
Trees a n d Shrubs for English
Plantation. A Pelectinn and Inscription of the most Ornamental
which will flourish in the open air in our climate. With Classified
Lists. With 80 Illustratiena. 8vo. 16».
MOORE (THOMAS).
Life and Letters of Lord Byron.
Cabinet
Edition. With Plates. 6 Vols. Fcap. Svo. 18».; Popular Edition,
with Portraits. Rojal8vo. 7s. 6*.
' M O R E S B Y (CAPT.), R . N . Discoveries i n N e w Guinea, Polynesia,
. Torres Straits, &c, during the cruise of H.M.S. Batdlisk. Map an
Illustrations. Svo. 15s.
M O T L E Y (J. L . ) . History of the U n i t e d Netherlands : from the
Death of William the Silent to the Twelve Years' Truce, 1609. Library
Edition.
Portraits. 4 Vols. Post 8vo. 6s. each.
•

Life and Death of J o h n of Barneveld,
Advocate of Holland. With a View of the Primary Causes and
Movements of the Thirty Years' War. Library Edition.
Illustrations.
2 Vols. 8vo. 28s. Cabinet Hdilion. 2 vols. Post8vo. 12s,
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MOBSMAN (SAMUEL). New Japan.; the Lsuid of the Rising S u n ;
itsAmiftls and .Progress during the past T«r«nty Years, recording the
itemiwkuhle Progress of .the Japanese in Western Civilisation. With
Map. 8vo. 15s.
MOZLBY (GANOH). Treatise on the Augnstiniau doctrine of
Predestination. Crown 8vo. 9«.
Primitive Doctrineof BaptismalRegeneration. Post 8vo.
JETJIRHSAD (JAS.). The Vaux-^de-Yire of Maistre Jean Le Houx,
Advocate of Vire. Translated-aad Edited. With Portrait and Illustrations. 8vo. 21s.
MITNRO'S (GENERAL) Life and Letters.

B y TEBV. tQ. R. GLEIG.

Post 8vo. Ss. 6d.
fJWJROHISON (SIR RODERICK). Siluria; or, ji, History of the
Oldest rocks containing Organic-Uemains. Map aM.Plates. 8vo. 18s.
-i in
Memoirs. With Netiees of his Contemporaries,
and Rise and Progress of Palaeozoic Geology. By ARCHIBALD GHIKIE,
Portraits, 2 Vols. 8vo. 30s.
.MURRAY'S RAILWAY READING.
Containing:—
Wsi*fcMi*TO.rt. B y Iioii-B Ei.i-itsauMia. Gd.
N l M R O D O f t T H K 'GHASB, 1«.
MlTSIC AMD D&BSB. -Is.
M a M A x ' s FALL OP JttuuaAi.itW. 1*.

IMAHON'S "Foair-I'lVR." 3t.
LIPB or X a s o D o a s HOOK.. 1*.
DKKDS OF NATAL D\ftj;s«, 3«. 0d.
"T-ttB HOHKT B x i . U.
JBSOP'B PABLBS. 2»,
NIMROD 0 » TBI T o n f .

MA«OVB JOAN OF ARC. 1A,
UBAVB Efai*aAWT. -Is.fut.

KflMROO O H TITBiBoAO. I*.
Ciionkb o n TUB (JuiLi.onaa.
aoi.i,WAt'B N o a w A T . 2»,

\t.

MAUHEU'S WsLiiixaiLON. 1J. Bit.
0 A M P B KLIi'8 tilPK OP BAO&h. 0*. 6J,

9?HK FLO w a n CARDSrc. LI.
ItpjjicTKu ADDRKHSKB. IS.

Is.fitf.

MUSTERS' (CAPT.) Patajroniana; a Year's Wanderings over
Untrodden. Ground. fromtiho*St,ralts of Magellan to the Kio Negro.
Illustrations. Post-8vo. Us. 8t2.
N A P I E R (SIR WM,).
JEnglUh Batfclos and Sieges of tjie Peninsular
War. Portrait. PostSvo. fis. '
,

N A P O L E O N AT FONTAINEBLEAU AND ELBA.
A Journal of
Occurrences and Note* of Conversations. By SIR NRTL CAMPBELL,

C.B. "With a Memoir. By KKV. A. N. C.MACLACHLAN, M.A. Portrait
8vo. 15s.
N A R E S (SIR GEORGE), R.N"., Official Report to the A&micaljiy <jf
the recent Arctic Expedition. i\tap. 8vo. 2a. Qd,
N A S M Y T H AND CARPENTER. The Modn. Considered as A
Planet, a World, and a Satellite. With Illustrations from Drawings
made with the aid of Powerful Telescopes, Woodcuts, &o. 4fco. 30s.
N A U T I C A L A L M A N A C (THE). (By Authority.)
2s. 6d. [
N A V Y LIST. (Monthly and Quarterly.) Post 8vo.
N E W TESTAMENT. With Short Explanatory - Commentary.
By ARCHDEACON CHURTON, M.A., <an& ARCHD'SAOON IBASTL JONES, M.A.

WithilO authentic Views, Ac. 2 Vols. thwaSvo
$U.bound.
N E W T H (SAMUEL). First Boofc of Natural PhUqsopihy; an Introduction to the Study of Statics, Dynamics, Hydrostatics, Bight, Iloat,
and -Sound, witli numerous Examples. New and ttratorgad edition.
Small 8vo. 3s. Qd.
4+~—
, — Elements of Mechanics., including .Hydrostatics,
with numerous Examples. Small 8vo. 8s. Qd,
M m
,—
Mathematical Examples.
A Graduated Series
of Elementary Examples in Arithmetic, Algebra., Logarithms, Trigonometry, and Mechanics. · Spall 8vo. Ss, Q$.
N I C H O L S ' (J. G.) Pilgrimages to Walsinghaaa and Canterbury.
tBy "ERASMUS. Translated, -with Notes. -With liUrstoatfooB. Post8vo. 6*.
—-—
(SIR GEORGE} History of t h e 'English Poor Laws.
·* vols. 8vo.
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NICOLAS (SIR H A R R I S ) Historic Peerage of England.
Exhibiting the Origin, Descent, and Present State of every Title of Peerage which has existed in this Country since the Conquest. By
WILLIAM COUBTHOM.

8 v 0 . 80».

NIMROD, On the Chace—Turf—and Road. WithJ Portrait and
Plates. Crown 8vo. 5». Orwith Coloured Plates, 7«. 6rf.
N/ORDHOFF ( C H A S . ) .
Communistic Societies of the United
States; including Detailed Accounts of the Shakers, The Amana,
Oneida, Bethell, Aurora, Icarian and other existing Societies; with
Particulars of their Religious Creeds, Industries, and Present Condition. With 40 Illustrations. 8vo. 15».
NORTHCOTE'S ( S I R J O H N ) Notebook in the Long Parliament.
Containing Proceedings during its First Session, 1640. Edited, with
a Memoir, by A. H. A. Hamilton. Crown 8vo. 9s.
OWEN (LIEUT.-COL.). Principles and Practice of Modern Artillery,
including Artillery Material, Gunnery, and Organisation and Use ot
Artillery in Warfare. With Illustrations. 8vo. 16s.
OXENHA M ; ( R E V . W.). English Notes for Latin Elegiacs ; designed
for early Proficients in the Art of Latin Versification, with Prefatory
Rules of Composition in Elegiac Metre. 12mo. 8». 6d.
PALGRAYE ( R . H. I.). Local Taxation of Great Britain and
Ireland. 8vo. 5s.
Notes on Banking in Great Britain and Ireland,
Sweden, Denmark, and Hamburg, with some Remarks on the amount
of Bills in circulation, both Inland and Foreign. 8vo. 6s.
PALLISER ( M R S . ) .
Brittany -and its Byeways, its Inhabitants,
and Antiquities. With Illustrations. Post Svo. 129.
Mottoes for Monuments, or Epitaphs selected for
General Use and Study. With Illustrations. Crown 8vo. 7». 6d.
PARIS ( D R . ) Philosophy in Sport made Science in Earnest;
or, the First Principles of Natural Philosophy inculcated by aid of the
Toys and Sports of Youth. Woodcuts. Post 8vo. 7».6d.

•

PARKYNS' (MANSFIELD) Three Years' Residence in Abyssinia:
with Travels in that Country. With Illustrations. Post 8vo. 7s. 6d.
PEEK

PRIZE

ESSAYS.

The Maintenance of the Church of

England as an Established Church. By REV. CHAEI.ES HOLE—REV.
R. WATSON DIXON—and REV. JULIUBJLLOYD. 8vo, 10», Gd.

PEEL'S (SIR ROBERT) Memoirs. 2 Yols. Post 8vo. 15s.
P E N N (RICHARD). Maxims and Hints for an Angler and Chessplayer. Woodcuts. Fcap. 8vo. 1».
PERCY !(JOHN, M.D.).
Metallurgy.
1st Division. — FUEL,
Wood, Peat, Coal, Charcoal, Coke. Fire-Clays. New Edition.
With
Illustrations. 8vo. 80s.
•
2nd Division.—Copper, Zinc, and Brass. New Edition.
With Illustrations.
[In the Preia.
3rd Division.—Iron and Steel. New Edition.
With
Illustrations.
[In Preparation.
J 4th Division.—Lead, including part of Silver.
With
Illustrations. 30s.
'
5th Division.—Silver. With Illustrations. [Nearly Ready.
—·
6th Division.—Gold, Mercury, Platinum, Tin, Nickel,
Cobalt, Antimony, Bismuth, Arsenic, and other Metals. With Illustrations.
[In Preparation.
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P H I L L I P S ' (JOHN) Memoirs of William Smith. 8vo. 7*.6cZ.
Geology of Yorkshire, The Coast, and Limestone
District. Plates. 2 Vols. 4to. 31«. 6rt. each.
Rivers, Mountains, and Sea Coast of Yorkshire.
With Essays on the Climate, Scenery, and Ancient Inhabitants.
Plates, 8vo. 15s.
(SAMUEL), Literary Essays from " The Times." With
Portrait. 2 Vols. Fcap. 8vo. 7s.
P O P E ' S (ALEXANDER) Works. With Introductions and Notes,
by REV. WHITWELLELWIN. Vols. I., II., VI., VII., VIII. WithPor.
traits. 8vo, 10s. 6d. each.
PORTER (REV. J . L.). Damascus, Palmyra, and Lebanon. With
Travels among the Giant Cities of Bashan and the Hauran. Map and
Woodcuts. Post 8vo. 7s. 6a.
PRAYER-BOOK (ILLUSTRATED), with Borders, Initials, Vignettes, &c. Edited, with Notes, by REV. Tnos, JAMES. Medium
8vo.

18s. cloth; 31s. 6d. calf; 36s. morocco.

PRINCESS CHARLOTTE
OP WALES. A Brief Memoir.
With Selections from her Correspondence and other unpublished
Papers.

By LADY ROSE WEIOALL, With Portrait. 8vo. 8s. Set.

P U S S I N BOOTS. With 12 Illustrations.
B y OTTO SPEOKTER.
16mo. Is. M. Or coloured, 2«. 6d.
P R I V Y C O U N C I t J U D G M E N T S in Ecclesiastical Cases relating to Doctrine and Discipline.
With Historical Introduction,
by G. C. BEODEIOK and W. H. FEEMANTLE. 8vo.

10S. 6d.

QUARTERLY REVIEW (THE). 8vo. 6S.
R A E (EDWARD). Country of the Moors. A Journey from Tripoli
in Barbary to the Holy City of Kairwau. Map and Etchings. Crown
8vo. iOs. 6d.
RAMBLES in the Syrian Deserts. Post 8vo. 10s. 6c?.
RASSAM (HORMUZD). Narrative of the British Mission to Abyssinia. With Notices of the Countries Traversed from Massowah to
Magdala. Illustrations. 2 Vols. 8vo. 28s.
R A W L I N S O N ' S (CANON) Herodotus.
A New English Version. Edited with Notes and Essays. Maps and Woodcut. 4 Vols. 8ro. 48s.
Pive Great Monarchies of Cbaldsea, Assyria, Media,
Babylonia, and Persia. With Maps and Illustrations. 3 Vols. 8vo. 42s.
(SIR HENRT) England and Russia in the East; a
Series of Papers on the Political and Geographical Condition of Central
Asia. Map. 8vo. 12s.
REED (E. J . ) . Shipbuilding in Iron and Steel; a Practical
Treatise, giving full details of Construction, Processes of Manufacture,
and Building Arrangements. With Illustrations. 8vo.
•
Iron - Clad Ships; their Qualities, Performances, and
Cost. With Chapters on Turret Ships, Iron-Clad Rams, Ac. With
Illustrations. 8vo. 12s.
Letters from Russia in 1875. 8vo. 6s.
REJECTED A D D R E S S E S (THE).

By JAMES AND HOKAOE SMITH.

Woodcuts. Post 8vo. 3s. 6d.; or Popular Edition, Fcap. 8vo. Is.
REYNOLDS' (SIR JOSHUA) Life and Times. By C. R. LESLIE,
R.A. and TOM TAYLOB. Portraits. 2 Vols. 8vo. 42s.
RICARDO'S (DAVIB) Political Works. With a Notice of his
Life and Writings. By J . R. M'CITLLOCH. 8VO. 16s.
RIPA (FATHER). Thirteen Years' Residence at the Court of Peking.
Post 8vo. 2s.
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R O B E R T S O N (CANON).
History of t h e Christian Church, from
the Apostolic Age to the Reformation,^1517. Library Edition. 4 Vols.
Svo. Cabinet Edition. 8 "Vols. Post 8vo. 6s. each.
R O B I N S O N (REV. D R . ) . Biblical Researches i n Palestine and the
Adjacent Begums, 18S8—52. Maps. 8 Vols. 8vo. <42s.
PhysicalGeography of t h e Holy Land. Post8vo. 10s. 6 d
.— (WM.) Alpine Plowers for E n g l i s h Gardens. With
70 Illustrations. Crown 8vo. 12s.
——•
Wild Garden; or, our Groves a n d Shrubberies
made beautiful by the Naturalization of Hardy Exotic Plants. With
Frontispiece. Small Svo. 6s.
——
Sub-Tropical Garden ; or, B e a u t y of Porm in the
Flower Garden. With Illustrations. Small Svo. 7s. Gd.
E O B S O N ( E . R.). SCHOOL ARCHITECTURE. B e i n g Practical Remarks on the Planning, Designing, B-ullding, and Furnislung of
School-houses. With 300 Illustrations. Medium Svo. ISs.
R O M E (HISTORY OP). See L I D D E I L and S M I T H .

. R O W L A N D (DAVID). Laws of N a t u r e t h e Foundation of Morals.
Post Svo. 6s.
B U X T O N (GEO. P.). Tra-vels in Mexico; with Advemtrs. a m o n g Wild
Tribes <uid Animals of the Pnairiesand Bock y Moan tains. Post8vo. Ss.fc?.
S A L E ' S (SIR ROBERT) Brigade in Aflg-hanisten. W i t h a n A-ecount of
the Defeaoe «f Jailalabad. By R#v. G. >R. GIEIO. Fosfr8vo. 2s.
S C E P T I C I S M I N G E O L O G T ; and t h e Reasons for It. An.
assemblage of facts from Nature combining toinvalidate and refute the
theory of "Causes now in Action." By VERIFIES. Woodcuts.
Crown 8vo. 6s.
' S C H L I B M A N N (DR. HENRY). Troy a n d I t s R e m a i n s . A Narrative of Researches awd Discoveries made on the Site of I1inm,:and in the
TrojanPlain. With Maps, Views, and50uIllustrations. Medium 8vo. 42s.
•
Discoveries o n t h e S i t e s of A n c i e n t Myceuse
and Tiryns. With Maps and 500 Illustrations, Medium 8vo. 60«'.
tSCOTT ( S I R G. G.). Secular and D o m e s t i c Architecture, Present
and Future. 8vo. 9s.
—•
(DEAN) University Sermons. P s s t Svo. 8s. 6d.
©CROPE (G. P.). Geology a n d E x t i n c t Volcanoes of Central
France. Illustrations. Medium 8vo. 60s.
E E L B O R N E (LORD). N o t e s on some Passages i n t h e Liturgical
Jlistory of the Reformed English Ciuirch. 8v>o. 6s.
S H A D O W S OP A S I C K ROOM.
W i t h a Preface by Canon
LIDDOU.

16mo.

2s. Gd.

. S H A H O F P E R S I A ' S Diary during h i s Txiur through Europe in
1873. Translated from the Original. By J . W. BJSBHODSB. With
Portrait and Coloured.Title. Crown 8vo. I2s.
SMILES' (SAMUEL) W O R K S :—
BRITISH ENGINEERS ; from the Earliest Period to the death of
the Stephensons. With Illustrations. 6 Vols, Crown Svo. 7s. Gd. each.
LIFE

OF A SCOTCH NATURALIST.

With. Portrait and Illus-

tiiatiopfl. Crown Svo. 30*. Gd.
HUGUENOTS I N EEGLAND AND IRELAND.

Crown 8vo.

7s. 6d.

|

(SELF-HELP.
With Illustrations of Conduct and Perseverance. Post 8vo. 6s. Or in French, 6s.
CHARACTER. A Sequel to " SEW-HJSLP."
Past 8vo. 6s.
THRIFT. A Book of Domestic CounseL P o s t 8vo. 6s.
INDUSTRIAL BIOGRAPHY ; or, Icon Woukers a n d Tool Makers :
Post8vo. 6s. •
BOY'S VOYAGE ROUND THE WORLD.
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Illustrations.

P o s t 8vo. 6s.

SMITH'S (DR. WM.). DICTIONARIES :—
DICTIONARY

OF

rag

BIBLE;

its

Antiquities,

Biography,

Geography,.and Natural History. Illustrations. 3 Vols. 8vo. 103s.
CONCISE BIBLE DICTIONARY. With 300 Illustrations.
Medium
STO. 21».
(SMALLER BIBLE DICTIONARY. ,J With Illustration".
Post

«vo. 7». 6A
CHRISTIAN ANTIQUITIES.
Comprising the History, Institutions, and Antiquities of the Christian Church. With Illustrations,
Vol.1. 8vo. 31». (M. (To be completed ia 2 vols.)
rCHRisUAN BIOGRAPHY, LITERATURE,

SECTS, AND DOCTRINES;

froru the Times of tha Apisfiles to the Age of Charlenujfae. Vul. I. 8 v o
81s. 6(2. ( T o bs orapletei in 3 vols.)
«
GREEK AND ROMAS

ANTI-JUITIHJ.

With 5D0 Illusiratioas.

Medium 8vo. 28s.
GREEK AND ROMAN BIOGRAPHY AND MYTHOLOGY.

With

600

Illustrious. 3 Vol*. Medium 8vo. U. 4s.
GREEK AND ROMAN GEOGRAPHY.

2 Vols.

With 500 IlliHtra-

. tions. Medium 8 v o . 66s.
ATLAS

OF ANCIENT

GEOGRAPHY—BIBLICAL AND CLASSICAL.

Folio. 6«. 6».
CLASSICAL

DICTIONARY

OF

MYTHOLOGY,

BIOGRAPHY, AND

GEOGRAPHY, 1 Vol. With 750 Woodcuts. 8vo. 18s.
SMALLER CLASSICAL DICTIONARY.

8vo.

With 200 Woodcuts.

Crown

7». 6(2.

SMALLER GREEK AND ROMAN ANTIQUITIES.

With 200 Wood-

cuts. Crorva 8vo. 7s. 6(2.
COMPLETE LATIN-ENGLISH DICTIONARY.

With Tables of

the

Roman Calendar, Measnpes, Weights, and Money, 8vo. 21».
SMALLER LATIN-ENGLISH DICEIONARY.

12ino.

7s. Gd. <\

COPIOUS AND CRITICAL ENGLISH-LATIN DICTIONARY.
SMALLER ENGLISH-LATIN DICTIONARY.

8VO. 31S.

12m». 7s. 60?.

SMITH'S (DR. W.M.) ENGLISH COURSE:—
SCHOOL MANUAL OF ENGLISH GRAMMAR, WITH COPIOUS EXERCISES.

Post 8vo. 3s. 6(2.
SCHOOL MANUAL

OF MODERN

GEOGRAP.IY, PHYSICAL AND

Political. PostSvo. 6s.
PRIMARY ENGLISH GRAMMAR. 16mo.
Is.
PRIMARY HISTORY OF BRITAIN. 12tno. 2s. 6d.)

SMITH'S (DR. WM.) FRENCH COURSE:—
·>»
FRENCH PRINCIPIA.
Part I. A First Course, containing a
Grammar, Dalectus, Exercises, and Vocabularies. 12mo. Bs. 63.
FRENCH PRINOIPIA. Part II. A Rsadiug Baok, oonMoiag
Fabler, Stories, and Anscdotes, Natural UUtory, and Scenes from the
History of France. With Gramanticil Questions, Notes and copious
•Etymological D(Cttonary. 12'no. 4*. 6i.
FRENCH PRINCIPIA. Part III. Pross Composition, containing
a Systamattc Course of Exercises o n the Syntax, with COA Principal
Rules of Syntax. 1 2 t n o .
iZ<t,the Press,
STUDENT'S . FRENCH GRAMMAR.

B y C. HERON-WALL,

With

Introduction by M. LVMxe. PostSvo. 7». 62.
SMALLER GRAMMAR OF THE FRBSOH LINGOAGE,

from the above. 12mo. 3s. 6(2.
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_ Abridjed

SMITH'S (DR. WM.) G E R M A N C O U R S E :—
GERMAN PRINOIPIA. Part I. A Pirst German Course, containing a Grammar, Delectus, Exercise Book, and Vocabularies,
12mo. 3s. 6d.
GERMAN PRINOIPIA. Part II. A R e a d i n g B o o k ; containing
Fables, Stories, and An< cdotes, Natural Histoiy, and Scenes from the
History of Germany. With Grammatical Questions, Noies, and Dictionary. 12mo. 3s. 6d.
PRACTICAL GERMAN GRAMMAR.

Post 8vo.

3s.

6d.l

SMITH'S (DR. W M . ) L A T I N C O U R S E : —
PRINOIPIA LATINA. Part I. Pirst L a t i n Course, containing a
Grammar, Delectus,and Exercise Book, with Vocabularies. 12mo. 8s.6d.
*»* In this Edition the Cases of the Nouns, Adjectives, and Pronouns
are arranged both as in tl:e ORDINARY GRAMMARS and as in the PUBLIC

SCHOOL PRIMER, together with the corresponding Exercises.
A P P E N D I X TO PRINOIPIA

LATINA

Part

I.;

being

Additional

Exercises, with Examination Papers. 12mo. 2s. 6d,
PRINCIPIA LATINA. Part II. A Reading-book of Mythology,
Geography, Roman Antiquities, and History. With Notes and Dictionary. 12rao. 3s. 6d.
PRINOIPIA LATINA. Part I I I . A Poetry B o o k .
Hexameters
and Pentameters; Eclog. Ovidianse; Latin Prosody. 12mo. 3s. 6d.
PRINOIPIA LATINA. Part I V . Prose Composition. Rules of
Syntax with Examples, Explanations of Synonyms, and Exercises
on the Syntax. 12mo. 3s. 6d.
PRINOIPIA LATINA. Part V . Short Tales a n d A n e c d o t e s for
Translation into Latin. 12mo. 3s.
LATIN-ENGLISH
VOCABULARY
AND PIRST
LATIN-ENGLISH
DICTIONARY FOE PILEDRUS, CORNELIUS Nnros, ANDCJESAR. 12mo. 3s.6d.
STUDENT'S LATIN GRAMMAR. P o s t 8vo.
6s.
SMALLER LATIN GRAMMAR.
12mo.
3s. 6c?.
TACITUS, GERMANIA, AGRICOLA, &C.
With English Notes.
12mo. 3s. 6d.

SMITH'S (DR. WM.) GREEK C O U R S E :—
INITIAGRJEOA. P a r t i . A Pirst Greek Course, c o n t a i n i n g a Grammar, Delectus, and Exercise-book. With Vocabularies. 12mo. 3s. 6<*.
INITIA . GRJIOA.
Part II. A R e a d i n g Book.
Containing
Short Tales, Anecdotes, Fables, Mythology,' and Grecian History ,
12mo. Ss. 6d.
INITIA GniEOA. Part III. Prose Composition. Containing the
Rules of Syntax, with copious Examples and Exercises. ;l2mo. 3s, 6rf.
STUDENT'S GREEK GRAMMAR, B y CURTIUS. P o s t 8 v o . 6 s .
SMALLER GREEK GRAMMAR. 1 2 m o .
3s. 6d.
GREEK ACCIDENCE. 12m o.
2S. 6d.
PLATO, APOLOGY OE SOCRATES, &C. W i t h N o t e s . 1 2 m o . 3s. 6d.

S M I T H ' S (DR. WM.) S M A L L E R H I S T O R I E S :—
SCRIPTURE HISTORY. Woodcuts.
16mo.
3s. 6c?.
ANCIENT HISTORY.
Woodcuts. 16mo. 3 s . 6c?.
ANCIENT GEOGRAPHY. Woodcuts.
16mo.
3s. 6d.

ROME. Woodcuts.
16mo. 3s. 6c?.
GREECE. Woodcuts. 16mo. 3s. 6c?.
CLASSICAL MYTHOLOGY. Woodcuts.
16mo.
3s. 6d.
ENGLAND. Woodcuts. 16mo.
3 s . 6c?.
ENGLISH LITERATURE.
16mo.
3s. 6c?.
SPEOIMENS oy ENGLISH LITERATURE. 1 6 m o .
3s. 6c?.
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SHAW ( T . B.). Student's Manual of English Literature. Post 8vo.
7s. Bd.

Specimens of English Literature.

Selected from the

Chief Writers. Post 8vo. Is. Bd.
•

(ROBERT).

Visit to High Tartary, Yarkand, and Kashgar

(formerly Chinese Tartary), and Return Journey over the Karakorum
Pass. With Map and Illustrations. 8vo. 16s.

SIERRA LEONE; Described in Letters to Friends at Home. By
A LADY. Post 8vo. 3s. Bd.

SIMMONS

(CAPT.). Constitution
tial. Seventh Edition. 8vo. 15s.

SMITH

(PHILIP).

and Practice of Courts-Mar-

A History of the Ancient World, from the

Creation to the Fall of the Roman Empire, A.D. 476. Fourth Edition.
3 Vols. 8vo. 31s. Bd.

SPALDING

(CAPTAIN). The Tale of Frithiof.
Swedish of ESIAS TEGNER. Post 8vo. 7c. Bd.

STANLEY'S

(DEAN)

Translated from the

WORKS :—
in connexion with their History. Map.

SINAI AND PALESTINE,

8vo. 14s.

Extracted from the above Work'.

BIBLE IN THE HOLY LAND ;

Woodcuts. Fcap. 8vo
EASTERN CHUROH.
JEWISH CHURCH.

2s. Bd.

Plans.

8vo.

12s.

Prom the Earliest Times to the Christian

Era. 3 Vols. 8vo. 38s.

EPISTLES OF ST. PAUL TO THE CORINTHIANS.
LIFE OF D R . ARNOLD, OF RUQBY.

8vo.

18s.

With selections from his

Correspondence. With poi trait. 2 vols. Crown 8vo. 12s.
CHURCH OF SCOTLAND. 8vo. 7s. 6d.
MEMORIALS OF CANTERBURY CATHEDRAL.
8vo. 7s. Bd.
WESTMINSTER ABBEY.

Woodcuts. Post

With Illustrations. 8vo. 15s.

SERMONS DURING A TOUR IN THE EAST.

8VO. 9S.

ADDRESSES AND CHARGES OF THE LATE BISHOP STANLEY.

With

Memoir. 8vo. 10s. Bd.

STEPHEN (REV. W. R.). Life and Times of St. Chrysostom.
With Portrait. 8vo. 15s.

ST. JOHN (CHARLES). Wild Sports and Natural History of the
Highlands. Post8vo. 8s. Bd.'
—
(BAYLE) Adventures in the Libyan Desert. Post 8vo. 2s.

SUMNER'S

(BISHOP) Life and Episcopate
Rev. G. H. SUMNER. Portrait. Svo. 14s.

during 40 Years. By

STREET (G. E.) Gothic Architecture in Spain. From Personal

Observations made during several Journeys. With Illustrations.
Royal 8vo. 80s.

.

Italy, chiefly in Brick and

Marble. With Notes of Tours in the North of Italy. With 60 Illustrations. Royal 8vo. 26s.
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STUDENTS' MANUALS:—
OLD TESTAMENT HISTORY ; from t h e Creation to t h e Keturn of
the Jews from Captivity. Maps and Woodcuts. PostSvo. 7s. Gd.
N E W TESTAMENT HISTOBT. With a n Introduction connecting
the History ot the Old and New Testaments* Maps and Woodcuts.
Post 8vo. 7«. 6d.
ECCLESIASTICAL HISTORY. A History of t h e Christian Church
during the First Ten Centuries; From its Foundation to the full
establishment of the Hoi} Roman Euipiie aud'the Papal-Power. Post
bvo. 7s. Gd.
ENGLISH CHURCH HISTORY, from the accession of H e n r y VIII.to the silencing of Convocation in the 18th Centnry. By Rev. G. G.
I'ERRI. Post 8vo. 7s. Gd.
ANCIENT HISTORY OF THE EAST ; E g y p t ,

Assyria,, Babylonia,

Media, Persia, Asia Minor, and Phoenicia. Woodcuts, Post Svo. 7*. 6d.
ANCIENT GEOGRAPHY.

By

B E T . W. L . B E V A H .

Woodcuts.

Post 8vo. 7«. Gd.
HISTORY OF GREEOW ; from the Earliest'Times t o thTrEoTnaTl
Conquest. By W l . SMITH, P.C.T.. Wooucuts. Crown 8v0. 7s. 6d.
*„* Questitns on the above Work, 1 2 m o . 2*.
HISTORY OF BOMB; from t h e EarlieBf T i m e s to t h e Establishment of the Empire. By X>EA» LIDL-BLL. Woodcuts*- Grown 8vo.
7s. Gd.
• '

GIBBON'S DECLINE AND FALL OF THE ROMAN E M P I R E . Woodcuts-.

Post 8vo. 7s. 6o\
HALLAM'S

HISTORY

OP EUROPE

during, the. M i d d l e

Ages.

Post Svo. 7s. Gd.
HALLAM'S

-

HISTORY OP ENGLAND ;

from

the" A c c e s s i o n

of

Henry VII. to the Death of George I I . Post 8vo. 7s. Gd.
T

HUME-'S HISTORY OF ENOLAND

from

the

Invasion- o f

Julius

Csesar to the Revolution in 1688. Continued down to 1868. Woodcuts. Post 8vo. 7 s. Gd.
* * Questions on the above Wmk, 12mo. 2s\
HISTORY OF FRANCE ; from t h e Earliest Times to the-Establishment of the Second Empire, 1852. By REV. H. W . JERVIS. Woodcuts. Fost8vo. 7». 6tf.
ENGLISH LANGUAGE.
By GEO. P . . M A R S H . P o s t 8VO.
Is.Gd.
#

ENGLISH LITERATURE.
By T. B . S H A W , H . A . P o s t 8vo. 7s. 6d.
SPECIMENS OP ENGLISH LITERATURE' from t h e Chief Writers.
By T. B. SHAW. Post 8vo. 7«. Gd.

MODERN GEOGRAPHY ; Mathematical, Physical a n d Descriptive.
By REV. W. L. BEVAN. Woodcuts. Post Svo. 7s. Gd.
MORAL. PHILOSOPHY.
By WILLIAM FLEMING-, D . D .
P o s t Svov
7s. Gd.
BLAOKSTONE'S COMMENTARIES ON THE L A W S OF ENGLAKD. • B y
K. MALCOLM KERR, L L . D . PostSvo. It. Gd.

S T Y F F E (KNCTT).

Strength of Iron and SteeL

Plates. 8vo~12*~

B O M B E V I L L E (MARY). Personal Recollections ffoin. Early Life
to Old Age. With her Correspondence. Portrait. Crown 8vo. 12s.
—
—— Physical Geography. Portrait. Port 8vo. 9s.
—*—
— Connexion o f t h e Physical Sciences^ Portrait.
Post Svo. 9s.
—
• • •• • ' - Molecular and Microscopic Science.
Hlustratlons. 2 Vols. *Po«t8vo. 21s.
:

1
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STANHOPE'S- (EARL) WORKS-:—
HISTORY OF ENGLAND FROM' THE REIGN OF QUEEN ANNE TO

THE PEACE OF VERSAILLES, 1701-83, 9 vols. Post Svo.

5s. each.

BRITISH INDIA, FROM*ITS O&IGIN TO 1783. 8.vo. 3st 6d..
HISTORY OF " FORTY-FIVE." Post 8 w .
3s.
HISTORICAL AND CRITICAL ESSAYS. Post 8vo. 3s. 6d.
FRENCH RETREAT FROM MOSCOW, AND OTHER ESSAYS. Post 8vo*

7». Si.
LIFE OF BELISARIOS. Post 8vo. 10s. 6d.
L I F E OF CONDE-. Post 8vo-. 3si 6<&
LIFE OF WILLIAM PITT. Portraits,
4 Vols. _ 8vo.

MISCELLANIES. 2 Vols.

SIORY OF JOAN OF ARC. Fcap. 8vo. I s .
ADDRESSES ON VARIOUS OOOASIONS. 16nvo.

SOTJTHEY (ROBERT).
8vov 2s..

24s.

Post 8vo. 13s.*

LiveB of Bunyaa

lsi

and Cromwell.

Post

SWAINSON (CANON).
Nicene and Apostles' Creeds; Their
Literary-History ; together with some Account of "The Creed of St.
Atbanasius." 8vo. 18s.
SYBEL (VON) History of Europe during the French Revolution,
17S»—1795. 4 Vols. 8vo. 48».
SYMONDS' (REV. W.) Records of the Rooks; or. Notes on the
Geology, Natural History, and Antiquities of North and South Wales,
Siluria, Devon, and Cornwall. With Illustrations. Crown 8vo. 12s.
TUIBAUT'3 (ANTOINE) Purify in Musical Art . Translated from
the German. With a prefatory Memoir by W. H. Gladstone, M.P.
Post 8vo. 6s.
T H l E L M A N N (BARON). Journey through tFe> Caucasus to
Tabreez, Kurdistan, down the Tigris and Euphrates to Nineveh and
Babylon, and across the Desert to Palmyra. Translated by-Ca-AS.
MESSAGE* Illustrations: 2 Vols. Post 8vo; 18s/
THOMS (Wi J.). Longevity of M a n ; its- Facts and its Fiction.
' Including Observations.on the.ni.ore>ltsnrauk2vble Instances.. Post&vo.
10j. 6&.
THOMSON (ARCHBISHOP). Lincoln's Inn Sermonsi. 8vo„ 10s. 6d.
....... r
Life in the-Light of God's Word.. Post 8tt>. 5a
TITIAN'S LIFE A N D TIMES.
With some account- of his
- FaniHy, chiefly from new and unpublished JReeords. By. CncrwtE and
CA-VALCASELLE, With Portrait and Illustrations. 2-Volft., Svo. 42s.
TOCQUEYILLB'S State of Soeietyin France before tbS-Rerolution,
1789, and on the Causes which led to that Event. Trsnslaredby HENEY
1

KEEVK. 8VO. 14s.

TOMLINSON (CHARLES); The Sonnet; Its Origin, Structure,and
Place in Poetry. With translations from Dante, Petrfirch,' «J0. Bost
Svo. Us/
TOZERI(REV, H . P.) Highlands of Turkey, withiVisits< to Mounts
Ma, Athosj Olympus, and Peliom 2 Vols. Crown Svo-. 24s,
—r~ Lectures on the Geography of Greece.. Map. Post
8vo. 8s.
TRISTRAM (CANON) Great Sahara. Illustrations!. Crown Svo. 15*.
.—
Land of Moab; Travels and Discoveries on the East
Side of the Dead Sea and the Jordan. Illustrations-. Crown 8vo. 15s;
•
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LIST O F W O R K S P U B L I S H E D B Y MR. MURRAY.

T W E N T Y Y E A R S ' R E S I D E N C E among the Greeks, Albanians,
Turks, Armenians, and Bulgarians. By an ENGLISH LADY. Edited
by STANLEY LANE POOLE. 2 Vols.

Crown 8vo.

TWISLETON (EDWARD). T h e Tongue not Essential to Speech,
with Illustrations of the Power of Speech in the case of the African
Confessors. Post 8vo. 6».
TWISS' (HORACE) Life of Lord Eldon. 2 Yols. Post 8vo. 21s.
TYLOR (E. B.) Early History of Mankind, and Development
of Civilization. 8vo. 12s.
Primitive Culture; the Development of Mythology,
Philosophy, Religion, Art, and Custom. 2 Vols. 8vo. 21s.
Y A M B E R Y (ARMINIUS) Travels from Teheran across the TurkomanDeBert on the Eastern Shore of the Caspian. Illustrations. 8vo. 21s,
V A N L E N N E P (HENRY J . ) Travels i n Asia Minor.
With
Illustrations of Biblical Literature, and Archaeology. With Woodcuts.
2 Vols. Post8vo. 24«.
Modern Customs and Manners of Bible Lands,
in illustration of Scripture. With Maps and 300 Illustrations.
2 Vols. 8vo. 21s.
YIRCHOW (PROFESSOR).
T h e Freedem of Science in the
Modern State. Fcap. 8vo. 2s.
W E L L I N G T O N ' S Despatches during h i s Campaigns in India,
Denmark, Portugal, Spain, the Low Countries, and France. 8 Vols.
8vo. 20s. each.
—•
Supplementary Despatches, relating to India,
Ireland, Denmark, Spanish America, Spain, Portugal, France, Congress of Vienna, Waterloo and Paris, 14 Vols. 8vo. 20s. each.
*«* An Index.

8vo. 20s.

Civil and Political Correspondence. Yols. I, to
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