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THE MOVEMENTS OF PLANTS.

INTRODUCTION.

Tap chief object of the present work is to describe
and connect together several large classes of move-
mant, common to almost all ph\nts The most widely
is ially of the same nature
as that of the stem of o climbing plant, which bends
suecessively to all points of the compass, so that the
tip revolves. This movement has been called by
Sachs *“revolving nutation;” but we have found it
much more convenient to use the terms eireumnutation
and cireumnutate. As we shall have to say much
about this movement, it will be useful here briefly to
describe its nature. If we observe a circumnutating
stem, which happens at the time to be bent, we will
say towards the north, it will be found gradually to
bend more and more easterly, until it faces the east;
and so onwards to the south, then to the west, and
back again to the north. If the movement had been
quite regular, the apex would have deseribed a circle,
or rather, as the stem is always growing upwards, a
cireular spiral. But it generally describes irregular
elliptical or oval figures; for the apex, after point-
ing in any one direction, commonly moves back
to the opposite side, not, however, returning along
the same line. Afterwards other "irregular ellipses
or ovals are successively described, with their longer

B
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2 INTRODUCTION.

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. In the case of leaves the ellipses are
generally narrow.

Until recently the cause of all such bending move-
ments 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 De Vries
has ]uwly shown Lhat such increased growth follows
a p state of turg on the
convex side* In the casé of parts provided with a
so-called joint, cushion or pulvinus, which consists of
an aggregate of small cells that have ceased to
inerease in size from a very early age, we meet with
similar movements; and here, as Pfeffer has shown
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 De Vries® con-
v.]lmun about turgescence, and maintains} that the

ed ibility 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 in-

* Sachs first showed
? &o., dth edit. p.
o R g

Iazhr-
)5

19,1070 2
% Businischn Bewegun-
gml i Blatiorganey 1575,

oacen: growth. For De 1 *Untersuchungen fiber den
g‘riwt' interesting essay, * Wachs- Hollnlmpumu Sitzb. der K.
i Akad, der haft, (Vieuna),

Orguae,’ see * Bot. Zeitung,’ Dee.  Jan. 1880.
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INTRODUCTION. 3
creased growth, first on one side and then on another,
is a secondary effect, and that the increased tur-
gescence of the cells, together with the extensibility
of their walls, is the primary cause of the movement of
cirenmnutation.”

Tuthe 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
seale. BEven 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 pre-
m\t movement we have the basis or gmund\mrk for

ding to the of the
phnt,of the most diversificd 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 leayes and other organs ultimately assume
is wqmmd by the circumnutating movement being
increased in some ome direction. The leaves of
wvarious 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 oceasionally from the light,
or transversely with respect to w, are all modified

* Seo Mr. Vine's excellent di

Naturkunde in  Wiirtemberg,’
1874, p. 211) on the curious move-

]i;,.’ l.hhlnh»i:L ppi,l ments of Spirogyr, a ];lm‘:l con-
1 on e subject.  sisting of a singlo row of cells, are
s e (Juli’  valuable in relation to this subjeet.
reschrifte des Vercins fur Vaterl

B2
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4 INTRODUCTION.

forms of circumnutation; as again are the equally
prevalent movements of stems, &e., towards the zenith,
and of roots towards the centre of the earth. In

d with these 1 a iderable diffi-
culty 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 purposes first arise ?
As the case stands, we know that there is always
movement in progress, and its amplitude, or direc-
tion, 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 influ-
ence 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 seed-
lings, the tip is sensitive to various stimuli, espe-
cially 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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INTRODUCTION. 5

attraction of gravity being transmitted from the ex-
cited part for some little distance along the organ in
question, have an important bearing on the theory of
all such movements.

—A brief explanation of some terms which will
b0 used, must here bo given. With seedlings, the stem which
supports the cotyledons (i.e. the organs which represent the first
Jeaves) has been called by many botanists the hypocotyledonous
stem, but for brevity sake we will speak of it merely as the
Dypocotyl: 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
mature of its covering. The meaning of the word circumnu-
tation has already been explained. Authors speak of positive
and negative haliotropism,*—that is, the bending of an organ
%o or from tho light; but it is much more convenient to confine
the word Aelivtropism to bending towards the light, and to
designate as aplieliotropism bending from the light. There is
another reason for this change, for writers, as we have
observed, occasionally drop the adjectives positive and negative,
ndﬁnm introduce confusion into their discussions. Diahelii
may express a position more or less transverse to
hm-ndmdm by it. In like manner positive geotro-
pism, 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 dia-
geotropism, o position more or less transverse to the radius of
the carth. The words heliotropism and geotropism properly
mean the act of moving in relation to the light or the earth;
Dut in the same manner as gravitation, though defined as “ the
ot of tending o the centre,” is often used to express the cause
of & body falling, so it will be found convenient occasionally to
heliotropism and geotropism, &e., as the causo 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 usefal terms of Frank : sce his remarkable ‘ Bei-
o o o
were first used by Dr. A. B. 1868,
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(0 INTRODUCTION.

lower surfuce, and thus causes it to bend downwards. Hypo-
nasty is the reverse, and implies increased growth along the
lowar suce canting o par fo bend upwards.®

Methods of imes very
small and sometimes oonmdenble in extent, of the various
organs observed by us, were traced in the manner which after
many 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
sheot of glass, and with another vertical sheet on one side. A
glass filament, not thicker than a horschair, and from & quarter
1o three-quarters of an inch in length, was afixed to the part to
be observed by means of shellue dissolved in alcohol. The
solution was allowed to evaporate, until it became so thick that
it sot hard in two or three seconds, and it never injured the
tissues, even the tips of tender radicles, to which it was applied.
To 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.
Tho weight of the filament was so slight that even small leaves
were ot perceptibly pressed down. Another method of obser-
vation, when much magnification of the movement was not
required, will presently be described. The bead aud the dot
on the card were viewed throngh the horizontal or vertical
glass-plate (according to the position of the object), and when
one exactly covered the other, a dot was made on the glass-plate
with a sharply pointed stick dipped in thick Indian-ink, Other
dots were made at short intervals of time and theso were after-
wards joined by straight lines. The figures thus traced were
therefore angular; but if dots had been made every 1 or
2 minntes, 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
wias 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; yot even in this
caso the general course may be trusted. To test the aceuracy
of the above method of observation, a filament was fixed to an

* These terms are used in the ¢ Wiirzburg Arbeiten, Heft ii.
scuse given them by De Vries, 1872, p. 252
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INTRODUCTION. q

inanimate object which was made to slide along o straight

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-inch
‘below or behind the bead of sealing-wax, and when the glass-
plate (supposing it to have been properly curved) stood at a
distanco 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, mothod of observation was
followed. This consisted in fixing two minute triangles of thin
paper, about 3% inch in 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 dis-
tance of seven inches from the end of the shoot bearing the
filament, the dots when joined, will give nearly tho same fignre
@s if a filament soven inches long, dipped in ink, had been
fixed to the moving shoot, and had inscribed its own course
ou the plate. The movement is thus considerably magnified;
for instance, if o shoot one inch in length were bending, and
the glass-plate stood at the distance of seven inches, the move-
‘ment 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, 80 a8 to catch the eye, as may be seen in the diagrams.
The figures on the glass-plates wero often drawn on too large
a seale to be reproduced on the pages of this volume, and the
proportion in which they have been reduced is always given.*
M wula Do approximately told how much the move-

Deen magnified, this is stated. We have perhaps

* Wo ar much indebted to he has reduced and engraved our
Mz. Cooper fur the care with which  diagrams.
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8 INTRODUCTION.

introduced a superfiuons number of diagrams; but they take
up less space than a full description of the movements. Almost
all the sketches of plants aslecp, &c., were carefully drawn
for us by Mr. Georgo Darwin.

As shoots, leaves, &c. in circumnutating bend more and
more, first in one dircetion and then in another, they were
necessarily viewed at different times more or less obliquely ;
and 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 have used hemispherical glasses,
if we had possessed them of all sizes, and if the bending part
of the shoot had been distinetly hinged and could have been
placed so as to have formed one of the radii of the sphere.
But 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 ono 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
the general character of the movement.

In the following chapters, the movements of a con-
siderable number of plants are described; and the
species have been arranged according to the system
adopted by Hooker in Le Maout and Decaisne’s ¢De-
seriptive 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. He may, if he thinks fit,
read the last chapter first, as it includes a summary
of the whole yolume; 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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10 CIRCUMNUTATION OF SEEDLINGS.  Cmar. L

CHAPTER L
Tuz: CIROUMNUTATING MOVEMENTS OF SEEDLING PLANTS.

Brassica cleracea, circunmutation of the radicle, of the arched hypo-
cotyl whilst still buried beneath the ground, whilst rising above the
ground und straighicning itslf, and when ereet—Cireumuutation
of the cot on
various organs in_species of Gltluugo, Gosuypmm, Osalis, Tro-
peolum, Citrus, Esculus, of several Leguminous and Cucurbita-
ceous geera, Opuntin, Heliantlus, Primula, Cyclamen, Stapelia,
Cerinthe, Nolana, Solanum, Beta, Ricinus, Quercus, Corylus, Pinus,
Cyens, Canna, Allium, Asparagus, Phalaris, Zea, Avena, Nephro-
dium, and Selaginella,

Tue following chapter is devoted to the circum-
nutating movements of the radicles, hypocotyls, and
cotyledons of seedling plants; and, when the coty-
ledons do not rise above the ground, to the movements
of the epicotyl. Butin a future chapter we shall have
to recur to the movements of certain cotyledons which
sleep at night.

Brassica oleracea (Crucifera).—Fuller details will be given
with respect to the movements in this case than in any other,
as space and time will thus ultimately be saved.

Radicle—A sced with the radicle projecting 05 inch was
fastened with shellac to a little plate of znc, so that the
radicle stood up vertically; and a fine glass filament was then
fived mear its base, that is, close to the sced-coats. The secd
was surrounded by little bits of wet sponge, and the move-
ment of the bead at the end of the filament was traced (Fig. 1)
during sixty howss, In this time the radicle increased in
length from 05 to ‘11 inch. Had the filament been attached at
first close to the apex of the radicle, and if it could have re-
mained there all the time, the movement exhibited would have
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through geotropism, so as almost to touch the zine
Fig. 1.

reumnutation of

Feb. 2nd,” Movement of bead nt
end of filament, magnified about
40 times,

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

Fig. 2.

N

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

d 50 as to project quite vertically upwards. The filament
close to its base. The tracing (Fig. 2, reduced by
movement from 9 axe. Jan. 8lst to 7 A
continued to move during the whole of the
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12 CIRCUMNUTATION OF SEEDLINGS.  Cmar. L

ond 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
on the side opposite to that which caused the geotropic curva-
ture. In the ease 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
in 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 g!nssas 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 move-
ments of the radicles of other plants, that they may be largely

trusted.

Typocotyl.—The hypocotyl protrudes through the seed-coats
a8 a rectangular projection, which grows rapidly into an arch
liko the letter U turned upside down 0 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 throngh apogeotropism, and thus rise
vertically above the ground. As 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 sur-
rounding soil will permit; but this was diffieult to observe,
because as soon as the arch is freed from lateral pressure the two.
legs begin to separate, even at a very early age, before the arch
would naturally have reached the surface, Seeds were allowed
{o 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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hypocotyl had become nearly vertical, a glass
wmmm?mmmmam

different method of observation was next followed :

Fig. 3.

a8 the carth with seeds in a pot began to crack, the
removed in parts to the depth of -2 inch; and a
fixed to the basal leg of a buried and arched hypo-

b above the summit of the radicle. The cotyledons

ill almost completely enclosed within the much-cracked
and these were again covered up with damp adhesive
pretty firmly down. The movement of the filament

d (Fig. 3) from 11 oM. Feb. 5th till 8 a.x. Feb. Tth,
period the cotyledons had been dragged from
“rddmm earth, but the upper part of the
formed nearly a right anglo with the lower part.

g shows that the arched hypocotyl tends at this early
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14 CIRCUMNUTATION OF SEEDLINGS.  Cmar. L.

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 o it, was already bowed considerably backwards, or
from the cotyledons; had the filament been afiixed before this
bowing occurred, the chief movement would have been at right
angles to that shown in the figure. A filament was attached to
amother buried hypocotyl of the same age, and it moved in a
similar general manner, but the line traced was not so complex.
This hypocotyl beeame almost straight, and the cotyledons were
dragged from beneath the ground on theevening of thesccond day.

F

Brasio oleracea; elvcummstating movement of bured wnd arched hypo-

i 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,

Beforo the above observations were made, some arched hypo-
cotyls buried at the depth of a quarter of an inch were un-
covered; and in order to prevent the two legs of the arch
from beginning to separate at once, they were tied togother with
fine silk. This was done partly because we wished to ascertain
Tow long the hypocotyl, in its arched condition, would continue
to move, and whether the movement when mot masked and
disturbed by the straightening process, indicated circumnu-
tation. Firstly, a filament was fixed to the basal leg of an
arched hypocotyl elose above the summit of the radicle. The
cotyledons were still partially enclosed within the seed-coats.
The movement was traced (Fig. 4) from 920 Aax. on Dee,

@ The Complete Waork of Charles Darwin Online



BRASSICA. 15
g,'.an Dee. 25th. No doubt the nnnnl move-

on the morning of the 25th, the glass fila-
mmthebuannhehmlleg,mdmﬁxed
on the summit of the arch, which, from the legs
‘been tied, had grown broad and almost flat. The
was now traced during 23 howrs (Fig. 5), and we

2 eircumnutating movement. nf the crown of a buried and
i with s to ligs 6 er, traced on a hori-
w during 28 hours. ummm of the bead o the filament
about 35 times, and here reduced to one-half original
was still zigzag, which indicates a tendency

The base of the basal leg by this time had
ceased to move.
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16 CIRCUMNUTATION OF SEEDLINGS.  Cumar. I

two cotyledons parallel to the window. It was thus left the
wholo day 5o as fo accommodate itself to tho light. On the
following morning a filament was fixed to tho midrib of the
larger and taller cotyledon (which enfolds thoother and smaller
one, whilst still within the seed), and o mark being placed
close behind, the movement of the whole plant, that is, of the
‘hypocotyl and cotyledon, was traced greatly magnified on a ver-
tical glass. At first the plant bent so much towards the light
that it was useless to attempt to trace the movement; but at
10 Aax. heliotropism almost wholly ceased and the first dot was

Fig. 6.

Brassica oleracea: conjoint circumnutation of the hypocotyl and cotyledons
duriog 10 hours 45 minutes, Figuse hers rduced to ane-hal ofiginal
scal

made on the glass. The last was made at 845 pax; seventeen
dots being altogether made in this interval of 10h. 45 m. (see
Fig. 6). It should be noticed that when I looked shortly after
4 7. the bead was pointing off the glass, but it came on again
at 530 p.x., and the course during this interval of 1h. 30m. has
been filled up by imagination, but eannot be far from correet.
The bead moved seven times from side to side, and thus de-
seribed 84 ellipses in 108 h.; each being completed on an
average in 3h. 4 m.

On the previous day another seedling had been observed
under similar conditions, cxcepting that the plant was so
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d themselves greatly towards the light from 8 to
mnmmmwumm(mg 7). During the

Fig. 7.

uwoumchmmm morning. Tracing made

the bead swept obliquely up and down 8 times

d 4 figures zepruenﬁngol!iplee; 0 that it travelled
h case, During the
owing to the sleep-movement of the
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18 CIROUMNUTATION OF SEEDLINGS.  Cimar. L

Degun to fall, and a dot was made on a fresh glass. The move-
ment was traced until 580 pw. as shown in (Fig. 8), which is
given, because the course followed was much more irregular
A than on the two previous
Fig. 8. oceasions. During these
N 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

3 shown.

As the filaments were
fised in the three last
cases to one of the coty-
ledons, and as the hypo-
cotyl was left free, the
tracings show the move-

Brassica alevacea : conjoint circumnutation ment of both organs con-
pket .w;c tyl n;:d voty;edm;l :i“ring joined; and we now
S, g b rlued 0 8¢ wihod o ascertan whe-
vertioal glass, ther both circumnutated.

Filaments were thercfore
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 morn-
ing, up to about 11 A, they moved in zigzag lines towards
the light; and at night they again became almost upright

through apogeotropism. After about 11 A 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

852 ax,, when the first dot was made, till 10.55 Ax.; it then roso

greatly until 1217 par.  Afterwards it fell a little and made a

loop, but by 222 v, it had risen a little and continued rising
till 9.93 pax,, when it made another loop, and at 10.30 p.x. was
again rising. These observations show that the cotyledons move
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up and down all day long, and as there was some
movement, they circumnutated.
‘was one of the first plants, the seedlings of which

Fig. 9.

Brassica oleracea : gireumnatation of
hypmcyl. in darkness, traced
orizontal gl by moans of o ¥
ment with a bead fixed across its
summit, between 9.16 Aa. and
aso ey e fallaw(n‘ ‘morn-
o roduced
ot m,nm e

- da'n,wunldhenhnmounhndmnhlghl—
bnh-ﬁn-mthadmcﬁunnnhnmdnb(mcm,
o2
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20 CIRCUMNUTATION OF SEEDLINGS. Cuar. I

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
Fig, 10, that the cotyledon did thus move laterally
(that is, from side fo side in the tracing)
12 times in the 14 h. 15 m. of observa-
tion. Therefore the cotyledons certainly
circumnutated, though the chief move-
ment 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 rospect to
e Y iy, the rate, seedlings were placed under the
Brassios oleracea : clr- 1 icroscope with the stage removed, and
cotyledon, the hypo- With a micrometer eye-piece so adjusted
cotyl having been that each division equalled 4} inch; the
poeured o Btk plants were illuminated by light passing
tal glass, In dark. througha solution of bichromate of potas-
ness, from 8.15 AM. sium so as to eliminate heliotropism.
to 10.30 rav. Move-  {der these cirenmstances it was interest-
ment of the bead of . "
the flament magat. i0g to observe how rapidly the circum-
fied 13 times. nutating apex of a cotyledon passed across
the divisions of the micrometer. Whilst

travelling in any direction the apex generally oscillated back-
wards and forwards to the extent of }; and sometimes of nearly
g of an inch. These oscillations were quite different from the
trembling caused by any disturbance in the same room or by
the shutting of o distant door. The first scedling 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
vemarkable fact was the oscillatory movement above deseribed,
and the difference of rate at which the point crossed the divi-
sions of the micrometer, after short intervals of time. For
instance, a tall not-etiolated seedling had been kept for 14 b,
in darkness; it was exposed before a north-east window for only
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w0 or thres minutes whilst a glass filament was fixed vertically
 the liypocotyl; it was then again placed in darkness for half
an hour and afterwards observed by light passing throuch
‘bichromate of potassium. The point, oscillating as usual,
five divisions of the micrometer (i.e. viy inch) in
i 808, Tho soedling was then lefs in darknoss for an hour,
“and now it required 3m. 6s. to cross one division, that is,
wm. 308 to have crossed five divisions. Another seedling,
aftor being occasionally observed in the back part of a northern
- zoom with u very dull light, and left in complete darkness for
half an hour, crossed five divisions in 5m. in the
direction of the window, so that we concluded that the move-
‘ment 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 12m. 30s. for five divisions. It was then
again left in complete darkness for 1h., and the point now
travelled in the same direction as before, but at the rate of
~ Bm. 18s. for five divisions.
~ Wa shall have to recur to the cotyledons of the cabbago 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,

TN

N

A1 cltcumotation of hypecotyl, trated on s harlzoatal
- by means of a filament fixed transversely across its summit, fmm
%15 A.M. 0 12.15 P on the following day. Movement of
- filameat magnified about 13 times, here reduced to one-half the ﬂngmd
scale.

-5 sau.- segetum (Caryophylle)—A young seedling was dimly
illuminated from above, and the circummutation of the hypo-
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22 CIRCUMNUTATION OF SEEDLINGS.  Cmar. L

cotyl was observed during 28 b, as shown in Fig. 1. Tt moved
in all directions; the lines from right and to left in the figure
being parallel fo the blades of the cotyledons. The actual
distance travelled from &ide 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.

Wo endeavoured to observe the circumnutation of the coty-
Tedons, but as they close together unless kept exposed to a mode-
rately bright light, and as the hypocotyl is extremely heliotropic,

1 the neccssary arrangements were too
et troublesome. We shall recur to the noc-

turnal or sleep-movements of the cotyle-
donsin a future chapter.
/ Gossypium (var, Nankin cotton) (Mal-

vacew).—The cireumnutation of & hypo-
cotyl was observed in the hot-house, but
Gv;”‘/,l»'m& jweamn- - ghe movement was so much exaggerated
traced o o Docotyls  that the bead twice passed for a time outof
tal glass, from 10,80 view. Tt was, however, manifest that two

Adtto .30 A, on - somewhat irregular ellipses were nearly

{llowing moruing - completed in 9 h. Another seedling,

mont  fived across 141010 height, was then observed during

its summit. Move- 23h.; but the observations were not
ment of bead of fila- ade at sufficiently short intervals, as

i Euioehint shown by the fow dots in Fig. 12,aud the

minated from above, tracing wasnot now sufficiently enlarged.

Nevertheless there could be no doubt

nbmxt the circumnutation of the hypocotyl, which described

2h. 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 caso 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
Detween its movement and that of the cotyledon. The coty-
ledons rose from 10.30 a.x. to about 8 pax.; they then sank till
10 »w., rising, however, greatly in the latter part of the night.
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‘The angles abovo tho horizon at which the cotyledons of another
seadling stood at different hours is recorded in the following

. Oct. 20 2.50 rax. 5¢ above horizon.
I a0, 20
w520 . ot

~ » 1040 £

Oct. 21 840 A 7
5 g3 B 350
3 » OaLPM o . 10° below horizon.

The position of the two cotyledons was roughly sketched at
‘various hours with the same general result.
1 the following summer, the hypocotyl of a fourth seedling
was secured to a little stick, and a glass filament with triangles
of Jpaper having been fixed to one of the cotyledons, its move-
‘ments were traced on a vertical glass under a double skylight in
the house. The first dot was made at 4.20 .x. June 20th ; and
the cotyledon fell till 10.15 px. in a nearly straight line. Just
midnight it was found a little lower and somewhat to one
side. By the early morning, at 345 A, it had risen greatly,
hﬁ.byﬁﬂlu. 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 roso only a little, and travelled irrogularly 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 circnmnuta-
tion. This seedling was then taken back to the hot-house, and
after five days was inspected at 10 r.v., 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 (Osalidess).—The hypocotyl was secured toa little
stick, and an extremely thin glass filament, with two triangles of

per, 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, 5o that its movement was not greatly exaggerated as long

‘.;g remained nearly horizontal; but in the course of the day it

rose considerably above mrl fell beneath a horizontal posi-
ﬂg. and then of course the movement was much exaggerated.
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In Fig. 18 its course is shown from 6.45 s on June 17th, to

Fig. 13,
110

&30am

Ozalis rosea: circumnutation of
cotyledons, the hypocotyl being
llumina-

a s
ted from above. Figure
given one-half of original scale.

740 A, on the following morn-
ing; and we seo that during the
daytime, in the course of 11 h,
15 m., it travelled thrice down
and twice up. After 545 par. it
moved rapidly downwards, and
i an hour or two depended verti-
cally; it thus remained all night
asleep. This position could not
be represented on the vertical
glass nor in the figure here given.
By 640 Axt. on the following
morning (18th) both cotyledons
had risen greatly, and they con-
tinued to rise until 8 A, when
they stood almost horizontally.
Their movement was traced dur-
ing the whole of this day and
until the next morning; but a
tracing is not given, as it was
closely similar to Fig. 18, except-
ing that the lines were more
zigzag. The cotyledons moved
7 times, cither upwards or down-
wards; and at about 4 v, the
great nocturnal sinking move-
ment commenced.

Another seedling was observed
in a similar manner during nearly
241, but with the difference that
the hypocotyl was left free. The
movement also was less magnified.
Botween 812 Axx. and 5 P, on
the 18th, the apex of the cotyle-
don moved 7 times upwards or
downwards (Fig. 14). The noc-
turnal sinking movement, which
is merely a great increase of ono
of the diumal oscillations, com-
‘menced about 4 p.r.

Ozalis Valdiviana—This species is interesting, as the coty-
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R & oy wsiitouiasiy i warie sbulght o an 5 Soe o
dn- omﬁct. instead of sinking vertically downwards, as in the
A glass filament was fixed to a cotyledon,
'l1of an inoh in length, and the hypocotyl was left free. On
Fig. 14.
i L% Fig. 15.
8 p gos0amisth

B

o2

A 19th, The apex of the cotyledon
stood only 83 lnehu from the vertical
glass. Figure here given one-half of

ariginal scalo.

the first day the seedling was placed too far from the vertical
glass; 5o 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 Ast. and 4.15 par.  Farly on
the following morning (June 19th) the apex of a cotyledon was
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placed only 17 inch from the vertical glass. At 640 Aax. it
stood horizontally; it then fell till 835, and then rose. Al-
together in the course of 12, it rose thrice and fell thrice, as
may be seen in Fig. 15. The great nocturnal rise of the coty-
ledons usually commences about 4 or 5 p.x., and on the following
morning they are expanded or stand horizontally at about 6.30
At TIn the present instance, however, the great nocturnal rise
did not commence till 7 »ax.; but this was due to the hypocotyl
having from some unknown cause temporarily bent to the left
sido, as is shown in the tracing. To ascertain positively that
the hypocotyl cireumnutated, o mark was placed at 8.15 pax.
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 1040 pav. 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 TFig. 15 represents fairly well the move-
ments of the cotyledons alone, with the exception of the one
great afternoon curvature to the let.

Ozalis 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.

Ocalis (Bioplytum) sensitiva.—The cotyledons are highly re-
markable 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}°
0241°0. Ono cotyledon rose70° in 11 m. : another, ona distinct
scedling, fell 80° in 12m. Immediately before this Intter fall
the 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 2h. We have met with noother instance
of a circumnutating movement of such great amplitude as 180°;
nor of such rapidity of movement as the passage through 80° in
12m. The cotyledons of this plant sleep at night by rising
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vertically and coming into close contact. This upward move-
ment differs from one of the great diurnal oscillations above
deseribed only by the position being permanent during the night
and by its periodicity, as it always commences late in the

Tropweolum minus (?) (var. Tom Thumb) (Tropmoles).—The
cotyledons are hypogean, or never rise above the ground. By
removing the soil a buried epicotyl
or plumule was found, with its
summit arched abruptly down-
wards, like the arched hypocoty!
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 11h. 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 2/
\

Fig. 10

line, This great movement, due to

inereased growth along the con-

cave surface of the arch, was caused 7, by T

By the busal leg bending back- — yarution of bt oot oeam

‘wards from the upper part, thatis epicotyl, traced on a horizon-

in a direction opposite to thedepen- 1} gl from 8:20 A to

dent tip, in the sume monver a5 i flament  magnifed 57
with the hypocotyl of times.

the eabbage. Another buried and

arched epicotyl was observed in the samo mamner, excepting

that the two legs of the arch were tied together with fine silk

for the sake of preventing the great movement just mentioned.

It 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

#igzag course, and to a greater distance than in the previous

case, as was shown in a tracing, magnified 18 times. The move-

ments of & young plant bearing a few leaves and of a mature

‘plant, will hereafter be described.
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Citrus ium (Orange) (. i The

aro hypogean, The circumnutation of an epicotyl, which at the
close of our observations was -39 of an inch (15 mm.) in height
above the ground, is shown in the annexed figure (Fig. 17), as
observed during a period of 44 1. 40m.

Fig. 17.

Gitrus aurantiun ; circumnutation of epicotyl with a ilament fixed trans-
‘versely near its apex, traced on a horizontal glass, from 12.13 rt. on
Feb. 20th t0 8.55 A on 22nd. The movement of the bead of the
flament was at first magnified 21 times, or 104, in figure here given,
and afterwards 86 times, or 18 as here' given; seedling illuminated
from above.

sculus hi o (Hi inating seeds
wero placed in a tin box, kept moist internally, with a sloping
bank of damp argillaceous sand, on whichfour smoked glass-
plates 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 theso tracks
Gall 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
(Fig. 18). They suffico to show that there was some lateral,
almost serpentine movement, and that the tips in their down=
ward 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 Phuseolus multiflorus and Ficia

faba (presently to be described), render
it almost certain that the radicles of
the present plant circumnutated.
Phaseolus multiflorus (Leguminose).
—TFour smoked glass-plates were ar-
ranged in the same manner as des-
eribed under Esculus, and the tracks
left by the tips of four radicles of the
present plant, whilst growing down-
wards, were photographed as trans-
parent objects. Three of them are
here exactly copied (Fig. 19). Their
serpentine courses show that the tips
moved regularly from side to side;
they also pressed alternately with
greater or less force on the plates,
sometimes rising up and leaving them
altogether for a very short distance;
but this was better seen on the
original plates than in the copies.

Fig. 18,

S
Y
-

A B.
Eeonlus hippocastanum : out-
es of tracks left on in-
clined_glass-plates by tips
of radicles. In A the plate

the horizon, and the radicle
was 19 inch in length, and
23 inch in diameter at base.
In B the plate wasinclined

© with the horizon, and
the madicle was & trifle
larger.

These radicles therefore were continually moving in all direc-
tions—that is, they circummutated. The distance between the

extreme right and left positions
of the radicle A, in its lateral
movement, was 2 mm., as ascer-
tained by measurement with an
eye-piece micrometer.

Vicia faba (Common Bean)
(Leguminose) — Radicle. —Some
Deans were allowed to germinate

Fig. 19,

on bare sand, and after one had  } B, c.
protruded its radicle to a length 5, dbifiorus s kracks Toft

of *2 of an inch, it was turned

on inclined smoked glass-plates

upside down, so that the radicle, by tips of rnlu:lu in gmwmg

which was kept in damp air, downwards

nclined at 60%, B Inclined o

now stood upright. A filament,  ggo yith the horizon.

nearly an inch in length, was

afiixod obliquely near its tip; and the movement of the
forminal bead was traced from 830 A, to 10.30 ., as shown
in Fig. 18, The radicle at first changed its course twice
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.hmpuy, then made o small loop and then a larger zigzag
During the night and till 1140 on the following

Fig. 20.

Vicia fuba: unnmnnut!an of a radicle, at first pointing vertically up-

wards, kept in darkness, traced on a horizontal glass, during 14 hours.
Maumml cf boad of 1 filameat magnifiel 23 times, here reduced to
one-half of original scale.

morning, the bead moved to n great distance in a nearly straight
line, in the dircction indicated by the broken lin 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 o D B
Vicia faba : tracks left on inclined smoked glass-plates, by tips of radicles
in growing downwards, Plate C was inclined at 63° platos A and D
at 715 plate B at 7% and plate E at a few degrecs 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 Asculus and Phaseolus.
Some of the plates were inclined only a foew degrees beneath
the horizon, but most of them between 60°and 75°. In the
latter eases the radicles in growing downwards were deflected
only alittle from the dircotion which they had followed whilst
gorminating in sawdust, and they pressed lightly on the glass-
plates (Fig. 21). Fivo of the most distinot tracks are here
copied, and they are all slightly sinuous, showing circumnuta-
tion.  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
‘mauner as in the case of Phaseolus,

Epicotyl.—At the point where the radicle had protruded from
a bean lnid on its side, a flattened solid lump projected -1 of an
inch, in the same horizontal plane with the bean, This protuber-
ance consisted of the convex summit of the arched cpicotyl;
and as it became developed the two legs of the arch curved
themselyes laterally upwards, owing to apogeotropism, at such
a mte that the arch stood highly inclined after 14 h., and
vertically in 48h. A filament was fixed to the crown of
the protuberance before any arch was visible, but the basal
half grew 8o quickly that on the second morning the end of the

ament was bowed greatly downwards. It was therefore re-
moved 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
evidenca of circumnntation.

 As the arched epicotyl, in whatever position it may be placed,
bends quickly upwards throngh apogeotropism, and as the two
logs tend at o 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, cirenmnutated. Therefore some rather
decply buried beans were uncovered, and the two legs of the
arches were tied together, as had been done with the epicotyl
‘of Tropmolum and the hypoeotyl of the Cabbage. The move-
‘ments of the tied arches were traced in the usual mazner on
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#wo 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 con-
clude 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 some-
what more advanced age, a filament was fixed near the base of
one which was no longer arched, for its upper half now formed
o 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 50h. (from 9 Axx. Dee.
26th, to 11 A, 28th) is here shown (Fig. 22); and we see

Fig. 22.

Vicia fuba: circummutation of young epicotyl, traced in darkness during
50 hours on a horizontal glass. Movement of bead of filament mag-
nified 20 times, here rmluc»d to one-half of original scale.

that the epicotyl circumnutated during the whole time. Tts

basal part grew so much during the 50h. that the filament

at the end of our observations was attached at the height of

4 inch sbove the upper surface of the bean, instead of close

foit. If the bean had been properly planted, this part of the

epicoty] would still have been beneath the soil.

Lato in the evening of the 25th, 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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38 h. (Fig. 23). We here again have plain evidence of
d circumnutation. Had the bean been properly planted,
dih!ﬂmvlmwhlehhﬂlmtmlw the

Fig. 23.

+ circummutation of the same epicotyl as in Fig, 22, a litle more
!Iulil ln l(!, traced under similar conditions as befor hum 8,40 A,
10 10.50 A 30th.  Movement of bead fied

ot of which is here shown, would probably have just
abose the surface of the ground.

hyrus missolia (Leguminose).—This plant was selected for
from being an abnormal form with grass-like leaves.

Fig. 24.

kil sireumstation nt sam of guasgaming, tened 1n
Nov.
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narrow lea, is shown during 24 h., in Fig. 24, No glass filament
was employed, but a mark was placed beneath thexapex of the
leaf. The actual length of the longer of the two ellipses de-
scribed by the stem was about *14 of an inch. On the previous
day the chief lino of movement was nearly at right angles to
that shown in the present figure, and it was more simple.

Cassia tora* (Leguminosse).—A scedling was placed before a

rem

Cassia fora s conjoint circumnutation of cotyledons and hypocotyl, traced
on vertical glass, from 7.10 A, Sept. 25th to 7.80 A, 26th. ~Figure
here given reduced to one-half of original scale.

* Sceds of this plul(. \'I.uoh flourish or flower well with us:
grew near the sea-side, wi et they were sent to Kew, and were
0 us by Fritz ‘Miller: from 8. pronounced not to be distinguish-
Brazll, The secdlings did not  uble from C. tora.
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north-east window ; it bent very little towards it, as the bypo-
cotyl 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,

weon 8 A, and 5 pa, 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 com-
menced about 4.30 ..

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. 23).
The murning 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 T.10 At when the first dot was made, the cotyledons were
ot fully open or awake; they continued to open till about 9 ..,
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
abont 4.80 p.v. the great nocturnal rise commenced. At 7 Aar
on the following morning (Sept. 26th) they occupied nearly
the same lovel as on the previous morning, as shown in the
duylm they then began to open or sink in the usual manner.

The diagram leads to the belief that the great periodical daily
xiso and fall does ot differ essentially, excopting in amplitade,
from the oscillations during the middle of the day.

Lotus Jacobeus (Leguminosm).—The cotyledons of this plant,
after the fow first days of their life, rise so as to stand almost,
though rarely quite, vertically at night. They continte to act in
this manner for a long time even after the development of some
of the true leaves. With scedlings, 3inches in height, and bear-
ing five or six leaves, they rose at night about 45°. They con-
tinued to act thus for about an additional fortnight. Subse-
quently they remained horizontal at night, though still green,

D2
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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 remarkablo that the cofyledons do not generally
xise at night to any conspicuons extent during the first four or
five days after germination; but the period was extremely
variable with seedlings kept under the samo conditions; and
many were observed. Glass filaments with minute triangles of
paper were fixed to the cotyledons (13 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 am nu! exhibit any distinct nocturnal and diurmal move-
ment. when left free, over a

large apuee

Another and much older secdling, bearing a half-developed
leaf, had its movements traced in a similar manner during the
three first days and nights of Juno; but seedlings at this age
appear to be very sensitive fo  deficiency of light; they were
observed under a rather dim skylight, at a temperature of
botween 16° to 174° C. ; 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 carly afternoon in a nearly straight line, until between
6 and 7 v, when they stood vertically. During the latter
part of the night, or more probably in the carly morning, they
hegan to fall or open, so that by 645 A, they stood fally
expanded and horizontal. They continued to full slowly for
some time, and during the second day described @ single
small cllipse, between 9 A and 2 P, in addition to the
great diurnal movement. The course pursned during the
whole 241, was far less complex than in the foregoing case of
Cussin, On the third morning they fell very much, and then
cireumnutated on a small sealo round the same spot; by 890
P, they showed no tendency to rise ab 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-honse, 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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 riso did not coincide with that of the great dinrnal fall, so that
marrow ellipses were described, as is the usual rule with ciream-
nutating organs. The cotyledons are provided with a pulvinus,
its dovelopment will hereafter be deseribed.
 Mimosa pudicn (Leguminose)—The cotyledons rise up verti-
“eally at night, 50 as to close together. Two seedlings wero
observed in the groenhouse (temp. 16° to 17° 0. or 63° to 65° F.).
Their hypocotyls were secured to sticks, and glass filaments
Dearing little triangles of paper were affixed to the cotyledons of
‘both. Their movements were traced on a vertical glass during
m:nNnvmher 13th. The pot had stood for some time in
ﬁmm position, and they were chiefly illuminated throngh
the glass-roof. The cotyledons of one of these scedlings moved
“downward in the morning till 11.30 A, and then rose, moving
rapidly in the ovening until they stood vertically, so that in this
‘case tliers was simply a single great daily fall and rise. The
seedling behaved rather differently, for it fell in the morn-
inguntil 1130 A, and then rose, but after 12.10 .x. ngain fell
and the great evening rise did not begin until 122 pai. On the
following moruing this cotyledon had fallen greatly from its
vertical position by 815 aar. Two other seedlings (one seven
“and the other eight days old) had been proviously observed
‘under unfavourable circumstances, for they had been bronght
dnfo a zoom and placed before a north-east window, where the
was between only 56° and 57° F. They had, more-
“over, to be protected from lateral light, and perhaps were not
s these ci the

Jedons moved simply downwards from 7 A till 2 pax., after
‘which hour and during a large part of the night they con-
tinned to rise. Botween 7 and 8 Ax. on the following moming
‘they foll aguin; but on this second and likewise on the third
day the movements becamo irregular, and between 8 and 10.30
P, they eireumnutated to a small extent about the same spot;
but ﬁlq d:d not rise at night. Nevertheless, on the following
-night they
Gyum,/h:gmm (Leguminoss).—Only a few observations were
’b on this plant. The hypocotyl d.rcnmnnumd to a con-
but in asimple , for two hours
one direction, and then much more llowl: 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
‘morning began to return. The cotyledons continually
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move both up and down and laterally; but they do not rise up
at night in a conspicuous manner.

Lupinus luteus (Leguminosse).—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-cast 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 pax. they moved very slowly; during the night one
continued to fall and.the other rose, thongh 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 cireumnutated.

The hypocotyl is rather thick, about *12 of inch ; nevertheless
it cirenmmutated 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 14} hours
was only ¢ty of an inch; it sometimes travelled at the rate of
5 of an inch in an hour.

Cucurbita ovifera (Cucurbitacesm).— Radicle : a seed which had

Gucurbita auifera: cousse fullowed by a radicle in bending geotropieally

waards, traced on a horizontal glass, between A, and 10.25

3 the disection during the night e indieated by the bioken lie.
et o et ngaitod 14 e

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 cireumnutated. By the next
morning the tip had curved so much downwards that the fila-
‘ment, instead of projecting at 45° above the horizon, was nearly
horizontal. Another germinating sced was turned upside down
and covered with damp sand; and a filament was fastened to
the radicle s as to project at an angle of about 50° above the
an this radicle was 35 of an inch in length and a little
The course pursued was mainly governed, as in the
M 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.21. Fig. 28,
%‘ ' Cururity exfea: drcummita:
tion of arched hypocotyl at
Dot orifera: lmh a very early age, traced in
T darkness o 8 horizontal glass,
B vl dovowssis from 8 A, to 10.20 A, on
| g chefolloving day. “The move
3 ment of the bead magnified
Ph(ﬂ, inclined at 70" 90 $imes, here reduiosd 80 one-

half of original scal

samo conditions ns in the cases of Esculus, Phaseolus, and
Vicin. Facsimiles are here given (Fig. 27) of two of these
tracks; and a third short one was almost as plainly serpentine
s thatat 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 forco on them. There
must, therefore, have been movement in at least two planes at

ht angles to one another. Th icles were 5o 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 fow degrees beneath the horizon; and it is an im-
portant 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.

IHypocotyl—A seed lying on damp sand was firmly fixed by
two crossed wires and by its own growing radicle. The cotyle-
dons were still enclosed within the seed-coats; and the short

hypoeotyl, between the summit of

Fig. 29. the radicle and the cotyledons,

was as yet only slightlyarched. A

filament (-85 of inch in length)

/ was attached at an angle of 35°
above the horizon to the side of

J the arch adjoining the cotyle-
dons. This part would ultimately

form the upper end of the hypo-

cotyl, after it had grown straight

and vertical. Had the seed been

properly pllnwd the hypocotyl at

this stage of growth would have

been deeply buried beneath the

Ok eaira e NS os D) Sourmliawed by

‘Hon of straight and verti- 0@ bead of the flament, is shown

cal hypocotyl, with filament in Fig. 28, The chief lines of

.u‘.:"l, ::ﬂ:r:‘hn.ﬁ:;- x:l‘:‘:!:mﬂnt from lTlhlh n%lht in L:he

pper - wero parallel to the plane

O e o the two united cotyledons and

of the flattened seed; and this
bead originally maguified yovement would aid in dragging
hout 18 times, b <nly 4} 4o omt;of th seed-coats, which
are held down by & pecial struc-

ture 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 observa-
tions apply to the leg of the arch next to the cotyledons, but
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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. 20, The course pursued during 12h.
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 obliqne to  line joining
the opposite cotyledons. The actual extreme distance from
side to side over which the summit of tho tall hypocotyl
passed in the course of 12 h. was *28 of an inch. The original
figaro 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 oceasions the movements of the cotyle-
dons were traced on a vertical glass, and as the ascending and
lines did not quite coincide, very narrow ellipses

‘w formed; they therefore circumnutated. Whilst young
they ise vertically up at might, but their tips always remain
efloxed; on the following morning they sink down again.  With
a seedling kopt in complete darkness they moved in the same
‘manner, for they sank from 845 axx. to 4.80 rav.; they then
‘began to rise and remained close together until 10 rax., when
they were last observed. At 7 A 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 cortain day, but
were found completely closed at 7 .. on the following morning.
They soon began to xpndlgmnmdmun\mddamglohll
‘aboat 5 rar.; they then began to rise, and by 10.80 ¥, stood
vertically a.nd were almost closed. At 7 s, on the third morn-
ing they were nearly vertical, and again expanded during the
day; on the fourth morning they wero not closed, yet they
a little in the course of the day and rose a little on the

night. By this time a minute true leaf had become

Another seedling, still older, bearing a well-developed

Tad a sharp rigid filament affixed to one of its cotyledons

(8 mm. in length), which recorded its own movements on
& revolving drum with smoked paper. The observations were
‘made in the hot-house, where the plant had lived, so that there
wasno in temperature or light. The record commenced
8t 11 a.x. on February 18th; and from this hour till 3 pax. the
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cotyledon fell; it then rose rapidly till 9 par, then very
gradually till 3 Axx. Februavy 19¢h, after which hour it sank
gradually till 4.30 p..; but the downward movement was inter-
rupted by one slight rise or oscillation about 130 par. After
430 par. (19th) the cotyledon rose till 1 A, (in the night of
February 20th) and then sank very gradually till 930 Aax,
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 sur-
face of the soil, the tied arch changed its course greatly nine
times in the course of 143 h. It swept a large, extremely irre-
gular, circnlar figure, returning at night to nearly the same
spot whence it had started early in the moring. The line vas
so strongly zigzag 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.xr. an angle of about 66°,
and at 10 e their lower parts stood vertically and were in
contact; their tips, however, as is usual in the genus, were per-
manently reflexed. These cotyledons, at 7 Aax. on the following
morning, were again well expanded.

Lagenaria vulgaris (var. miniature Bottle-gourd) (Cucurbi-
tacem).—A seedling opened its cotyledons, the movements of
which were alone observed, slightly on June 27th, and closed.
them at night: mext day, at noon (28th), they included an
angle of 53°, and at 10 p.x. they were in close contact, so that
each had risen 261°. At noon, on the 29th, they included an
angle of 118° and at 10 par. an angle of 54°, so each had.
risen 82°. 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 Dbehaved 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 vertieally and
come into contact.

In order to ascertain more ac-
curately the nature of these move-
~ments, the hypocotyl of a seedling,
‘with its cotyledons well expanded,
was seeured to a little stick, and a
Alument with triangles of paper
wasaffixed o 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
€5° F.). Had the temperature been
higher and the light brighter, the
movements would probably have
been greater. On July 11th (see
Fig. 80), the cotyledon fell from
7.85 A, till 10 Aow.; it then rose
(rapidly after 4 ror) till it stood
quite vertically at 840 p.yt. During
the early morning of the next day

(12th) it fell, and continued to fall
ﬂl& Aax, after which hour it rose,

as on the i

Iunhg the following early morn-
ing and wholo day (13th) it fell and
eircumnutated, but had not risen
‘when observed late in the evening;
'.d this was probably due to the

of heat or light, or of
Foth. Wo thus sco that the coty-
“ledons became more widely npen at
M on each

Fig. 30,

e

==

e B E L

T of 5 Mylndnn, Y

13
inch in length, apex onl;
nchs from the vertical g .
on which its movements were
traced from 7.85 A, July
Lth to 0.5 . on the 14th,
Figure given_ reduced
toSneienof original scale.

and
that they rose etm.ndenhly each night, though not acquiring
& vertieal position, except during the first two nights.
 Cueumis dudaim (Cucurbitacese).—Two scedlings 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.ax ; but by 7 A, 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 (Cactew).—A. seedling was carefully ob-
served, because considering its
Fig. 31. appearance and. the nature of the
*y  mature plant, it scemed very un-
likely that either the hypocotyl or
cotyledons would circumnutate to
an appreciable extent. The coty-
ledons were well developed, being
‘9 of an inch in length, ‘22 in
breadth, and °15 in thickness.
The almost eylindrical hypocotyl,
now bearing a minute spinons bud
on its summit, was only *45 of an
inch in height, and ‘19 in dia-
Opuntia basilaris : conjoint cir- Meter. The tracing (Fig. 81) shows
comuntation, of hyposoyl tho mmbinew;ll :rnovemeﬁhof the
o don filament jynocotyl and of ono of the coty-
T Jongiiudinally to 87" Jedons, from 4.45 r. on May 28th
during 66 h. on horizontal to 11 Aar. onthe 81st. On the 29th
glass. Movement of the ter- g nearly perfect ellipse was com-
Gl bead magnified abont ploted. ~ On the 30th the hypocotyl
imes, here reduced to one-
third scale. Seedling kept in MOved, from some unknown cause,
hot-house, fecbly illuminated in the same general direction in a
B shore. zigzag line; but between 4.30 and.
10 par. almost completed a second
small ellipse. The cotyledons move only a little up and down
thus at 10.15 P.w. 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 dirccted 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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ﬁmm,ufuummminul,-mt *14 of an

Helianthus anmwns (Composite)—The upper part of the
lmovadd\mng the

Helianthus cnnins : cireumnntation of
hypocotyl, with flament fixed across
its summit, traced on a horizontal
glass in darkness, from 8.45 A.x.
10.45 Pat.,and for an hour on follow-
ing Wll;n[nl‘ Movement.
magnified 21 times, here reduced to

They continued  one-half of original scale.

they began to riso! but bebween 5 and Tor8 e

Bhooh i almost complete darkness, sank dmng the whole
sithout rising about mid-dny, but rose during the night.
h' third and fourth days they continued sinking without
ternate ascending movement; and this, no doubt, was

the absence of light.
ula Sinensis (Primulaces).—A seedling was placed with
cotyledons parallel to a north-east window on a day
light was nearly mniform, and a filament was affixed

dnight. The movements of the same secdling 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.

Prigula Bitned { conjtnt. eircumantation of Mypocolyl and cotylelony
SRptionion gles, fk SAD A ko 14T oveamats of
bead magnified about 26 times.

cwam Persicum (Pri This plant i
to produce only a single cotyledon, but Dr. H. Gressner

has .hm that a second one is developed after a long interval
of time. The hypocotyl is converted into a globular corm, even
beforo the first cotyledon has broken through the ground with its
blade closely enfolded and with its petiolein the form of an arch,
like the arched hypocotyl or epicotyl of any ordinary dicotyle-
donous plant. A’ glass filument 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 glnss, magnified 50

Fig. 34. times; and in this interval it

deseribed two irvegular small

circles; it therefore circumn-

tates, though on an extremely

small scale.
i ‘Slapelia sarpedon. (Asclo~

Stapelia sarpedon : circumnu P
o ‘hypocetyl, Mluminated o Dinde). — This plant, when
:;mve,s trace un hrizonal glus, mature, rosemblos o_cactus.
om une 2

e 8th; Temp. 380340/, /Lhe . Aabtened hypocotyl iz
Movement of bead magnified 21 fleshy, enlurged in the upper
times, part, and bears two rudimen-
tary cotyledons. It 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. 857.
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yrtically to the hypocotyl of a seedling half an inch high; and
its movements were traced during 50h. on a horizontal glass
(Fig. 84). From some unknown cause it bowed itself to one
L
«

ide, and as this was effected by a zigzag course, it probably
iroumnutated ; but with hardly any other seedling observed
by us was this movement so obscurely shown.
Ipomaa carulea vel Pharbitis nil. (Convolvulncem).—Seedlings
‘of this plant were observed because it is a twiner, Lha upper
i of which ci but, like
ther twining plants, the first few internodos which rise above
the ground are stiff enough to support themselves, and therefore
do not cireumnutate in any plainly recognisable manner.* In
particnlar instance the fifth internode (including the hypo-
cotyl) was the first which plainly circumnutated and twined
round a stick. We therefore wished to learn whether circum-
nutation could be observed in the hypocotyl if carefully observed
our usual manner. Two seedlings were kept in the dark
-ith filaments fixed to the upper part of their hypocotyls; but
not worth their were
)md for only o ahnrt time. One moved thrice forwards and
carly opposite direetions, in the course of

cotyledons of a little plant 3} inches in height; and its

-movements were traced on a horizontal glass, It eircumnutated,

and the actual distance travelled from side toside was a quarter

of an inch, which was too small an amount to be perceived with-
the aid of marks.

of the de ing from their

exity and rapidity, and in some other respects. The

tyl (2 inches high) of a vigorous seedling was secured to a

and a filament with triangles of paper was affixed to one

o cotyledons, Tho plant was kept all day in the hot-house,

at 4.20 par. (June 20th) was placed under a skylight in

he house, and observed occasionally during the evening and

It fell in a slightly zigzag line to a moderate extent

4.20 e till 10.15 2.3, When looked at shortly after mid-

(1230 » 3. it had risen a very little, and considerably by

* “Movements and Habits of Climbing Plants, p. 33, 1875.
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345 Ax. When again looked at, at 610 A (21st), it had

Tpomaa

Fig, 95.
§ppan.

e 22
cavulea : cireumnutation of
P eotylodon, tracel on vertcal glass,

from 6.10 A June 21st to 6.45

Aat. 23nd. Cotyledon with petiole
176 inch in Tongth, apex of blade
4+Linch from the vertical gl.nu,
s0_ movement not, greatly
vified ; temp. 2

fallen largely. A new tracing
was now begun (sco Fig. 35),
and soon afterwards, at 642
A, the cotyledon had risen a
littlo, During the forenoon it
was observed about every
hour; but between 12.30 and
6 pax. 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 eourse of 16 h. 20 m. i e.
between 6,10 aor. avd 10.30
por) thirteen times,

The cotyledons of this seed-
ling 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 seed-
Tings were observed ; they stood
almost or quite horizontally at
mid-day, and at 10 par. were
all declined at various angles,
The most usual angle was be-
tween 30° and 35°; but three
stood at about 50° and one at
even 70° beneath the horizon.
‘The blades of all these cotyle-
dons had attained almost their
full size, viz. from 1 to 1} inches
inlength, measured nlongtheu-
midribs. It is a remarkabl
fact that whilst yo\mg——ﬂun
is, when less than half an inch
in length, measured in the
same manner—they do not sink
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evening. Therefore their weight, which is
anddmm. 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
moon, instead of late in the evening ; and those of another seed-
ling were almost paralysed by having been similarly kept during
W0 whole days. The cotyledons of several other species of
Ipomcea likewise sink downwards late in the evening.
Cerinthe major (Boragines).—The circumnutation of the
liypocotyl ot a young seedling with the cotyledons hardly

Fig. 86.

\/

mojor: clronmnuation of hypocoyl,with Glament Sced seros e
..mg. illuminated from above, traced on horizontal glass, from
5136 15 to 5.5 ot on Oct. 250 Moremeat of 1he boad mugaifed

30 times, hore reduced to one-third of original scale.

w is shown in the annexed figure (Fig. as), w)\ieh
apparently represents four or five irregular ellipses, deseri
3 Iu course of a little over 12 hours. Two older leadllngs
e similarly observed, excepting that one of them was kept
the dark; their hypocotyls also circumnutated, but in a more
e manner. The cotyledons on a seedling exposed to the
fell from the early morning until a little after noon, and
continued to rise until 10.30 p.x. or later. The cotyledons
this same seedling acted in the same general manner during
two following days. It had previously been tried in the
tk, and after being thus kept for only 1. 40m. the cotyledons
n at 4.30 .. to sink, instead of continuing to rise till late

B
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Nolana_prostrata_(Nolanew). — The movements were not
traced, but a pot with scedlings, which had been kept in the
Qark for an hour, was placed under the microscope, with the
micromoter eye-piece so adjusted that each division equalled
oth of an inch. The apex of one of the cotyledons erossed
rather obliquely four divisions in 13 minutes; it was also sink-
ing, as shown by getting out of focus. The scedlings were
again placed in darkness for another hour, and the apex now
crossed two divisions in 6m. 18s.; that is, at very nearly the
same rate as before.  After another interval of an hour in dark-

ness, it crossed two divisions in 4 m. 155, there-
Fig. 37, fore at a quicker rate. In the afternoon, after a
longer interval in the dark, the apex was motion-
less, 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 circumnuta-
ting.

v Solanum lyeopersicum (Solanew)—The move-
ments of the hypocotyls of two seedling to-
Saman lyoper matoss were obseved during seven hours, and
cun- there could be no doubt that both circumnu-
Docotyl. it fated. They were illuminated from above, but
flamént fixed DY an accident a little light entered on one side,
neross its sum- and in the accompanying fignre (Fig. 87) it
;\‘j,’;";‘:;‘fdh:“ may be seen that the hypocotyl moved to this
from 10 50 1o side (the upper one in the figure), making small
. Oct. 24th. loops and zigzagging in its course. The move-
:_Hmn ated ob- ments of the cotyledons were also traced both
Siely \iromon vertical-and horizontal glasses ;. their angles
wwent of bead With the horizon were likewise measured at
magnified about various hours. They fell from 8,30 A.x. (October
f:mll:";iv Y:;ra 17th) to about noon ; then moved laterally in a
thirdof original 8708 line, and af about 4 at. began to rise;
soale, “~they continued to do so until 10.30 par, by
which hour they stood vertically and were asleap.
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 not
coincide, and irregular ellipses were described during each 24,
The regular periodicity of these movements is destroyed, as we

shall hereafter see, if the seedlings ave kept in the dark.
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i Several arched rising

“2 of an inch above the ground, but with the cotyledons
buried beneath the surface, were observed, and the tracings

owed that they circumnutated. Moreover, in several cases
open cireular spaces or cracks in the argillaceous sand
surrounded the arched hypocotyls were visible, and
appeared to have been made by the hypocotyls having
first to one and then to another side whilst growing up-
In two instances the vertical arches were observed to

cantium: circomnutation of an arched yrmyl, just
from the ground, with the two legs tied together, tracel fu

on a horizontal glass, from 9.20 A.M. Dec. 17th to 8.30 A
Movement of bead magnified 13 times; but the filument, which
affised abliquely to the crown of the arch, was of unusual length.

i d'h!ohwuanilewlwithkhelmofthamﬂ,
together ; the earth having been proviously removed
depth all round. The movement of the arch during
under these unnatural circumstances is exhibited

bout noon on December 13th; and at 10 v.yr. had risen
gle of 27° above the horizon; at 7 A.x. 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 (Chenopodem)—The seedlings are excessively
sensitive to light, so that although on the first day they
wero uncovered only during two or three
Fig. 39, ‘minutes at each observation, they all moved
steadily towards the side of the room
/ﬂ whenos the light proeeded, andtho traos
ings consisted only of slightly zigzag lines
| directed towards the light. On the next
4‘/} | day the plants were placed in a completely
\// durkened room, and at each observation
were illuminated as much as possible from
vertically above by a small was taper. The
aunexed figure (Fig. 39) shows the move-
ment of the hypocotyl during 9 h. under
these cirenmstances. A second seedling
was similarly observed at the same time,
and the tracing had the same peculiar
Bxod .,u.q..el, e character, due to the hypocotyl often mov-
cross its summit, ing and returning in nearly parallel lines.
tracod in darkuess o movement of a third hypocotyl differed
on horizontal glass,
from 825 aa, o Sroatly.
5.30 par. Nov. 4th.  We endeavoured to trace the movements
Movement _of bead of the cotyledons, and for this purpose
Tuagnified 20,465 gomo scedlings wero kept in the dark, but
third of original they moved in an abnormal manner ; they
sale. continued rising from 845 ax. to 2 P,
then moved laterally, and from 3 to 6 ..
descended ; whereas cotyledons which have been exposed all
the day to the light rise in the evening so us to stand verti-
cally 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 rax. all were completely closed,
50 that they might properly be said to be asloep. Again, on the
November 27th, th d ;
which were surrounded by a collar of o paper so that they
received light only from above, were open to the extent of
39°; at 10 par. they were completely closed; next morning
(November 28th) at 6.45 A.x., whilst it was still darl, two of them

Em -.%I./lnn‘x
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were partially open and all opened in the course of the morning;
but at 1020 px. all four (not to mention nine others which
had been open in the morning and six others on another ocea~
sion) wero 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 threo others had their
cotyledons much more raised than during the day. On the
night of the 80th the cotyledons of the four were only slightly

Ricinus Borboniensis (Euphorbiacem).—Seeds were purchased
nnder the above name—probably a variety of the common castor-
il plant. As soon as an arched hypocotyl had risen clear above
the ground,  filament was attached to the upper leg bearing the
eotyledons which were still buried beneath the surface, and the
- movement of the bead was traced on a horizontal glass during
& period of 34 h.  The lines fraced were strongly zigzag, and
85 the bead twice returned nearly parallel to its former conrse
in two different directions, there could be no doubt that the
arched hypocotyl cireumnutated. At the close of the 34 b,
 the npper part bogan to rise and straighten itself, dragging the
 cotyledons out of the ground, so that the movements of the
 bead conld no longer be traced on the glass.

Quercus (American sp.) (Cupulifers).—Acorns of an American

cak which had germinated at Kew wero planted in a pot in
greenhouse, This transplantation checked their growth;
it after a time one grew to a height of five inches,

lengths.

nstances and the nature of the plant, we hardly expected
it cirenmnutate; but the annexed figure (Fig. 40)

s that it did so i a conspicuons manner, changing its

rse many times and travelling in all directions during the
of abservation, The figure seems to represent b or 6

lar ovals or ellipses. The actual amount of movement
 sido to side (excluding one great bend to the left) was
ont 2 of an inch; but this was difficult to estimate, as owing
the rapid growth of the stem, the attached filament was
farther from the mark bencath at tho close than at the
ment of the observations. It deserves notice that the
placed in & north-cast room within a deep box, the top

ich was not at first covered up, so that the inside facing
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the windows was a littlo more illuminated than tho opposite
side; and during the first morning the stem travelled to &
sreater distance in this direction (to the left in the figure) than
it did afterwards when the box was completely protected from
light-

Fig. 40.

werons (Atsks\ Gk g vl o ot wle $aob ch ol
zontal glass, from 12.50 pat. Feb. 22nd to 12.50 P.or. 24th, - Movement.
of bead greatly magnified at rrm, but alightly towards the clos o the
observations—about 10 times o
Quercus robur.—Ohsarvations were mado muy on the move-
‘ments of
to grow downwards in the manner pmvmnaly d.escﬂbed, over
plates of smoked glass, inclined at angles between 65° and 69°
tothe 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, the
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. 1In the seventh
caso (B) the tip had moved both laterally and had pressed
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force on the glass; so that it had

hero can bo no doubt that in the last fonr cases the
o of the onk ci whilst growing d

Fig. 41,

A B ¢

Nmr: l.rnr:h Toft on inclined smoked glass-plates by tips of
I downwards, Plates A and € inclined at 65° and
at es° m the horizon.,

avellana (Corylacew)—The epicotyl breaks through

ital direction, like a root. In consequence of ﬂ:h injury
‘emitted near the hypogean cotyledons two secondary
and it was mmunbh that both of these were arched,

ound one of these arched secondary shoots, and a glass
ent was affixed to the basal log. The whole was kept
) beneath a motal-box with a glass lid, and was thus illumi-
only from abose, Owing apparently to tho lateral pressure
earth being removed, the terminal and bowed-down part
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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 upper part, instead

of depending vertically downwards,

Fig. 42, stood at an angle of 45° above the

horizon. The tip of the shoot pro-

jected obliquely *4 of an inch above

the ground, but by the close of our

observations, which lasted 47 h., it

had grown, chiefly towards its base,

/?‘3 t0 a height of *85 of an inch, The

filament was fised transversely to

%‘ the basal and almost upright half

of the shoot, close beneath the lowest

seale-like appendage. The circum-

o nutating course pursued is shown

Corylus avellana: cireamnuta- in the accompanying figure (Fig.

B e‘; ijv:';g;’*;ﬂ:;?i:f:: 49). The actual distance traversed

of which had beeh njured, £rom side to side was about *04 of
traced on a horizontal glass, &n inch.

from 9 At Feb. 2nd to 8 Pinus pinaster (Coniferm). — A

AM. 4th,  Movement of : .
par, dth, - Movement of young ypocotyl, with the tips
o, megiied abont 3T 06 tho cotyledons still enclosed

within the sced-coats, was at firs
only '35 of an inch in height; but the upper part grew so
Tapidly that at the end of our observations it was -6 in height,

iy

Pinus pinaster : cixcumnutation of hypocotyl, with flament fixed across its
summit, traced on horizontal glass, from 10 A, March 21st to 9 A3
23rd. Seedling kept in darkness. ~ Movement of bead magnified about.
85 times.
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Mby this time the filament was attached some wdm the
From some unknown canse, the
ﬁbvmhtlnlm but there could be no doubt (Fig. m)ﬁm
it cireumnutated. 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 the attachment of
‘Qgh- 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,
movements of two nearly opposite ones were observed. The
tip of one was painted white, with a mark placed below, and the
figure described (Fig. 44, A) shows that it made an irregular

Fig. 44,

B
3 Sreummtation of two oppoite coyledon, tracel en
hnlud-rkn—,[mm 8.45 A M. to 8.35 p.a. Nov. 25th.

ut 22 dlml. ‘here reduced to one-

m broken line. A glm filament was attached longitu-
n to the other cotyledon, and this mearly completed
44, B) an irregular circular figure in about 12 hours.
the night it also moved to a considerable distance, in
direction indicated by the broken line. The cotyledons
0 of the of the
Although they moved much during the night, they
le;:;‘.hmhothersou to stand more vertically than
the day.
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Cyeas pectinata (Cyeadem).—The Targe seeds of this plant in
germinating first protrude a singlo leaf, which breaks throngh
the ground with the petiole bowed into an arch aud with the
leaflets involuted. A leaf in this condition, which at the close
of our observations was 2} inches in height, had its movements
traced in & warm greenhouse by means of a glass filament
bearing triangles attached across its tip. The tracing
(Fig. 45) shows how large, complex, and rapid were the cireum-

Fig. 45.

S

aly

Cyoas pectinata : circumnutation of young leaf whilst ety llg from the

gromd, fbly illuminated fromabore, traced on 1 gluss, from

Siny 28th to 11 sz, S1st.  Movement magniied 7 times, hero
bbbl original scale,

nutating movements, The extremo distance from side to side
which it passed over amounted to between 6 and 7 of an
inch.

Canna Warscewiczii (Camnacem).—A. seedling with the plu-
mulo projecting one inch above the ground was observed, but
not under fair conditions, as it was brought out of the hot-
Touse and kept in & room not sufficiently warm. Nevertheless
the tracing (Fig. 46) shows that it made two or three income
plete irregular circles or ellipses in the course of 48 hours. The
plumule is straight; and this was the first instance observed
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of the part that first breaks through the ground not
arched.

Fig. 45

e

danna Warscawiosii : circumnutation of ,quml. with filament affixed
mt’dxauonkuhnﬁh like leaf, traced in darkness onhorizontal glass
i .M. Nov. 9th to 8.10 A, 1ith. Movement of bead mag-

i (Lilmcem) The narrow green leaf, which pro-

tmm the seed of the common onion as a cotyledon,*
s through the ground in the form of an arch, in the same
a8 the hypocotyl or epicotyl of a dicotyledonous plant.
after tho arch has risen above the surface the apex

 within the seed-coats, evidently absorbing the still
contents, The summit or crown of the arch, when

fl llmply mnndad but before it reaches the surface
od pmmbennu of & whim colour

rosson nsed  purposs which it subserves, o
“Text-book of that_good figures of the
cutylndun of tho onion have been
friven, by Tittmann aud by Sochy

P93
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After a timo the apex is drawn out of the empty secd-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 remark-
ably from the wltimate 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
Deneath the kneo to the basal and vertical portion of &
cotyledon; and its movements were
traced during 14 h. in the usual manner.

The tracing here given (Fig. 47) indi-
@, cates circumnutation. The movement of

Fig. 47.

the upper part above the knee of the same
cotyledon, which projected at about an
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 was
almost white from eginning to wither,
and its movements were thustraced. The
Allium cepa; circumnu- figure described resembled pretty closely
‘:}i"ﬂ ‘fefl ‘"':-} T-“‘ that above given; and this shows that the
raced o ke o chief seat of movement is in the lower or
horizontal glass, from basal part of the eotyledon.
815 oM. t0 10 PM.  Asparagus officinalis (Asparagess).—
iy m?:;ﬁ:ﬁ The tip of a straight plumule or cotyledon
about 17 times. (for we do not know which it should be
called) was found at a depth of 1 inch
Teneath the surface, and the earth was then removed all round
tothe depthof 3 inch. A glass filament was affixed obliquely to
it, and the movement of the bead, magnified 17 times, was traced
in darkness. During the first 1h., 15m. 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. in
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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
mﬁ. The surface of the soil in the pot was now covered with

 thin layer of very fine argillaceous sand, which was kept damp;
and after the tapering seedlings had grown a fow tenths of
an inch in height, each was found surrounded by a little open
‘space or eircular 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.
* In order to prove that there was circumnutation, the move-
Fig. 48,

ASPARAGUS.

.

is : circumnutation of plumules with tips whitened and
marks beneat, traced on a horizontal glass, A, young plums
- movement traced from 8.50 A1, Nov, 30th to 7.15 A, next morning ;
: about 85 times. B, older plumule ; movemeut traced from.
1015 A to 8,10 P, Nov. 29th ; magnified O times, but here reduced
20 one-]

of five scedlings, varying in height from 3 inch to2 inches,
traced. They were placed within a box and illuminated

Te-
each other to a certain extent,and it will suffice to give
of them. In A (Fig. 48) the seedling was only 45 of an
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ineh in height, and consisted of a single internode bearing a
bud on its summit. The apex described between 830 A.x. and
1020 v, (i.e. during nearly 14 hours) a figure which would
probably have consisted of 3} ellipses, had not the stem been
drawn to one side until 1 v, after which hour it moved back-
wards. On the following morning it was not far distant from
the point whenco it had first started. The actual amount of
movement of the apex from side to side was very small, viz.
about yith of an inch. The seedling of which the movements
are shown in Fig. 48, B, was 11 inch in height, and consisted of
three internodes besides the bud on the summit. The figure,
which was described during 10h., 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 *37 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 stew bent
snccessively to all points of the compass, like the stem of a
twining plant. A little increase in the power of cireumnutating
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, 4. scandens.

Plaluris Canariensis (Graminex).— With the Graminew the
part which first rises above the ground has been called by some
authors fhe pileole; and various views have been expressed on
its homological nature. It is considered by some great anthori-
ties 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 groen 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
gronnd.

The movements of three rather old seedlings, about 13 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 Rev. this subjoct, together with re-
G. Henslow for an abstract of the  ferences,
views which have been held on
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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 'bem Fig. 49,
described with their longer axes at
 right angles to one another. The
W amount of movement of the
from gido to side was llxmt

A seedling which had just broken

¢ Phalaris Canariensis :
the ground and projected tation of a mtyl«hm. ith &
k placed below the apex,
Sracsdon & horisoatal glass,
from 8.35 Aax. Nov. 26th to
d5an Moramentof

ti

md the secdling to & littlo  ruduced o onechalf sealn.
h in order to place a mark
aneath the apex. The figure (Fig, 50) shows that the apex
d to one side, but changed its course ten times in the

iensis : circumnu-

halaris C}m'
mwnn 8 very young coty-
lon, with .:ymuk laced

The soil was removed all round the apex to the depth
dmlnch.thlsudltellmnnjng vemd.
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scope with a micrometer eye-piece, so arranged that each
division equalled }yth of an inch. After an interval of 30 m.
the apex was obscrved, 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 erossed the same space in 8 m. 50 s. The scedling
was again d intervalof three-quarters of an hour,
and now the apex erossed rather obliquely two divisions in 10 m.
‘We may therefore conclude thut it was travelling at about the
rate of J;th 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 circum-
nutate as much as the surrounding pressure will permit. This
fact accounts (as in the caso before given of the asparagus) for
a circular, narrow, open space or crack being distinetly visible
round several scedlings which had risen through very fine

argillaceous sand, kept uniformly damp.
Zew mays (Graminew).—A glass fllament was fixed obliquely
to the summit of a cotyledon,

Fig. 51, rising ‘2 of an inch above the
ground ; but by the third morn=
ing it had grown to exactly
thrice this height, so that the
distance of the bead from the

mark below was greatly
ereased, consequently the trac-
ing (Fig. 51) was much more
‘magnified on the first than on
the second day. The upper
part of the cotylodon changed
its course by at least as much
ircumnutation of cotyle- a8 & rectangle six times on each
du; ln;:dirnhhu::jun‘mlflns:, :::r of the two days. The plant
S at nmgmﬁ‘ndlvn au Was illuminated by an obscare
e light from vertially above.
This was & necessary precau-

tion, as on the previous day we had traced the movements of
cotyledons placed in & deep box, tho imer gide of which was
feebly illuminated on one side from a distant north-east window,
and at cach 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 iu their course
some conspicuous flexures, from which fact alone we might have
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concluded that they were circummutating; but wo thought it
advisable to make the tracing above given.

Radicles—Glass filaments were fixed to two short radicles,
‘placed 50 as to stand almost upright, and whilst bending down-
wards through geotropism their courses were strongly zigzag
from this latter circumstance circumnutation might have been
dnferred, 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° bencath the horizon. Almost every one of these
trucks offered evidence in their greater or less breadth in dif-
ferent 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 (Fig. 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 therefor
that the friction of the apex on the smoked
surface, littlo as this could have been, sufficed
o check the movement from side to side of these

radicles.

| dvena sativa. (Graminem).—A. cotyledon, 1§  smoked glass-
in height, was placed in front ‘of & north- i

s and zigzagged much until 5 v, after which
and during the night, it continued to movo towards the
dow. On the following morning the same movement was
ued in & nearly straight line until 12.40 v.x., when the sky
ined until 235 inarily dark from thunder-cloud:
g this interval of 1h. 55m., whilst the light was obscure,
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A filament was next fixed to a cotyledon only + of an inch in
height, which was illuminated exclusively from above, and as
it was Kept in a warm greenhouse, it grow rapidly ; and now
there could be no
a figure of 8 as well as two small ellipses in 54 hours.
Nephrodium molle (Filices)—A seedling fern of this species
came up by chance in a flower-
pot near its parent. The frond,
as yet only slightly lobed, was
only 16 of an inch in lengthand
2 in breadth, and was supported
on & rachis as fine as a hair
and 23 of an inch in height., A
vory thin glass filament, which
projected for  length of ‘36 of
an inch, was fixed to the end of
the frond. The movement was

CIRCUMNUTATION OF SEEDLINGS. Cuar. I

N Fig. 5.

Nophrodium molle : circumnutation

of very young frond, traced in
darkness on horizontal glass,
from 9 A M. to 8. P, Oct, 50th,

50 highly magnified that the
figure (Fig. 53) cannot be fully
trusted; but the frond was

Movement of bead magnified 48

¥ constantly moving in a complex
imes.

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 parallel
10 its former course, The greatest amount of movement ocourred.
between 4 and 6 pa. The eircumnuta~

Fig. 54, tion of this plant is interesting, because

the species in the genus Lygodium are

/rY\K ‘well known fo circumnutate conspicuously

S and to twine round any meighbouring
R e object.

Selaginella Kraussii (?) (Lycopodiaces).
A very young plant, only 4 of an inch
in height, had sprang up in a pot in the,
hot-house. An extremely fine glass fila-
ment was fixed to the end of the frond-
like stem, and the movement of the bead,
traced on a horizontal glass. It changed its course several
times, as shown in Fig. 54, whilst observed during 131, 15 m.,
and returned at night to a point not far distant from that
whenee it had started in the morning, There can be no dout
that this little plant circumnutated.

Selaginella Kravssii ()
circnmnutation
young plant, kept in
dqr\.y\eﬂ, \‘.rned from
8.45 A, L

Oct. ﬂlst
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CHAPTER II.

GENERAL CONSIDERATIONS ON THE MOVEMENTS AND GHOWTH OF
SeEpLING

Generality of the circumnutating movement—Radicles, their circuui-
nutation of servico—Manner in which they penctrate the ground—
Manner in which hypocotyls and other organs break through the
ground by being arched—Singular manner of germination in Megar.
thiza, &.—Abortion of cotyledons— Circumnutation of hypocotyls
and epicotyls whilst still buried and drched—Theie power of

Bu f the
D lmhlng itotma i hypesean hypoeolyll i
tion of hypocotyls and epicotyls when ercot—Ciroumnutation of
eotyledons—Pulvini or joints of cotyledons, dnm(m of their
 uetivity, in’ Oxalis It
Sensitiveness of eutylodons to light and mumqnml disturbance of
thefr periodic movements—Sensitivencss of cotylcdons to contact.

TE circumnutating 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, &e.,
to which they belong, arranged and numbered ac-
ng to the classification adopted by Hooker.*
iy one who will consider this list will see that the
g plants selected for observation, fairly represent
whole vegetable series excepting the lowest
s, and the movements of some of the latter
mature will hereafter be deseribed. As all the
gs which were observed, including Conifers,
s and Ferns, which belong to the most ancient

S As [l';;\n\ln the ‘General System of Botany,’ by Le Maout and
s
r2
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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.
Sun-Kiepost L—Phenogamous Plants.
Class 1.—DICOTYLEDONS.
Sub-class L —Angiosperms.

Family, Cohort.
14, Crucifore. 1L ParmcTALES.
26, v,

6. Malvacee. VI MaLvALES.
41 Oxalidez. VI GerANIALES.
Tropeile. Drrro
Aurantiacea, Dirro
. Hippocastanea. X, SAPINDALES.

. Loguminosa. XI, Rosates.
it XIL
. Cactea. XIV. Ficomaves.
. Composita. XVIL Asriaes,
Primulacea, PRINULALES
. Asclepiadec. . GENTIANALES.
+ Convolelaces. XXIIL POLEMONIALES.
Borraginea. Drrro
Nolanea, Dirro
Solanea. XXIV, SOLANALES.
i XXVIL
Buphorbiacec. XXXIL EUPHORBIALES,
Cupuliferc. XXXVL QuERNALES.
Corylaces, Dirro
Sub-class 1T —Gymnosperms.
224, Conifea.
224, Cyoadea,
Class IL-~MONOCOTYLEDONS.

2. Cannacea, 1L AnoMALES.
84, Liliacee, X1, Lutaces,
4L Asparagea, Drrro
55, -Gramine. XV. GLuMALES.

Svp-Kisapoy IL—Cryptogamic Plants.

1, Filices, 1. Fiuicaces.

8. Lycopodiacea, Dirro
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* Radicles—1In all the germinating seods 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 some resistance, unless
indeed the soil is extremely loose; for otherwise the
seed is lifted up, instead of the radicle penctrating
the surface. But seeds often get covered by earth
thrown up by 1 ing drupeds or hi

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 eracks when the ground is dry, or into holes.
‘Even with seeds lying on the bare surface, the first
develop: t-hairs, by b ing attached to stones
or other objects on the surface, are able to hold down
the upper part of the radicle, whilst the tip pene-
(trates the ground. Sachs has shown® how well and
elosely 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
eonsolidation, as will be on some future occasion
‘more fully described. This intimate union plays an
Jimportant 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 pene-
‘nting the ground is probably only a secondary

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 deseribed in Brassica, Alsculus, Phaseolus,
Vicia, Cucurbita, Quercus and Zea. The probability
of its occurrence was inferred by Sachs,* from radicles
pluwd vertically upwards being acted on by geotro-
pism (which we hkemse folmd to be the case), for if
they had ined dicular, the attrac-
tion 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 fila-
ments of glass affixed to the radicles in the manner
previously deseribed, 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 ocenr

* “Usber um der  had previously remarked (*Be-
Wartos Adbeitondot b des bot, In-  trigs sur. Phanseuphyst
stituts in Wurzburg,' Heft iii. 1868 p 31) on tha fwkuf

1878, p. 460. This memoir, ho- Wal
sides &a intrinsic and great in- w!ed nn b; %Mmpllm, and he
terst desrves to bo studied as a  explained i by tho suppositon
model of careful investigation, ~that their growth was not equal
and wo 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 glass-
plate; but slips of wood only g 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
'lught in opposition to geotropism.
- In those cases in which radicles with attached fila~
‘ments were placed so as to stand up almost vertically,
Wycurved downwards through the action of geotro-
circumnutating at the same time, and their
wm were consequently zigzag. Sometimes, how-
ever, they made great circular sweeps, the lines being
ise zigzag.

~ Radicles closely surrounded by earth, even when
is is thoroughly soaked and softened, may perhaps
quite prevented from cuc\mmntaung Yet we
Gy ber that the ci g sheath-like
ledons of Phalaris, the hypocotyls o Solanum,
d the epicotyls of Asparagus formed round them-
es little circular cracks or furrows in a superficial
er of damp argillaceous sand. They were also
as well as the hypocotyls of Brassica, to form
straight furrows in damp sand, whilst cirenmnutating

d bending towards a lateral light. In a future
it will be shown that the rocking or circum-
g movement of the flower-heads of Trifolium
aneum aids them in burying themselves. It is
e probable that the circumnutation of the tip

e 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. Never-
theless, when young radicles of Phaseolus multiflorus
were fixed vertically close over damp sand, in the
expectation that as soon as they reached it they
would form eircular furrows, this did not occur,—a
fact which may be 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 soft-
ened 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 down-
ward growth breaks obliquely into any crevice, or &
hole left by a decayed root, or one made by the
larva of an insect, and more especially by worms, the
circumnutating movement of the tip will materially
aid it in following such open passage; and we have
observed that roots commonly run down the old
burrows of worms.*

When a radiele 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 t has shown that whilst thus bending, the growth
of the lower surface is greatly reta.rded, whilst that

* Sco,also, Prof. Hensen'sstate-  rows made by worms.

monts (‘Zeitschrift fir Wissen, ¢ Arbeiten des bot. Inst.
Zool,' B, xxvill, p. 354, 1877) to  Witrzburg,' vol, i. 1873, p. 461,
e o effct. Ho goes so fir  Senalio pl 897 for the pRet
s o baieve that roots aro able  the groving part, nd p. 401 on.
t0 penctrate the ground toa great force of geotropis.

depths only by means of the bur-
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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,
) & 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 154 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

| thickness), and placed a radicle close above, in such
tion that it grew almost perpendicularly down-
wards. When the apex came into contact with the
ished level surface it turned at right angles and
ided over it without leaving any impression; yet
tin-foil was so flexible, that a little stick of soft
pointed to the same degree as the end of the
and gently loaded with a weight of only a
of an ounce (120 grains) plainly indented the

Radicles are able to penetrate the ground by the
force due to their longitudinal and transverse growth;
seeds themselves being held down by the weight

the superincumbent soil. In the case of the bean
he apex, protected by the root-cap, is sharp, and
growing part, from 8 to 10 mm. in length, is
h more rigid, as Sachs has proved, than the part
ediately above, which has ceased to inerease in
‘We endeavoured to ascertain the downward
we of the growing part, by placing germinating
between two small metal plates, the upper one
h was loaded with a known weight; and the
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radicle was then allowed to grow into a narrow hole in
wood, 2 or 3 tenths of an inch in depth, and closed at
the bottom. The wood was so cut that the short space
of radicle between the mouth of the hole and the
bean could not bend laterally on three sides; but it
was impossible to protect the fourth side, close to
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. Beans
thus arranged, surrounded by damp sand, lifted up a
quarter of a pound in 24 h. after the tip of the
radicle had entered the hole. With a greater weight
the radicles themselves always became bent on the one
unguarded side; but this probably would not have
occurred if they had been closely surrounded on all
sides by compact earth. There was, however, a
possible, but not probable, source of error in these
trials, for it was not ascertained whether the beans
themselves go on swelling for several days after they
have germinated, and after having been treated in
the manner in which ours had been;
namely, being first left for 24 h. in
water, then allowed to germinate in
very damp air, afterwards placed over
Outline of piece of the hole and almost surrounded by
sick Gredueed t damp sand in a closed box.
size) with a hole  Wesucceeded better in ascertaining
throngh 1o "t the force exerted transversely by these
bean grew. Thick- radicles. Two were so placed as to
o ai®.0% penetrate small holes made in little
m,? at :fﬂn‘ H"lc sticks, one of which was cut into the
hole 1 inch,  shape here exactly copied (Fig. 55).
The short end of the stick beyond
the hole was purposely split, but not the opposite

Fig. 55.
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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 imme-
diately closed to a width of 2 mm. The stick was
then suspended horizontally by
‘afine wire passing through the
hole lately filled by the radicle,
and a little saucer was sus-
‘pended beneath to receive the
weights; and it required 8 Ibs.
‘80z, to open the fissure to the
width of 4 mm.—that is, the
‘width before the root was ex-
tracted.  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 Ibs. 8 ozs, for it had split
the solid wood for a length of
ather more than a quarter of
aninch (exactly *275 inch), and
this fissure is shown in Fig. 55.
second stick was tried in the
ame manner with almost ex-
otly the same result.
We then followed a better
Holes were bored near
narrow end of two wooden clips or pincers (Fig. 56),
by brass spiral springs. Two radicles in damp
were allowed to grow through these holes. The

Fig. 56,

Waolen pincers, kept closed by
a spiral brass spring, with a
holo (*14 inch in diameter
and *6 inch in depth) bored
through the narrow closed
part, through which a radicle
of & bean was_allowed to
grow. Temp. 50°-60° F.
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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 1bs. 4 0zs.) 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 42 mm,, and at right angles
85 mm, If this escape and flattening could have
been prevented, the radicle would probably have
exerted a greater strain than the 3 Ibs. 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 diffi-
culty 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 impos-
sible todecide whether the actual apex exerts, relatively
toits 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 there-
fore 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, Epicotyls, de., rise up
“and break through the ground.—After the radicle has
pe ted the ground and fixed the seed, the hypo-
eotyls 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
¢s, the downwardly bent apex remains for a time
ed within the seed-coats. With Corylus avel-
the cotyledons are hypogean, and the epicotyl
ched; but in the particulur case described in
the last chapter its apex had been injured, and it
laterally through the soil like a root; and in
equence of this it had emitted two secondary
which likewise broke through the ground as

Cyelamen does not produce any distinct stem, and
ly a single cotyledon appears at first;* its petiole
considered by otlier botanists as
the first tru leaf is really the
seoond cotyledon, which is
delayed in its dovelopment,
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breaks through the ground as an arch (Fig. 57).

Fig. 57,

Cyclumen  Persicun ¢
seedling, figure en-
larged: ¢, blade of
cotyledon, mot et
expanded, with arched
petiole beginning to
straighten itself; A,
hypocotyl developed
intoacorm ; r,second-
ary radicles.

Abronia also has only a single fully
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)
whilst still beneath the surface has
its apex upturned and parallel to
the descending leg of the arched
hypocotyl ; but it is dragged
out of the ground by the con-
tinued growth of the hypocotyl,
with the apex pointing downward,

With Cyeas pectinata the cotyledons are hypogean,

Fig. 58,

and a true leaf first breaks
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
hypogean cotylodon on the near
side removed and the radicles cut
off: o, blade of first loaf begin-
ning to expand, with petiole still
partially arched ; b, second and
opposite leaf, as yet very imper-
fectly developed; ¢, hypogean
cotyledon on the apposite side.

@ The Complate W

with the petiole at first not
half as thick as that of the
other. The undeveloped
leaf is protected by stand-
ing beneath its arched fel-
low; and it is an instrue~
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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 accom-
:ymg sketch (Fig. 58) the petiole of the first leaf
already partially straightened itself, and the blade

is beginning to unfold. The small second leaf ulti-
mately 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
Acanthacem stand either opposite one another or in
fihmls, and as these are of equal size, the great in-
between the first two leaves is a singular fact.

‘@ can see how this inequality of development and
ﬁemhmg of the petiole could have been gradually
mmnd,if they were beneficial to the seedlings by
fa their 3 for with A. eandelabrum,
mnnd latifolius there wu great variability in the
M\uhty between the two first leaves and in the
g of their petioles. In one seedlmg of A. can-
n the first leaf was arched and nine times as
as the second, which latter consisted of a mere
yellowish-white, straight, hairy style. In other
gs the difference in length between the two
es was as 3 to 2, or as 4 to 3, or as only ‘76 to
inch. In these latter cases the first and taller leaf
not properly arched. Lastly, in another seedling
e was not the least difference in size between the
first leaves, and both of them had their petioles
ght; their lamine were enfolded and pressed
each other, forming a lance or wedge, by
means they had broken through the ground.
ore in different individuals of this same species
of Acanthus the first pair of leaves breaks through
ground by two widely different methods; and if
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either had proved decidedly advantageous or disad-
vantageous, one of them no doubt would soon have
prevailed.

Asa Gray has described * the peculiar manner of ger-
mination of three widely different plants, in which the
hypocotyl is hardly atall developed. These were there-
fore che’rved by us in ralanou to our present subject.

dicaule—The el d petioles of
the two yled l (as are
their blades at the buse), 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 root~
hairs 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 32 mm. in length, and
it is seated on the line of confluence of the two
petioles.  The leaf when it first escapes from the
chamber is buried beneath the ground, and now an

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
some, and we believe in all cases,—arches itself whx]l'
forcing a passage through the soil.

* ¢ Botanical Text-Book," 1679, p. 22.
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 Megarrhiza Californica.—The cotyledons of this
never free themselves from the seed-coats and
re hypogean. Their petioles are completely con-
forming a tube which terminates downwards
i ittle 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 al i in which
me of the two cotyledons failed to prudnce a petiole,
it the other produced one consisting of an open
linder ending in a sharp point, formed of the
Jjust deseribed. As soon as the confluent
oles protrude from the seed they bend down, as
are strongly geotropic, and penetrate the ground.
seed itself retains its original position, either
the surface or buried at some depth, as the case
ay be. If, however, the point of the confluent
es meets with some obstacle in the soil, as
s to have occurred with the seedlings deseribed
figured by Asa Gray,* the cotyledons are lifted
bove the ground. The petioles are clothed with
hairs like those on a true radicle, and they
resemble radicles in becoming brown when
d in a solution of permanganate of potassium.
were subjected to a high temperature, and
urse of three or four days the petioles pene-
the soil perpendicularly to a depth of from
inches; and not until then did the true
begin to grow. In one specimen which was
ly observed, the petioles in 7 days after their
sion attained a length of 2} inches, and the
by this time had also become well developed.
plumule, still enclosed within the tube, was now

* * American Journal of Seience,’ vol. xiv. 1877, p. 21.
G
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-3 inch in length, and was quite straight; but from
having inereased 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
convex side or elbow had thus been
forced out through the slit. Here
then the arching of the plumule
plays the same part asin 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 2} inches of superin-
cumbent soil, still retaining its
arched form. After reaching the
surface it straightened itself in the
usuul manner. In the accompany-
ing figure (Fig. 58, A) we have a
sketch of a seedling in this ad-
vanced state of development; the
surface of the ground being re-
presented by the line GG,
wm;' Py The germination of the seeds in
uced to_one-half their native Californian home pro=
w‘;;i“ Dol ceeds in a rather different manner,
the _two wnﬂ“;nl as we infer from an interesting
fz;:ﬁ:;’;i"::,i"?,.;‘me' letter from Mr. Rattan, sent to us
o v‘"m“lﬂ-l 6 by Prof. Asa Gray. The petioles
i protrude from the seeds soon after
tl I rains, and p the ground,
in a vertical direction, tu a depth of from 4 to even
6 inches. They were found in this state by Mr
Rattan during the Christmas vacation, with the plu-

Fig. 58, A

Megarrhiza Californica s
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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 root-
hairs on the petloles 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
the contraction of their radicles. We may, how~
, believe that the extraordinary manner of germi-
m 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
p ed by being buried whilst young and tender, at a
depth of some inches beneath the surface. Ultimately
it grows to a huge size.
 Tpomeea leptophylla.—Tn most of the species of this
ws the hypocotyl is well developed, and breaks
gh the ground as an arch. But the seeds of the
nt species in germinating behave like those of
rrhiza, excepting that the elongated petioles of
cotyledons are mot confluent. After they have
ed from the seed, they are united at their
ends with the undeveloped hypocotyl and un-
eloped radicle, which together form a point only
‘1 inch in length. They are at first highly
tropic, and penetrate the ground to a depth of
above half an inch. The radicle then begins
grow, On four occasions after the petioles had
n for a short distance vertically downwards, they
G2
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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 through
90? 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 there-
fore grows vertically upwards, excepting a short
portion 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 them-
selves 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 cotyledo
which in breaking throngh the ground have formed
almost open passage, it does not require to be arched.
is consequently always straight. Whether the plumi
remains buried and dormant for a time in its nati
country, and is thus protected from the cold of winter
we do not know. The radicle, like that of the Me
rhiza, grows into a tuber-like mass, which ultimat
attains a great size. So it is with Ipomaa pan
the germination of which, as Asa Gray informs
resembles that of I. leptophylla.

The following case is interesting in connection
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the root-like nature of the petioles. The radicle of a
ing was cut off, as it was completely decayed,
and the two now separated cotyledons were planted.
y emitted roots from their bases, and continued
mﬂ 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-
hondant plants in the following summer, we do not

Qm virens, according to Dr. Engelmann,*
h the cotyledons and their petioles are confluent.
o latter grow to a length “of an inch or even
" and, if we understand rightly, penetrate the

within the cotyledons is then quickly transferred
the hypocotyl or radicle, which thus becomes
ed into a fusiform tuber. The fact of
being formed by the foregoing three widely
net plants, makes us believe that their protection
animals at an early age and whilst tender, is one
least of the advantages gained by the remark-
elongation of the petioles of the cotyledons,
ogether with their power of penetrating the ground

roots under the guidance of geotropism.

following cases may be here given, as they bear
present subject, though not relating to seed-
The flowerstem of the parasitic Lathraa
ria, which is destitute of true leaves, breaks
ch the ground as an arch;t so does the flower-
i Ty e ot

quantity of water secroted at this
Seriod of tho year by the subler-
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stem of the parasmc and leafless Monotropa hypopitys.
With 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 ficaria, 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 aqui-
lina), and of some, probably many, other ferns, like-
wise rises above ground under the form of an arch.
No doubt other analogous instances could be found by
careful search. Inall ordinary cases of bulbs, rhizomes,

scale-like leaves : not that

another little pool was
thero s any renson to_ muppote

and after 16 additional hours

the secretion s a lpul.nl soveral large drops. A emaller
ndu tation for this p lant was washed and placed §
bly Tollows from large jar, which was left inc]
qmm(lty‘ of sap it e et e by e s
carlyspring by the parastic vooth . mare watr di off. The
period without any  was then placed upright and
Tl the et R BanRa T, oeed i 2 e Ll

parts quite Web fn: o J’t’mnue of
at least six inches all round cach
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by glands (desoril
o mok ok dey Setlel
sischen Geselly 1876, . 119)
longitudinal
channels running through each
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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,
plumules, for instance, those of Asparagus and
are straight whilst breaking through the ground.
ith the Graminew, the sheath-like cotyledons are
ise straight ; they, however, terminate in a sharp
which is white and somewhat indurated ; and this
tructure obviously facilitates their emergence from
soil : the first true leaves escape from the sheath
gh a slit beneath the chisel-like apex and at
angles to it. In the case of the onion (Alium
we again meet with an arch; the leaf-like coty-
being abruptly bowed, when it breaks through
ground, with the apex still enclosed within the
coats, The crown of the arch, as previously
is developed into a white conical pro-
which we may safely believe to be a
adaptation for this office.
e fact of so many organs of different kinds—
Is and epicotyls, the petioles of some coty=
8 and of some first leaves, the cotyledons of
onion, the rachis of some ferns, and some flower-
all arched whilst they break through
ground, shows how just are Dr. Haberlandt's*
s on the importance of the arch to seedling
He attributes its chief importance to the
r, young, and more tender parts of the hypocotyl

g

though our lead us
todiffer 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 inereased 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, &e., 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 seed-
conts) grew upwards with a force sufficient to lift a
thin plate of zine, 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.”

TFor instance, with the common bean, the epicotyl or
plumule is bowed into an arch whilst breaking through
the seed-coats, as shown in Fig. 59 (p. 92). The
plumule first protrudes as a solid knob (¢ in A), which
after twenty-four hours’ growth is seen (¢ in B) to be
the crown of an arch. Nevertheless, with several
heans which germinated in damp air, and had other-
wise been tfreated 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
8 the normal plumule; yet they had not been sub-
jeeted to any confinement or pressure, for the seed-
coats 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 pro-
trudes from the sced at first only slightly bowed ; but
the bowing afterwards inereases independently of any
eonstraint. 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
{or breaking through the ground.
- With many kinds of plants, the radicle, whilst still
enclosed within the sced and likewise after its first pro-
trusion, lies in a straight line with the future hypocotyl
with the longitudinal axis of the cotyled This
the case with Ouewrbita ovifera; nevertheless, in
whatever position the seeds were buried, the hypocotyl
iy came np arched in onme particular direction.
were planted in friable peat at a depth of about
inch in a vertical position, with the end from which
radicle protrudes downwards. Therefore all the
ts occupied the same relative positions which
would ultimately hold after the seedlings had
en clear above the surface. Notwithstanding this
the hypocotyl arched itself; and as the arch
upwards through the peat, the buried seeds were
d either upside down, or were laid horizontally,
afterwards dragged above the ground. Ulti-
ely the hypocotyl straightened itself in the usual
nner; and now after all these movements the
B parts oceupied the same position relatively to
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
Jicaria, 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 by
pins passing through the cotyledons, fixed to the
inside of the lids of jars, in which case the hypo-
cotyls were not subjected to any friction or constraint,
yet the upper part became spontancously 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 Ipomeea
(those of I bona mow being for the genus large
and heavy) were pinned in the same manner,
and the hypocotyls became spontaneously arched;
the radicles, which had been vertically dependent,
assumed in consequence a horizontal position. In
the case of Ipomea leptophylla 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
probab)hty that the archmg was aboriginally ca\xsed

by h owing to the
of the parts in questlon within the seed-coats, or to
friction whilst they were being dragged upwards. But.
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if this is so, we must admit from the cases just given,
‘that a tendency in the upper part of the several
specified organs to bend downwards and thus to be-
come arched, has now become with many plants firmly
hhemed. The arching, to whatever cause it may be
is the result of modified circumnutation, through
increased growth along the convex side of the part;
such growth bemg only temporary, for the part always
tself by d growth
- along the concave side, as w1ll hereafcer 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
m. We refer to a movement observed by Sachs
the hypocotyls of the bean and some other Legumi-
nosee, and which is shown in the accompanying figure
. 59), copied from his Essay.* The hypocotyl
d radicle at first grow perpendicularly downwards,
at A, and then bend, often in the course of 24 hours,
o the position shown at B. As we shall here-.
often have to recur to this movement, we will, for
sake, call it “ Sachs’ curvature.” At first sight
t be thought that the altered position of the
in B was wholly due to the outgrowth of the
otyl (e), the petiole (p) serving as a hinge; and
probable that this is partly the cause; but the
tyl and upper part of the radicle themselves
ightly curved.
e above movement in the bean was repeatedly
by us ; but our observations were made chiefly on
vmdlgﬂama, the cotyledons of which are like-

' * Arbeiten des bot. Instit. Witrzburg, vol. i. 1873, p. 403,
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wise hypogean. Some seedlings with well-developed
radicles were first immersed in a solution of perman-
ganate 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 hypoeotyls

Vicia fuba; germinating seeds, suspended in damp air: A, with radicle
growing perpendicularly downwards ; B, the same bean after 24 hours
andate the radicle s curved el 7, radicle; Jyshort hypocsyly
e, epicotyi ppearing as a knob in A and as an arch in B, p, petiols of
{he catyledon, the latter snclosed withia the soedouts

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 howrs the
black lines on the hypocotyls of 16 out of the 23
seedlings became distinetly curved, but in very
various degrees (namely, with radii between 20 and
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80 mm. on Sachs’ eyclometer) in the same relative
direction as shown at B in Fig. 59. As geotropism
‘will obviously tend to check this curvature, seven
seeds were allowed to germinate with proper pre-
cautions 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.

- Itwill,we presume be mlmlttrerl that nlI legmmuuus
‘plants with b 1 are d. from
Aforms which once raised their cotyledons ubove the
wmmd 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 especiully elear in the case of Phaseolus,
or out of five species, the seedlings of which we
observed, namely, P. multiflorus, aamealla, vulgaris,
desii and Roburghii (inhabitants of the Old
d New Worlds), the three last-named species have
ell-developed hypocotyls which break through the
und as arches. Now, if we imagine a seedling of
‘common bean or of P, multiflorus, to behave as its
itors once did, the hypoeotyl (%, Fig. 59), in
ever position the seed may have been buried,
become so much arched that the upper part
d be doubled down parallel to the lower part; and

& An imtroment devsed by on which m lant unior observa-
olis, ansisting e-sentially of & tion oo Witrabur
revolvin ntal axis.  Asbeiten 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 ten-
dency 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
Fig. 6 that some dicotyle-
g. 60,
c donous plants produce
only a single cotyle-
o » don; for instance, cer-
tain species of Ranun-
culus, Corydalis, Chae-
rophyllum ; and we
will here endeavour to
show that the loss of
one or both cotyle-
B donsisapparently due
Citrus awrantium : two young seedlings: to g store of nutri-
o lasger cotyladon; o), smaller cotyien 2 s F
don 5 7, thickened hypocotyl 5 r, radicle, ment being laid up in
In A the epicotyl is still arched, in Bit gome other part, as in
has become erect.
the hypocotyl or
of the two cotyledons, or one of the secondary radicles.

-
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the orange (Citrus aurantium) the cotyledons are
and one is larger than the other, as may
seen in A (Fig. 60). In B the inequality is rather
greater, and the stem has grown between the points

insertion of the two petioles, so that they do not
opposma to one another; in another case the
tion amounted to one-fifth of an inch. The
ler cotyledon of ome seedling
extremely thin, and not half
length of the larger one, so that

Fig. 61

ta all these seedlings the
pocotyl was enlarged or swollen.

 cotyledons is quite rudimen-

, as may be seen (¢') in Fig. 61.

this specimen it consisted of a

e green flap, 4th inch in r

gth, destitute of a petiole and

ered with glands like those on

fully developed cotyledon (c).

first it stood opposite to the Abﬁnniu umhﬂa‘t:r:u soad-
ledon ; but as the petiole ~ lngtwice natural size:

‘ Mawlzﬁer increased in Y:ngﬂs m‘.’lﬁ‘*x;.ﬁ;" "I,

and grew in the same line with ‘:I]thﬁﬂl “p“]w_

hypocotyl (k), the rudiment clnn(k')n the Tower

ed in older seedlings as if 4

some way down the hypocotyl. With Abronia

ria there is a similar rudiment, which in one

;l\x: very different rwmed"r-phm,
natans, one of
done, lled” with .
matter, is much larger than the
other, whilt s scurcely viibl,
is stated by Aug. de Condolle,
‘Ealzlnhgu Vég. tom. b P. 834,
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specimen was only —i5th and in another ;};th inch in
length; it ultimately appeared as if seated halfway
down the hypocotyl. In both these species the hypo-
cotyl 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 still
within the seed, is enlarged into a regular corm,* and
only a single cotyledon is at first developed (see former
Fig. 57.) With Ranuneulus fiearia two cotyledons are
never produced, and here one of the secondary radicles
is developed at an early age into a so-called bulb.t
Again, certain species of Cherophyllum and Corydalis
produce only a single cotyledon ;3 in the former the
hypocotyl, and in the latter the radicle is enlarged,
according to Trmisch, 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 rudi-
ments. With Opuntia basilaris this is not the case,
for both cotyledons are thick and large, and the
hypocotyl shows at first no signs of enlargement ; but
ufoenvnrds, when the cotyledons have mthered nn(l it

, it becomes thickened, and from:
its tapering form, mgether with its smooth, toug]
brown skin, appears, when ultimately drawn down to
some depth into the soil, like a root. On the othe

G
turlg' m41 P,

o, *Bot. Zei-  Voulor's sccount ('Hist. Phy
Plantes d'Europe, tom .1

itrigo zur Mor- p “149) of the germination of
plwl»m der Pflunzen,” 1854, pp. of several species of
*Bot. Zeitung, 1574, p.  dalis, that the bulb o tul

begins to be formed at an

% Delpino, *Rivista Botanica,”  tremely carly age.
1877, p. 2. It is evident from

ork of Charles Darwin Online
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‘hand, with several other Cactez, the hypocotyl is from
‘the first much enlarged, and both cotyledons are
almost or quite rudimentary. Thus with Cereus Land-
beekii two little triangular projections, representing the
ledons, are narrower than the hypocotyl, which is
iped, with the point downwards, In Rhipsalis

ytha the cotyledons are represented by mere points
“on the enlarged hypocotyl. In Echinocactus viridescens
the hypocotyl is globular, with two little prominences
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 repre-
a ootylednn Stapelia sarpedon, a member of the
distinet family of the Asclepiadesw, is fleshy like

; and here again the upper part of the flattened

1is much thickened and bears two minute coty-

which, measured internally, were only *15 inch
 length, and in breadth not equal to one-fourth of the
ter of the hypocotyl in its narrow axis; yet these
cotyledons are probably not quite useless, for
the hypocotyl breaks through the ground in the
of an arch, they are closed or pressed against one
r, and thus protect the plumule. They after-

From the several cases now given, which refer to
ely distinet plants, we may infer that there is some
connection between the reduced size of one or
ledons and the fc ion, by the

hypocotyl or of the radicle, of a so-called bulb.
tit may be asked, did the cotyledons first tend to
tt, or dxd a bulb ﬁn!t begin to be formed? As

di produce two well-devel
, whilst the thiskness’of the hypocotyl and
he radicle differs much in different plants, it seems
that these latter organs first became from

H
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some cause in several i ly
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 mot, how-
ever, follow from the above connection, that whenever
a bulb is formed at an early age, one or both coty-
ledons will necessarily become superfluous, and conse-
quently more or less rudimentary. Finally, these
cases offer a good illustration of the principle of com-
pensation 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.”

i ion and other of Hi s
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 apo-
geotropism. 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 a slight extent ; as it likewise does lf it happens at
first to stand verucally up,—all which cases have
been observed and described, more or less fully, in|
the last chapter. After the arch has grown to
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height upwards, the basal part ceases to circumnutate,
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 cir-
cumnutate, seemed to us, until we had read Prof.
Wiesner's observations, an inexplicable fact. He has
shown® in the case of certain seedlings, whose tips
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 basal
portion of the same internode grows quickest; these
two portions being separated by an indifferent zone,
where the growth is equal on all sides. There may
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 pecu-
liar manner of growth is called by Wiesner “un-
dulatory 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 [] 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
tight 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-

*iDie ndulirendo Nutation  Also published _soparately, sce
¥ Wis-  p.82,

der Internodien, Akad, der
sench. (vxmu), Jan. 17th, 1878,
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cotyl, with the two legs fixed in the ground, certainly
circumnutates, and as it consists of a single internode,
we may conclude that it grows in the manner de-
seribed 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 hypo-
cotyls and epicotyls can hardly fail to aid them in
breaking through the ground, if this be damp and
soft; though mo doubt their emergence depends
mainly 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 Solanum palinacanthum, the tall arched hypo-
cotyls 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. It
has already been stated that the cotyledons of Phalaris
and Avena, the plumules of Asparagus and the hypo-
cotyls of Brassica, were likewise able to displace the
same kind of sand, either whilst simply circumnu=
tating or whilst bending towards a lateral light.

As long as an arched hypocotyl or epicotyl remains
buried beneath the ground, the two legs cannot sepas
rate from one another, except to a slight extent from:
the yielding of the soil; but as soon as the ard
rises above the ground, or at an earlier period i

@& The Complete Work of Charles Darwin Online
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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
being checked or prevented, as long as the two
of the arch are firmly pressed together. When the
earth is removed all round an arch and the two legs
e tied together at their bases, the growth on the
under side of the crown causes it after a time to
1 much flatter and broader than naturally
oceurs. The straightening process consists of a mo-
dified form of cireumnutation, for the lines described
during this process (as with the hypocotyl of Brassica,
and the epicotyls of Vicia and Corylus) were often
plainly zigzag and sometimes looped. After hypo-
or epicotyls have emerged from the ground,
quickly become perfectly straight. No trace is
left of their former abrupt curvature, excepting in the
of Allium cepa, in which the cotyledon rarely
es quite straight, owing to the protuberance
ped on the erown of the arch.
'he increased growth along the inner surface of the
which renders it straight, apparently begins in
basal leg or that which is united to the radicle;
leg, as we often observed, is first bowed back-
from the other leg. This movement facilitates
withdrawal of the tip of the epicotyl or of the
fledons, as the case may be, from within the seed-
and from the ground. But the cotyledons often
ge from the ground still tightly enclosed within
seed-coats, which apparently serve to protect them.
eed-coats are afterwards ruptured and cast off by

&

jevertheless, in some few cases, especially with the
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Cucurbitace, 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 up-
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
deseription intelligible. ~ Forty-
one seeds of Cucurbita ovifera
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
r . them came up naked, the seed-
it e £ coats being left buried in the peat.
heel or Jeg projecting This was certainly dueto the action
on one side from summit 2
of radicle and holding Of the peg, for when it was pre-
o b er =, vented from acting, the cotyledons,
partially ruptured by as we shall presently see, were
Ihegronpnofthesrehed Jifted up still enclosed in their
seed-coats. They were, however,
cast off in the course of two or three days by the
swelling of the cotyledons. Until this occurs light is
excluded, and the cotyledons cannot decompose car-
bonie acid; but no one probably would have thought
that the advammge thus gained by a little earlier

Fig. 62,

* *Bull. Soc. Bot. de France,’ tom. 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
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 seed-
lings, having radicles -85 inch in length, but after an
interval of only 24 hours was well developed in
both. Tt 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
Jjunction 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 im-
mersed seedlings in which a large part of the upper sur-
face 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
e. The peg is always developed on the side which
concave by the arching of the hypocotyl;
d it would be of no service if it were formed on any
rside. It is also always developed with the flat
er side, which, as just stated, forms a part of the
e, at right angles to it,and in a horizontal plane.
fact was clearly shown by burying some of the
flat seeds in the same position as in Fig. 62,
ing that they were not laid on their flat broad
but with one edge downwards. Nine seeds
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, Judgmg from
Flahault’s ; we found it well-d, d and
properly acting in Trichosanthes 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
than the present one.
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- With Mimosa pudica the radicle protrudes from a
-~ small hole in the sharp edge of the sced ; 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
i casting them off, as this is subsequently effected by
the swelling of the cotyledons after they have been
ised above the ground. The ridge or heel therefore
ts rather differently from that of Cucurbita. Its
] 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
its work and has escaped from the seed-coats,
it is developed into a frill all round the summit of the
.

At the base of the enlarged hypocotyl of Abronia
a, where it blends into the radicle, there is a
ection or heel which varies in shape, but its out-
i too angular in our former figure (Fig. 61). The
e first protrudes from a small hole at one end of
tough, leathery, winged fruit. At this period the
x part of the radicle is packed within the fruit
el to the hypocotyl, and the single cotyledon is
back parallel to the latter. The swelling of
three parts, and especially the rapid development
thick heel between the hypocotyl and radicle
point where they are dombled, ruptures the
gh fruit at the upper end and allows the arched
cotyl to emerge ; and this seems to be the funetion
heel. A seed was cut out of the fruit and

at the junction of the radicle and

hypoootyl. This seed a

very hard and tough ecvat, and

would be likely to require ai

‘I;:m(ng and freeing the cotyle-
ns.
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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 deseribed 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 coty-
ledons 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
pmssm'e and this may represent the combined effects

an ion, when a seed is so
buned 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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Cuar. IL CIRCUMNUTATION OF HYPOCOTYLS, ETC. 107

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
eotyledons from the buried and ruptured seed-coats,
and the subsequent straightening of the whole hypo-
cotyl or epicotyl still

Cireumnutation of Hypocotyls and Epicotyls, “when
erect.—The hypocotyls, epicotyls, 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
eircles made within a given time differs much with
different species. Thus with Brassica oleracea, Cerinthe
major, and Cucurbita ovifera about four such figures
were completed in 12 h.; whereas with Solanum palina-
canthum and Opuntia basdum, 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
Lathyrus nissolia 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 develgpment
‘g‘ true leaves are of low, sometimes very low stature,
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the extreme amount of movement from side to side
of their ecircumnutating stems was small; that of
the hypocotyl of Githago segetum was about -2 of an
inch, and that of Cucwrbita 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 a inch; but it did not move very quickly,
the tip crossing on one oceasion five divisions of the
micrometer, that is, tJ5th of an inch, in 22m. 5s. A
seedling Nolana prostrata travelled the same distance
in 10 m. 38 5. Seedling cabbages circumutated much
more quickly, for the tip of a cotyledon erossed
rhoth of an inch on the micrometer in 8 m. 20 s.; and
this rapid d by oseil-
lations, was a wonderfnl spectncle 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 if
so that they disappear.. This remarkable process,
which apparently serves for their protection, has
been fully descnbed by De Vries* He shows that

* <Bot, Zeitung, . 649, burg,” Jahrg. xvi. p. 16, as quot
Soo o W imklen ¢ Votandl, by Hahexlmrl{,‘&chntzemrmhun-
des Bot. Vereins der P, Branden-  gen der Keimpflanze,” 1877, p. 52
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is effected by the contraction of the parenchyma-
of the root. But the hypocotyl itself in some
es contracts greatly, and although at first smooth
s covered with zigzag ridges, as we observed
Githago segetum. How much of the drawing
nand burying of the hypocotyl of Opuntia basilaris
s due to the contraction of this part and how much
it of the radicle, we did not observe.
mnutation of Cotyledons.— With all the dico-
donous seedlings described in the last chapter, the
ledons were in constant movement, chiefly in a ver-
plane, and commonly once up and once down in
course of the 24 hours. But there were many excep-
to such simplicity of movement ; thus the cotyle-
of Ipomaa cerulea moved 13 times either upwards
downwards in the course of 16 h. 18 m. Those of
zalis rosea moved in the same manner 7 times in the
of 24 h.; and those of Cassia tora described 5
cllipses in 9 h. The cotyledons of some
iduals of Mimosa pudica and of Lotus Jacobeus
only once up and down in 24 h., whilst those of
performed within the same period an additional
oscillation. us with different species, and
different individuals of the same species, there
 many gradations from a single diurnal move-
to oscillations as complex as those of the
and Cassia. The opposite cotyledons on the
e seedling move to a certain extent independently
e another. This was conspicuous with those of
sensitiva, in which one cotyledon might be
en during the daytime rising up until it stood
lly, whilst the opposite one was sinking down.
ough the movements of cotyledons were gene-
in nmearly the same vertical plane, yet their
and downward courses never exactly coin-
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cided; so that ellipses, more or less narrow, were
described, and the cotyledons may safely be said to
have cireumnutated. 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 move-
ment 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 Solanum lycopersicum the
cotyledons, after falling in the forenoon, zigzagged
from side to side between 12 and 4 p.M., and then

d rising. The ledons of Lupinus luteus
are so thick (about ‘08 of an inch) and fleshy,* that
they seemed little likely to move, and were there-
fore 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 circum-
nutated ; and the figures described approached more
nearly to irregular circles than to irregular ovals or
ellipses, The sheath-like cotyledons of the Gra-
minew circumnutate, that is, move to all sides, as
plainly as do the hypocotyls or epicotyls of any dico-
tyledonous plants. Lastly, the very young fronds of
a Fern and of a Selaginella circumnutated.

In a large majority of the cases which were care-
fully 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 dnring the mid-day, at which

* Thoortylons though bright &, 1677, . 08) on the gradation
ble to a certain ex- ( Ghe Leguminosm between -lbv
tent n,mn ones; sce the in- subterranean coty

Iandt (-'f)l- Sehum:nrx‘:imngeu.

£ Charles Darwin Onlina h
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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
purpose, and will therefore be considered in a
s future chapter devoted to this subject.
~ Inorder to gain some rude notion of the proportional
- mumber of cases in which the cotyledons of dico-
tyledonous 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
Of such genera there were 26 ; and in 21 of
the cotyledons of some of the species rose, and
i;uly 6 sank at night; and some of these latter
cases are rather doubtful from causes to be explained
the chapter on the sleep of cotyledons, When
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cotyledons which at noon were nearly horizontal, stood
at night at more than 20° and less than 60° above the
Thorizon, they were recorded as “ plainly raised ;” and
of such genera there were 38. 'We did not meet with
any distinet i of cotyled dically sink-
ing only a few degrees at mght nlthough 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 re-
corded, 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, Trifo-
lium 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 notsleep, 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

ideration of the periodicity of the 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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or joint (as this organ has been variously
), like that with which many leaves are provided.
consists of a mass of small cells usually of a pale
ir from the absence of chlorophyll, and with its
ine more or less convex, as shown in the annexed
In the case of Owalis
a two-thirds of the
and in that of Mi-
pudica, apparently the 5
le of the short sub-
of the leaflets have
converted into pulvini.
 pulvinated leaves (ie.
s provided with a pul-
) their periodical move-
ents depend, according to
* on the cells of the
alternately expand-
nore quickly on one side
‘on the other; whereas
similar movements of
imot provided with pul-

Ozalis rosea : longitudinal section

nd on their growth ¢%gsroe:
¥ pulvinus on the summit
- alternately more rapid  of the petiole of a cotyledon,

side than on the Urawnwith the camera]
As long as a leaf ﬂﬂfﬁhﬁﬁfﬁﬁm
d with o pulvinus is 3 opmencement of bade of
g and continues to grow,

ent depends on both these canses combined ;3
the view now held by many botanists be sound,
;, that growth is always preceded by the expan-
the growing cells, then the difference between
nents induced by the aid of pulvini and
+ Batalin, ‘Flora," Oct, 1st, 1873,
1 Pleffer, ibid. p. 5.

1
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without such aid, is reduced to the expansion of the
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 eotyledons of a rather old scedhng
of Ozalis Valdivic 5 their d were rep

d with an during 83 days.
and they did not exlnb:t the least trace of increase.
1t is therefore almost certain that the pulvinus itself’
was not then growing. Nevertheless, during this
whole time and for ten days afterwards, these coty-
ledons rose vertically every night. In the case of
some seedlings raised from seeds purchased under the
name of Owalis floribunda, the cotyledons continued
for a long time to move vutu.nlly du\m nt mghf, a
the
the pulvm\, for their peuo]es were of nearly the sa
length in young, and in old seedlings which had pro
duced true leaves. With some species of Cassia, on
the other hand, it was obvious without any measures
ment 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 it
causing their prolonged periodic movements. It
equally evident that the cotyledons of many pl
not provided with pulvini, increased rapidly in len
and their periodic movements no doubt were e
sively due to growth.

In accordance with the view that the period

of all ledons depend p ily on fl
expansion of the cells, “het.hex or mot followed
growth, we can understand the fact that there is b
little difference in the kind or form of movem
in the two sets of cases. This may be seen by co
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the diagrams given in the last chapter. Thus
movements of the cotyledons of Brassica oleracea
of Ipomewa carulea, which are not provided with
are as complex as those of Oxalis and Cassia
are thus provided. The pulvinated cotyledons
‘some individuals of Mimosa pudica and Lotus
obweus made only a single oscillation, whilst those
f other individuals moved twice up and down in the
of 24 hours; so it was occasionally with the
fledons of Cucurbita ovifera, which are destitute of
alvinus, The of pulvinated cotyled
generally larger in extent than those without a
Inus; nevertheless some of the latter moved
h an angle of 90°. There is, however, one
nt difference in the two sets of cases; the
nal movements of cotyledons without pulvini,
instance, those in the Crucifers, Cucurbitacesw,
and Beta, never last even for a week, to any
euous degree. Pulvinated cotyledons, on the
r hand, continue to rise at night for a much
period, even for more than a month, as we
Il now show. But the period no doubt depends
ly on the temperature to which the seedlings are
d and their consequent rate of development.

is Vuldjviana.—Some cotyledons which had lately opened
horizontal on March 6th at noon, stood at night ver-
up; on the 13th the first true leaf was formed, and was
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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.

ot (Biophytum) sensitiva.—The cotyledons of several seed-
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 kept
in & very warm house, and their development had been rapid.

Ozalis corniculata.—The cotyledons do mot stand vertical at
night, but generally rise to an angle of about 45° above the
horizon. They continued thus to act for 23 days after their
first expansion, by which time two leaves had been formed;
even after 20 days they still rose moderately above their hori-
zontal 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 Dee. 15th,
that is after 44 days, the cotyledons were still considerably
raised at night; but those of another seedling, only one day -
older, were raised very little.

Mimosa albide.—A seedling was observed during only 12 days,
Dy which time a leaf had been formed, and the cotyledons were
then quite vertical at night.

Trifolium subterrancum.—A seedling, 8 days old, had its coty=
ledons horizontal at 10.30 Aar. and vertical at 9.15 p.x.  Afteran
interval of two months, by which time the first and second true
leaves had been developed, the cotyledons still performed the
same movement. They had now increased greatly in size,
had become oval; and their petioles were actually ‘8 of an inch
in length! 1

Trifolium strictum—After 17 days the cotyledons still rose
night, but were not afterwards observed.

Lotus Jacobaeus—The cotyledons of some scedlings havi
well-developed leaves rose to an angle of about 45° at nig
and even after 3 or 4 whorls of leaves had been formed, the
tyledons rose at night considerably above their dinrnal
zontal position.

Cassia mimosoides—The cotyledons of this Indian
14 days after their first expansion, and when a leaf had
formed, stood during the day horizontal, and at night vertical.

Cassia sp ? (a large S. Brazilian tree raised from seeds sent
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by F. Miller).—The cotyledons, after 16 days from their first
‘expansion, had increased greatly in size with two leaves just
rned. They stood horizontally during the day and vertically
- at night, but were not afterwards observed.
. Cassia neglecta (likewise a S. Brozilian species)—A seedling,
84 days after tho first expansion of its cotyledons, was between 3
~and 4 inches in height, with 3 well-developed leaves; and the
ledons, which during the day were nearly horizontal, at night
vertical, closely embracing the young stem. The cotyle-
B8 of another seedling of the same age, 5 inches in height,
4 well-developed leaves, behaved at night in exactly the
ne manner.

It is known * that there is no difference in structure
een the upper and lower halves of the pulvini of
es, sufficient to account for their upward or down-
d movements. In this respect cotyledons offer an
ly good opp ity for comparing the

the two halyes; for the cotyledons of Oalis Valdi-
viana rise vertically at night, whilst those of 0. rosea
vertically ; yet when sections of their pulvini were
10 clear difference could be detected between the
onding halves of this organ in the two species
ich move so differently. With O. rosea, however,
were rather more cells in the lower than in the
er half, but this was likewise the case in one speci-
of 0. Valdiviana. The eotyledons of both species
mm, in length) were examined in the morning
st extended horizontally, and the upper surface of
ulyinus of 0. rosea was then wrinkled transversely,
that it was in a state of compression, and this
it have been expected as the cotyledons sink at
3 with 0. Valdiviana it was the lower surface
was wrinkled, and its cotyledons rise at night.
ium is a natural genus, and the leaves of all

. ® Ploffer, * Die Period. Bewegungen, 1875, p. 157,
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the species seen by us are pulvinated; so it is with
the cotyledons of T. subterraneum and strictwm, which
stand vertically at night; whereas those of T. resupi-
natum exhlblt not a trace of a Pulvmns, nor of any

This was d by mea-
suring 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 nntural genus, Oxalis, the cotyledons of
0. Valdivic rosea, ib 5 I ,nnd 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 coty=
ledon, as is the usual rule with most plants. Owalis cor-
niculata (var. Atro-purpurea) 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 O. tropmoloides, 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 abor-
tion. No such case has hitherto, we believe, been
deseribed. Tt is coloured green from its cells con-
taining 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 plan
destitute of a pulvinus. From these several reasons

seems worth deseribing in some detail.

@ The Complete Waork of Charles Darwin Online



~ When the cotyledons of 0. corniculata were dissected out of &
seed from which they would soon have naturally emerged, no
trace of a pulvinus could be detecfod and all the cells forming
7innumber ina inal row, were of nearly

size. In seedlings one or two days old, the pulvinus was

ct that we thought at first that it did not exist; but

middle of the petiole an ill-defined transverse zone of cells

d be seen, which were much shorter than those both above

d helmr although of the same breadth with them. They

d the sppearance of having been just formed by the
division of longer cells; and there can be little doubt

this had occurred, for the cells in the petiole which had

Bocniniatn: A aod B tho almost rudimentary plvintof the soty-
o swo miher old seodlings, viewsd s teansparent. chjects

becomes distinet,

ough it does ot extend ncross the whole width of the
although the cells are of a green colour from contain-

hyll, yet they certainly constitute a pulvinus, which,

ho cells themselves varied in length in different parts of the
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same pulvinus and in different individuals. In the accompany-
ing figures, A and B (Fig. 64), we have views of the epidermis *
in the middlo 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
m 63),or of 0. Valdiviana. With the scedlings, falsely called.
0, tropaoloides, 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
10w 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 fanetion,
In the following Table some measurements of the cells in
fairly well-developed pulvini of 0. corniculata are given :—

Seedling 1 day old, with cotyledon 3 mm. in length.

Divisions of
Micrometer.f
Average longth of cllsof pulvinus .. oo oo G107
gth of longest coll below the pulvinus .. .. .. 18
Length of longest cell above the pulvinus .. .. .. 20

Sedling § iy old,cotyledon 5L mm. i lngth, with he prlvinss
quite distinct.

Average length of cells nfyn!mns 2 Wi 18

Length of longest cell below the pulvinus o SR heg

Length of longest cell above the pulvinus & 40

Seadling 8 days old, cotyledon 5 mm. in length, with a true leaf
formed but not yet expan

Average length of cells of pulvinus £0 (ks i)

igth of longest coll below the pulvinus M

Length of longest cell above the pulvinus - .
Seding 1 days ok, obledon 5 mm. i et ith o sl
tru leaf. jull developed.

Average length of cells of pulyins 7
Length of loagest coll below the pulvinas 30
Length ofTongst ol above the plrinus 0

* Longitudinal scctions_show

vinus,
it Coacfomme of sho optlowts  °F Eaeh division equalled -
cells may be taken as u fair repre-  mm.

sentation of those constituting tho
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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 it; 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 secdling.

The cotyledons of scedlings only a day old rise at night con-
siderably, sometimes as much as afterwards; but there was
much variation in this respect. As the pulvinus is so indistinet
at first, the movement probably does not then depend on the

ion 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 the 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
atnight toa higher inclination than whilst young, yet they have
to pass through a larger angle (in one instance amounting to
68%) 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 whero joined to the petiolo was
curved upwards, and this must be attributed to unequal growth,
Therefore tho periodic movements of the cotyledous of 0. corni-
‘eulata depend on two distinet but conjoint actions, namely, the
expansion of the cells of tho pulvinus and on the growth of
the upper part of the petiole, including the base of the blade.
 Lotus Jacobeus.—The seedlings of this plant present a caso
to that of Owalis corniculata in some respects, and in
thers unique, as far as we have seen. The cotyledons during
first 4 or 5 days of their life do not exhibit any plain noc-
3 movement ; but afterwards they stand vertically or
vertically up at night. There is, however, some degree of
ity in this respect, apparently dependent on the season
on the degrec to which they have been illuminated during
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the day. With older seedlings, having cotyledons 4 mm. in
length, which riso considerably at night, there is a well deve-
loped pulvinus close to the blade, colourless, and rather nar-
rower 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 those
over the pulvinus.

Turning now to very young seedlings, the cotyledons of which
do not rise at night and are only from 2 to 2§ mm. in length,
their petioles do not exhibit any defined 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 on 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 pulyinus is formed by the cells in the upper-
most part of the potiole, continuing for only a short time to
increase in length, then being arrested in their growth, accom-.
panied by tho 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 an
carly 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 Jacobwus the cells at first increase a little in.
length; in Ozalis corniculata they decrease a little,
owing to self-division. A mass of such small cells
forming a pulvinus, might therefore be either acq
or lost without any special difficulty, by
species in the same natural genus: and we know
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with seedlings of Trifolium, Lotus, and Oxalis some of
the species have a well-developed pulvinus, and others
&'B 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 subse-

it contraction of their walls, we can perhaps under-
stand 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 de-
pendent 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.
Tong 1

would be imp in any
without an inordinate inerease in its length, if the
co of the cells was always followed by growth.
Disturbance of the Periodic Movements of Cotyledons by
iﬁﬂl‘.—The hypocotyls and cotyledons of most seed-
ling plants are, as is well known, extremely heliotropic ;
but cotyledons, besides being heliotropic, are affected
mically (to use Sachs’ expression) by light; that
their daily periodic movements are greatly and
ly disturbed by changes in its intensity or by
absence. It is not that they cease to circumnutate
darkness, for in all the many cases observed by us
continued to do so; but the normal order of
movements in relation to the alternations of day
night is much disturbed or quite annulled. This
good with species the cotyledons of which rise
sink so much at night that they may be said to
as well as with others which rise only a little.
different species are affected in very different
ees by changes in the light.

@ The Complete Work of Charlee Darwin Online



124 DISTURBED PERIODIC MOVEMENTS. Cuar. IL

Tor instance, the cotyledons of Beta vidgaris, Solanum lycoper-
sicum, Cerinthe major, and Lupinus luteus, when placed in dark-
ness, 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 230 and 10 pax. The cotyledons
of a seedling of Oualis corniculat, which was fecbly illuminated
from above, moved downwards during the first morning in the
normal manner, but on the second morning it moved upwards.
The cotyledons of Lotus Jazobieus were not affected by 4 h. of
complete darkness, but when placed under a doublo skylight
and thus feebly illuminated, they quite lost their periodical
movements on the third morming. On the other hand, the
cotyledons of Cucurbita ovifera moved in the normal manner
during a whole day in darkness.

Seedlings of Githago segetum wero feebly illuminated from
above in the morning before their cotyledons had expanded, and
they remained closed for the next40h. Other seedlings were
placed in the dark after their cotyledons had opened in the
morning and these did not begin to close until about 4 h. had
elapsed. The cotyledons of Oaalis rosea sank vertically down-
wards after being left for 1h.20m. in darkness; but those of
some other species of Oxalis were not affected by several hours
of darkness. The cotyledons of several species of Cassia are
eminently susceptible to changes in the degree of light to which
they are exposed : thus scedlings of an unnamed §. Brazilian
specics (a laxge and beautiful tree) were brought out of the hot=
house and placed on a table in the middle of a room with two
north-cast and one north-west window, so that they were fairly
well illuminated, though of coutse less so than in the hot-house,
the day being moderately bright; and after 36 m. the cotyledons
which hiad been horizontal ose up vertically and closed together
as when asleep ; after thus remaining on the table for 1 h. 13m.
they began to open. The cotyledons of young seedlings of another
Brazilian species and of C. 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 & more interesting case : seedlings of Cassia fora in
two pots, which had stood for some time on the table in the
room just described, had their cotyledons horizontal. One po
was 10w 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 50m. the cotyledons had risen 68° above the horizon.
The other pot was placed during the same 2 h. behind a sereen
in the room, where the light was very obscure, and the cotyledons
Tose 63° above the horizon; the pot was then replaced on the
table, and after 50 m. the cotyledons had fallen 83°. These two
‘pots with seedlings of the same age stood close together, and
‘were exposed to exactly the same amount of light, yet the coty-
Jedons in the one pot were rising, whilst those in 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 seed-
Jings, both exposed to a dull light, but different in degree, and
theresult was the same. The movements of the cotyledons of this
Qassin are, however, determined (as in many other cases) largely
b: habit or inheritance, independently of light; for seodlings
been moderately illuminated during the day, wero
hpt l night and on the following morning in complete dark-
ness; yet the cotyledons were partially open in the
and remained open in the dark for about 6. The cotyledons
in another pot, similarly treated on another occasion, were open
867 Ax. and romained open in the dark for 4 h. 50 m,, after
which time they began to close. Yet these same seedlings, when
brought in the middle of the day from & moderately bright
into only & moderately dull light raised, as we have seen, their
evtylodons high above the horizon.
of Cotyledons to contact—This suliject does not
possess much interest, as it is not known that sensitiveness of this
kind s of any service to seedling plants. We have observed cases
in only four genera, though we have vainly observed the coty-
ledons of many others. The genus Cassia seems to bo pre-eminent
in this respect: thus, the cotyledons of €, fora, when extended
Torizontally, were both lightly tapped with a very thin twig for
3., 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 1m., and it

wse 27° in 9 m.; and after eight additional minutes it had risen
 more; the opposite cotyledon, which was not tapped, hardly
at all. The cotyledons in all these cases became hori-
again in less than half an hour. The pulvinus is the most
part, for on slightly pricking three cotyledons with &
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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 pulvinus
was not touched.  Drops of water placed quietly on these coty-
Tedons produced no effect, but an extremely fine stream of water,
cjected from a syringe, caused them to move upwards. When
& pot of seedlings was rapidly hit with a stick and thus jarred,
the cotyledons rose slightly. When a minute drop of nitrie
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 8. Brazil) rose 81° in the course of 26 . after the pulvini
and the blades had both been rubbed during 1m. with a twig;
but when the blade alone was similarly rubbed the cotyledons
rose only 8. The remarkably long and narrow cotyledons, of &
third unnamed species from 8. Brazil, did not move when their
Dblades were rubbed on six occasions with a pointed stick for
80s. or for 1m.; 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
(. neglecta (likewise from 8. Brazil) rose in from 5 m. to 15m. to
various angles between 16° and 34°, after being rubbed during
1m. with a twig. Their sensitiveness is retained to a somewhat
advanced age, for the cotyledons of a little plant of C. eglecta,
34 days old and bearing three true leaves, rose when lightly
pinched between the finger and thumb. Some seedlings were
exposed for 80 m. to o 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 scedlings of the
Indian C. glauca were cither rubbed with a thin twig for 2m. or
were lightly pinched : one rose 84°; a second only 6°; a third
18°; and a fourth 17° A cotyledon of (. floridu similarly
treated Tose 9°; one of C. corymbosa Tose T4°, and one of the.
very distinet C. mimosoides only 6. Thoss of C. pubescens did
not appear to be in the least sensitive; nor were those of ¢\
nedosa, but theso latter are rather ﬂnck and fleshy, and do not
rise at night or go to sleep.

Smithia sensitiva.—This plant belongs to a distinct sub-order of
the Leguminosee from Cassia. Both cotyledons of an oldish
seedling, with the first true leaf partially unfolded, were rubbed
for 1m. with a fine twig, and in 5m. each rose 32°; they
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yemained in this position for 15 m., but when looked at again
40m. after the rubbing, each had fallen 14°, Both cotyledons of
another and younger scedling were lightly rubbed in the samo
manner for 1m., and after an interval of 32 m. each had risen
80°. They were hardly at all sensitive to a fine jot of water.
The cotyledons of S. £fundii, an African water plant, aro thick
and fleshy ; they ure not sensitive and do not go to slecp.

Mimosa pudica and albida—The blades of several cmylmns
of both these plants were rubbed or slightly scratched with a
needle during 1m. or 2m.; but they did not move in the least,
When, however, the pulvini of six cotyledons of A, pudica were
thus soratched, 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.*

Oaalis sensitivi.—The biades and pulvini of two cotyledons,

horizontally, were rubbed or rather tickled for 80s.
with a fine split bristle, and in 10m. each had risen 48°
when looked at again in 85 m. after being rabbed they had
risen 4° more ; after 30 additional minutes they were again hoti-
zontal, On bitting a pot rapidly with a stick for 1m., the coty~
Jedons of two seedlings were considerably raised in the course
‘of LLm. A pot was carried a little distanco on o tray and thus

TO CONTACT.

90°, and a fourth 90°. After an additional interval of 40 m. three
of them had re-expanded to a considerable extent. These obser-
were made before we were aware at what an extraordi-

ly np)d rate the cotyledons circumnutate, and are therefore

to error. that the

fledons in the eight cases glven, should all have been rising

 the time when they wero irritated. The cotyledons of Ozalis

Valdiviana and rosea were rubbed and did not exhibit any
eS8,

Finally, there seems to exist some relation between

* Tho sole notice which we p. 863), “les cotyledons du M.
fudu.vx hndmt i o raprocler pur
ours fuces supéricures lonsquon
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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 con-
nected ; but this is not necessarily the case, for the
cotyledons of Owalis sensitiva did not rise when kept
on one oceasion for 1§ h., and on a second oceasion
for nearly 4 h., in a dark closet. Some other coty-
ledons, as those of Githago segetum, are much affected
by a feeble light, but do not move when seratched 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 de-
scribed 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 de-
pendent position. But the relation between the sen-
sitiveness 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 Neptunia oleracea are very sensitive to a
touch, whilst the cotyledons do not appear to be so in
any degree.
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order to see how the radicles of seedlings would
over stones, roots, and other obstacles, which they
incessantly encounter in the soil, germinating
eans (Vicia faba) were so placed that the tips of the
dicles came into contact, almost rectangularly or
‘a high angle, with underlying plates of glass. In
other cases the beans were turned about whilst their
es were growing, so that they descended nearly
ly on their own smooth, almost flat, broad upper
tfaces. The delicate root-cap, when it first touched
directly opposing surface, was a little flattened
sversely ; the flattening soon became oblique, and
‘Uﬁw hours quite disappeared, the apex now point-

i right angles, or at nearly right angles, to its
er course. The radicle then seemed to glide in
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 flat-
tened transversely: after an interval of 2 h. 30 m.
the flattening became oblique; and after an addi-
tional 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 diree-
tion 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 de-
seended 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
*3and -4 of an inch (8-10 mm.), measured from the
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 it
results merely from the mechanical resistance to the
growth of the radicle in its original direction. Never
theless, 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 rectan-
gular 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 trans-
_mitted from it to the upper part of the radicle, which
was thus excited to bend away from the touching object.
a little loop of fine thread hung on a tendril or
the petiole of a leaf-climbing plant, causes it to
d, we thought that any small hard object affixed
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
growth., Full details will be given of the experi-
ts which were tried, as the result proved remark-
The fact of the apex of a radicle being sensitive
contact has never been observed, though, as we shall

* ¢ Arbeiten Bot. Tnst. Wirzburg,’ Heft iii. 1878, p. 898.
K 2
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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 resistance.
Many organs, when touched, bend in one fixed diree~
tion, such as the stamens of Berberis, the lobes of
Dionea, &e.; and many organs, such as tendrils, whe-
ther 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 Apew of the Radicle of Vicia fuba,
—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 in
the peculiar manner which we are here considering.
Squares of about the gsth of an inch (i.e. about 1} mm.)
or oblong bits of nearly the same size, were found
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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 ronghened surface
favoured its adhesion. At first we generally used very
thick gum-water; and this of course, under the cir-
cumstances, 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
bject, causing the radicles to bend to the opposite
side. Even extremely minute beads of the shellac
gecasionally acted in a slight degree, as will hereafter
be deseribed.  But that it was the cards which chiefly
acted in our many trials, was proved by coating one
of the tip with a little bit of goldbeaters’ skin
ich by itself hardly acts), and then fixing a bit of
to the skin with shellac which never came into
with the radicle : nevertheless the radicle bent
ézmi':'om the attached card in the ordinary manner.

e preliminary trials were made, presently to
> described, by which the proper temperature was
ined, and then the following experiments were
It should be premised that the beans were

@ The Camnlete Wark of Charles Darwin Online



134 SENSITIVENESS OF THE APEX  Cuae. IIL

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 be
remembered that owing to what we have called Sachs’
curvature, the radicles, instead of growing perpendi-
cularly downwards, often bend somewhat, even as much

Fig. 65.
A B. c
|
|
|
LIS
\Y. 3

)

Visin fa: A, xadiclo bogianing to bend from the attached lttle square
3 B, bent at a rectangle; C, bent into a circle or loop, with the
G baghaig 1o Dim Ao ey B eI Lot of i il

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 distingunished from it only by
being more strongly pronounced or by occurring more
quickly. To avoid this source of doubt, the squares
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were fixed either behind, causing a eurvature 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, or
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 down-
ward 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 ger-
minating beans thus treated, and selected out of
geveral 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.

In the first 12 trials, littlo squares or oblongs of sanded card,
18 mm. in length, and 15 or only 09 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 oceasionally measured, but
‘were of about the sume sive.

(1.) Amng radicle, 4 mm. in length, had a card fixed be-

h. deflected in the plane in which the bean is
ﬁh«l 50° from the perpendicular and from the card, and in
opposition to Sachs’ curvature : no change next morning, 28h.
from the time of attachment.

(2) Radicle 55 mm. in length, card fixed behind: after 9h.

in the plane of the bean 20° from the perpendicular
from tho card, and in opposition to Sachs’ curvature: after
 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. The
tip of the radiclo more curved than the upper part, but in the
same plane.  After 23h. the extreme tip was slightly bent to-
wards the card; the gencral curvature of the radicle remaining
the sume,

(4) Radicle 9 mm. long, ecard fixed behind and a little
Interally: 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
Interal curvature directed partly from the card. After 23 b, no

ange.

(5.) Radicle 8 mm. long, card affixed almost laterally ; affer
9h. deflected 30° from the perpendicular, in the plane of the
Tean and in opposition to Sachs curvature; also deflected in &
plane at right angles to the above one, 20° from the perpen-
dicular: after 23 h. no change.

(6) Radicle 9 mm. long, card affixed in front: after 91, do-
flected in the plane of the bean about 40° from the vertical,
away from the card and in the direction of Sachs’ cnrvature.
Here therefore we have no evidence of the card being the
cause of the deflection, except that a radicle never moves
spontaneously, as far as we have seen, a5 much as 40° in the
course of 9h. After 23 b, no change.

(7.) Radicle 7 mm. long, card affised to the back : after 9h,
the terminal part of the radicle deflected in the plane of the
bean 20° from the vertical, away from the card and in apposition
to Sachs’ curvature. After 22 h. 30 m. this part of the radiele
had become straight,

(8.) Radicle 12 mm. long, card afiixed almost laterally: after
9. deflccted laterally in a plane at right angles to that of the
‘ean between 40° and 50° from the vertical and from the card,
Tn the plane of the bean itself the deflection amounted to §° or
9° from the vertical and from the card, in opposition to Sachs’
curvature. After 22h. 80 m. the exfreme tip had become
slightly curved towards the card.

(9) Card fixed laterally: after 11k, 30m, no effect, the
radicle being still almost vertical.

(10,) Card fised almost laterally: after 11h. 80 m, deflected
90° from the vertical and from the card, in & plane inter-
mediate between that of the bean itself and ome af right.
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angles to it. Radicle consequently partially deflected from
curvature.
~(11.) Tip of radicle protected with goldbeaters’ skin, with a
square of card of the usual dimensions affixed with shellac:
after 11h. 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 ocenrs spontaneously.
~ (12) Tip of radicle protected as in lnst ease: after 11h, no
effect, but after 24 h. 40m. 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.
(1) A mdicle of considerable length had a small square of
- eard fixed with shellac to its apex laterally: after only7 h. 15m.
@ length of 4 of an inch from the apex, measured along the
‘lﬂﬁh 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
‘ayoung radicle; after 9 h. 15 m. deflected through 90° from the
ndicular and from the card.  After 241, deflection much
. l.nd after an additional day, reduced to 23° from the
(16, Bquuu of card fixed with shellae behind the apex of a
“mdiclo, wlnoh from its position having heen changed during
owth had become very crooked; but the terminal portion
straight, and this beenme deflected to about 45° from
perpendicul

from the card, in opposition to Sachs’

ed at right angles from the perpendicular and from the
After 15 additional hours curvature much
Square of card affixed with shellac: after 8 . no effect;
23 1. 8m. from time of affixing, radicle much curyed from

Sqmolcurdnﬁxsdmth shollae: after 24 h. no effect,

cles 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. very slightly curved from the card; after 24h. tip curved
towards card. Refixed new square laterally, after 9 h, distinetly
curved from the card, and after 24 1. curved at right angles from
tho perpendicular and from the card.

(24) A rather large oblong piece of card fixed with shellae to
apex: after 24h. no effect, but the card was found not to bo
touching the apex. A small square was now refixed with
shellac; after 16 h. slight deflection from the perpendicular
and from the eard. After an additional day the radicle became
almost straight.

(25.) Square of eard fixed laterally to apex of young radicle;
after 9 h. deflection from the perpendicular considerable; after
24h. deflection reduced. Refixed a fresh square with shellac:
aiter 4. defleotion about 40° from the perpendicular and from
the card.

(26.) A very small squaro 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 2£h.
deflection much reduced ; after an additional 24 h. radicle almost
straight.

(2.) Square of card fised with shellac fo apex of young
radicle: after 9 h. deflection from the card and from the perpen=
dicular o right angle; next morning quite straight. Refixed
a square Interally with shellac; after 9 h. a littlo deflection,
which after 24 h. increased to nearly 20° from the perpendicular
and from the card,

(@) Square of card fixed with shellao; 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 14h. at right angles
from the card.

(29.) A small square of card was first fixed with thick gum=
water to the apex. It produced a slight effect but soon fell
off. A similar square was now afiixed laterally with shellaos
after 9. the radicle was deflected nearly 45° from the perpen
dieular and from the card. After 36 additional hours angle of
deflection reduced to about 30°.

(80 A very small piece, less than J5th of an inch square, of
thin tinfoil fixed with shellac o the apex of a young radicle;
after 24h. no effect. Tin-foil removed, and a small square of
sanded card fixed with shellac; after 9h. deflcction at nearly
right angles from the perpendicular and from the card. Next
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morning deflection reduced to about 40° from the perpen-
dicular.

(8L) A splinter of thin glass gummed to apex, after 9 h. no
 effect, but it was then found not to be tonching the apex of the
radicle. Next morning a square of card was fixed with shellac
10 it, and after 9 h. radicle greatly deflected from the card.
After two additional days the deflection had decreased and was
ouly 85° from the perpendicular.

) Small square of sanded card, attached with thick gum-
water 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 8 additional hours terminal portion deflected at
Tight angles from the perpendicular. Next morning the curved
portion was ‘36 in length,

(88 Square of card gummed to apex: after 15 h. deflected at
Dearly 90° from the perpendicular and from the card.

(84) Small oblong of sanded card gummed to apex: after
15h. 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.

(85) Square of card gummed to apex: after9 h. deflected from
and: after 24h. from time of attachment greatly deflected
* obliquely and partly in opposition to Sachs’ curvature.

(86 Small piece of card, rather less than ¢;th of an inch
square, gummed to apex: in 9 h. considerably deflected from
cand and in opposition to Sachs’ curvature; after 24 h. greatly
deflected in the same direction. After an additional day the
estremo tip was curved towards the card.

 (87.) Square of card, gummed fo apex in front, caused after
85,80 m. hardly any effect; refixed fresh square laterally, after

deflected almost 90° from the perpendicular and from the

After 2 additional days deflection much reduced.

and on the following day into a helix.
;) Small oblong piece of card gummed to apex, nearly in
but a little to one side; in 9 h. slightly deflected in the
m of Sachs’ curvature, but rather obliquely, and to
ido opposito to card. Next day more curved in the samo
ction, 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 eard ; next morning radicle straight, and apex had
grown beyond the card. Refixed another square lnterally with
shellac; in 9 h. deflected laterally, but also in the direction of
Sachs’ cnxntm After 2 ndditional days’ curvature consider-
ably increased in the same direction.

(4L) Little square of tin-foil fixed with gum to one side of
apex of a young and short radicle: after 15 h. no effeet, 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
lours beeame hooked, with the apex pointing to the zenith. In.
8 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. In:
924 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.
Removed quill and gummed a little square of card to apes,
which after 8 h. cansed slight deflection, On the fourth day
from the first attachment of any ohject, the extreme tip was.
curved towards the card.

(44,) A rather long and narrow splinter of extremely i
glass, fixed with shellac to apex, it cansed in 9 b. 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 cansed 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
the radicle of the bean is sensitive to contact,
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 of
observations. Bits of very thin glass and little sqt
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“of common card were affixed with thick gum-water to
fﬂw tips of the radicles of seven beans, as a pre-
trial.  Six of these were plainly acted on,
\nd in two cases the radicles became coiled up into
Mplete loops. One radicle was curved into a semi-

e in so short a period as 6 h. 10 m. The
fgoventh radicle which was ot 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 xpnnv during cold weather in
@ sitting-room, and others in a greenhouse, but the
temperature was not recorded. These six striking

s 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
kly when subjected to considerable heat, and as
@ imagined that heat would increase their sensitive-
vessels with germinating beans suspended in
unp air were placed on a chimney-piece, where they
vere subjected during the greater part of the day to a
perature of between 69° and 72° F.; some, how-
er, were placed in the hot-house where the tempera-
was rather higher. Above two dozen beans were
tried; and when a square of glass or card did
ot act, it was removed, and a fresh one affixed, this
often done thrice to the same radicle. There-
between five and six dozen trials were altogether
But there was moderately distinct deflection
n 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 dlight and doubtfal
‘We were astonished at this result, and
led that we had made some inexplicable mis-
in the first six experiments. But before finally
q g 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 mnaturally 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-deseribed experi-
ments) the radicle was deflected in the course of a few
hours from the attached object. All the above re-
corded successful trials, and some others presently to
be given, were made in a sitting-room at the tempera-
tures just specified. It therefore appears that a tem-
perature 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 Tth, 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 pro-
perly in the middle of the winter, although kept at a
Tight 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
e 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 atten-
. tion that when the attached objects failed to act, there
was 10 bending of any kind, excepting Sachs’ curva-
The force of our evidence would have been
ly weakened if occasionally, though rarely, the
- nadicles had become curved in any direction inde-
- pendently of the attached objects. In the foregoing
- mumbered paragraphs, however, it may be observed
the extreme tip sometimes becomes, after a con-
derable interval of time, abruptly curved towards the
bit of card 5 but this is a totally distinct phenomenon,
will presently be explained.
- Bummary of the Results of the foregoing Eaperiments
on the Radicles of Vicia faba.—Altogether little sq
bout Jlsth of an inch), generally of sanded paper
stiff as thin card (between 15 and 20 mm. in
ickness), sometimes of ordinary card, or little frag-
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ments of very thin glass, &e., were affixed at different
times to one side of the eomeal 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 conse-
quently 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 heére included. Out of
55 radicles experimented on under the proper tempe-

rature, 52 became bent, generally to a eonsxdemble
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 &
spire or helix. It is remarkable that these latter cases
occurred more frequently when objects were af
with thick gum-water, which never became dry,
when shellac was employed. The curvature was
well-marked in from 7 h. to 11 h.; and in one i
a semicircle was formed in 6 h. 10 m. from the ti

@ The Complete Work of Charles Darwin Online



Cmar, II.  OF THE RADICLE OF THE BEAN. 145

of attachment. But in order to see the phenomennn
as well displayed as in the above deseribed cases, it is
indispensable that the bits of card, &e., 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
n completely, in the course of from one to two days
n the time of attachment. This was more espe-
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
ent.  With No. 26, the radicle was almost
ht in48 h. Weat first attributed the straighten-
process to the radicles becoming accustomed to a
it stimulus, in the same manner as a tendril or
ive petiole becomes accustomed to a very light
of thread, and unbends itself though the loop
ns still suspended; but Sachs states® that radicles
bean placed horizontally in damp air after
g d ds through i igh

elves a little by growth along, their lower or
cave sides. Why this should occur is not clear;
it perhaps it likewise occurred in the above ten
es. There is another occasional movement which
not be passed over: the tip of the radicle, for a
th of from 2 to 3 mm., was found in six instances,

* *Arbeiten Bot. Instit., Witrzburg,’ 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 gum-
water more than once to the same side may injure it;
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 fro
several cases in which various objects had been affixed
with gum, and had soon become separated from
apex by a layer of fluid, as well as from some t1
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 narroy
splinters of quill and of very thin glass, affixed
shellac, cansed only a slight degree of deflection,
this may perhaps have been due to the she
itself. Little squares of goldbeaters’ skin, which i
excessively thin, were damped, and thus made &
adhere to one side of the tips of two radicles; oneg
these, after 24 h., produced no effect; nor did i

A The Camnlete Wark of Charles Darwin Online



Caar. . OF THE RADICLE OF THE BEAN. 147

other in 8 h., 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 063 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
radicles were touched laterally with it ; only two of
became slightly deflected to the side opposite
that bearing the speck of dried shellac, and they
rwards straightened themselves, These specks
re removed, and both together weighed less than
th of a grain; so that a weight of rather less
ghuth of a grain (0-32 mgs.) sufficed to excite
ement in two out of the nine radicles. Here
uwe have apparently reached nearly the minimom
t which will act.
moderately thick bristle (which on measurement
found rather flattened, being 0:33 mm. in one
ameter, and 0°20 mm. in the other) was cut into
of about glsth of an inch. These after being
ed with thick gum-water, were placed on the tips
even radicles. Three of them were affected ; one
deflected in 8 h. 15 m. to an angle of about 90°
the perpendicular; a second to the same amount
hen looked at after 9 h.; but after 24 h. from the
e of first I the deflection had d d
ly 19°; the third was only slightly deflected
9 b, and the bit of bristle was then found not
the apex; it was replaced, and after 15
hours the deflection amounted to 26° from
‘perpendicular. The remaining eight radicles
ot at all acted on by the bits of bristle, so that
e appear to have nearly reached the minimum
L2
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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 gsth of an inch), were fixed with
shellae on opposite sides of the apices of 12 suspended.
radicles. The sanded card was between 0°15 and
020 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 ont 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
bent upwards into a semicircle, but the deflecti
was not dircetly from the side bearing the card, a
this was explained by the two squares having
cemented laterally together, forming a sort of
gable, from which the radicle was deflected : in
third case, the square of card had heen ﬁxed
mistake in front, and though there was defl
from it, this might have been due to Sachs’ curval
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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 diseri-
‘minating between thin card and very thin paper, and
is deflected from the side pressed by the more re-
sisting 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
1o 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
aceidental, as radicles do not always grow perfectly
straight downwards. The tips of two other radicles

e rubbed in the same manner for 15 seconds with
little round twig, two others for 30 seconds, and two.
hers for 1 minute, but without any effect being pro-

We may therefore conclude from these 15
that the radicles are not sensitive to temporary
t, but are acted on only by prolonged, though
ery slight, pressure.

We then tried the effects of cutting off a very thin

parallel to one of the sloping sides of the apex,
we thought that the wound would cause prolonged
Amitation, which might induce bending towards the
osite side, as in the case of an attached object.
preliminary trials were made: firstly, slices were
from the radicles of 6 beans suspended in damp
with a pair of scissors, which, though sharp,
ubably caused considerable crushing, and no curva-
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ture followed. Secondly, thin slices were eut 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° C.
(57°-61° F.). The observations were made at dif-
ferent 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.j
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 coni
apex of the radicle causes irritation, like that from an
attached object, and induces curvature from the inj
surface.

Lastly, dry caustic (nitrate of silver) was emple
to irritate one side of the apex. If one side of
apex or of the whole terminal growing part of &
radicle, is by any means killed or badly injured, t
other side continues to grow; and this causes the
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to bend over towards the me-ed u\de' Bnt in the
following exp we

suceess, to irritate the tips on one mle, without bﬂdly
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° F. 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
tonched, 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 addi-
tional interval of 27 h. (i.e. in 48 h. after the appli-
on of the caustic), and now four of them had
ne hooked, being bent from the discoloured side
ith ﬂ;eu- points directed to the zenith ; the fifth
ined unaffected and straight. Thus 11 radicles
it of the 15 were acted on. But the curvature of
four just deseribed was so plain, that they alone
sould have sufficed to show that the radicles of the
bean bend away from that side of the apex which has
en slightly irritated by caustic.

ﬁopomq'anImlanhmﬂwapmoflhaMde

Cioilak fond this oba the d over water, with &
Untersuclungen ber dip  lnyar of groaso, whieh is very
ung der Wurzel!  injurious or even fatal o grow-

in 2
ﬂ?‘! these mdicles wero curved
towards the
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of the Bean, compared with that of Geotropism—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, t.ha growmg part bends from it
often into a
which force is couqnered by the eﬂ‘ect of the irri-
tation from the attached objen:L Radicles were there-
fore extended horizontally in damp air, kept at
the proper low P for full

and squares of card were affixed with shellac on t.ha ‘
lower sides of their tips, so that if the squares
acted, the terminal growing part would curye upwards.
Firstly, eight beans were so placed that their short,
young, horizontally extended radicles would be simul-
taneously 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 5h.! 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 above-
mentioned young ones, were similarly placed and
similarly treated. From what has been seen on many
other oceasions, it may be safely inferred that if t!wy
had been suspended vertically they would have ben
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 the
radicles were still horizontal after 23 h.; two
curved only slightly, and the fifth as much as
beneath the horizon. Thirdly, 5 beans were fa
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with their flat surfaces parallel to the cork-lid, so that
Sachs’ curvature would not tend to make the hori-
zontally extended radicles turn either upwards or
downwards, and little squares of card were aflixed 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 over-
powered geotropism ; whilst in the former cases, in
which the radicles were extended horizontally, geo-
tropism had overpowered the irritation. Thus within
the same jars, some of the radicles were curving
“upwards and others downwards at the same time—
these opposite movements depending on whether the
radicles, when the squares were first attached to them,
projected vertically down, or were extended horizon-
tally. 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 sti-
n ‘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,
15 we have seen, is then evidently more efficient than
i@ irritation from the square ; and the power of geo-
ropism will be strengthened at each successive period
its previous action—that is, by its after-effects.

the other hand, when a square is affixed to a
rtically dependent radicle, and the apex begins to

R Tha Camnalate Waork of Charles Darwin Online



154 SENSITIVENESS OF THE RADICLE. Cmar, IIL

curve upwards, this movement will be opposed by geo-
tropism 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 geo-
tropism when acting obliquely on it.
of the tips of the Secondary Radicles of 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 secondmy or lateral radicles, which were
afterwards kept in very (ln.mp air, uc the propl:r low
for full P
as usrml almost horizontally, il 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
pism, so that if displaced they their
former sub-horizontal position, and do not bend verti=
cally 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 89 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., Wiirzburg,’ Heft iv. 1874, p. 605-617.
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din some cases to
about 45° nbnve the horizon, in others to 90°, and then
the tip pointed to the zenith. In one instance &
distinct npward 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 curva-
ture 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 touch-
ing 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 ( Vicia faba) 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 t 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. Haber-
landé remarks;t that these radicles in breaking through
- the seed-coats often rub and press against the ruptured
“edges, and consequently bend round them. As little
s of the card-like paper affixed with shellac to
m were highly efficient in causing the radicles
‘bend away from them, similar pieces (of about 4;th

| ® “Arbeiten Bot. Instit, Wiirz- _$ *DieSchutzeinrichtungen der
; Hot v, 1874, p. 630, Keimpflanze,” 1877, p. 25.
Heft i, 1875, p. 47
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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. Ina 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
« 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) ; antl 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 momen-
tarily touched with dry caustie, it was only faintly
discoloured, and no permanent injury was caused. This
was shown by several radicles thus treated straighten-
ing 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, Wirzburg,’ Heft iii. p. 438.
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slire 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 mext
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
emrved towards the cards. The greatest degree of
eurvature amounted to 62° from the perpendicular;
bat so large an angle was only once formed. On one
oceasion a slight curvature was perceptible after 5 h.
45 m,, and it was generally well-marked after 14 h.

can therefore be no doubt that with the pea,
ion from a bit of card attached to one side of the
le above the apex suffices to induce curvature.
of card were attached to one side of the tips
of 11 radicles within the same jars in which the above
rials were made, and five of them became plainly,
one slightly, curved away from this side. Qther
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analogous cases will be immediately described. The
fact is here mentioned because it was a striking spec-
tacle, showing the difference 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 sym-
metrical 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 Radicle.—Little squares of the same card-
like 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. 80 m.; and eight of them became in the eourse
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.
TIn 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

@ The Complete Wark of Charles Darwin Online



3 Onmar. IIL. OF THE RADICLE OF THE PEA. 159

trial was made in the same manner with 15 mdxclm
but from not worth explai
“were only once and briefly examined after the s]mrt

Fig 66.

A, B.

- Piswn satioun : deflection produced within 24 hours in the growth of
 vertically dependent ralicles, by Jittle squares of card affixed with
. shellac to one side of apex: &, bent at rig ght angles B, booked,

val of 5 h. 30 m.; and we merely record in our
es “ almost all bent sl]ghﬂy {rom the perpendicular,
way from the squares; the deflection amounting
one or two instances to nearly a rectangle.” These
o sets of cases, especm.lly the first one, prove that
ipex of the radicle is sensitive to slight contact
that the upper part bends from the touching
Nevertheless, on June 1st and 4th, 8 other
les were tried in the same manner at a tempera-
of 58°-60° F', and after 24 h. only 1 was decidedly
from the card, 4 slightly, 2 doubtfully, and 1 not
¢ least. The amount of curvature was unaccount-
small ; but all the radicles which were at all bent,
bent away from the cards.
‘@ now tried the effects of widely different tempera-
ures 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 betweei 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 tem=
perature 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 tl\e first recorded one, md:cate that the
most for the i of
the radicle of the pes is about 60° F.

The tips of 6 vertically dependent radicles were
touched once with dry canst.ic, in the manner described
under Vicia faba. After 24 h. four of them were bent
from the side benriug 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 hori a1 The two i T
dicles were not affected.

With radicles of the bean, when extended
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 sen-
sitive to contact. After a time geotropism always
prevailed, but its action was often delnyed and in
three instances there was a most curious struggle
‘between geotropism and the irritation caused by the
‘cards. Four 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 b, three of them pointed vertically down-
g and the fourth at an angle of 45° beneath the
These four radicles therefore did not seem

Fig, 67.

sutiowm: a radicle extended horizontally in damp air with a little
of card affized to the lower side of its tip, causing it to
eards 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
now forming a loop.

been at all affected by the attached squares.
others were not acted on by geotropism within
first 6 or 8 h., but after 23 h. were much bowed
n. Two others remained almost horizontal for

but afterwards were acted on. So that in these
six cases the action of geotropism was much
The eleventh radicle was slightly curved
after 8 h., but when looked at again after 23 h.
1 portion was curved upwards; if it had

M

= Tha Coamplate Work of Chades Darwin Online



162 SENSITIVENESS OF THE APEX  Cuav. IL

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 aftef 45 h. was converted into a loop (B).
The thirteenth radicle after 6 h. was slightly enrved
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 suc-
cessful as in the above cases. Thus 6 radicles, horizon-
tally 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
distinetly geotropic; whereas of 6 radicles without any!
attached squares, which served as standards of comax
parison or controls, 3 became slightly and 3 a
rectangularly geotropic within the 7h. 30m.; b
after 23 h. the two lots were equally geotropic.
July 10th another trial was made with 6 horizon
extended radicles, with squares attached in the
manner beneath their tips; and after 7 h. 30 m., 4
slightly geotropic, 1 remained horizontal, and 1
curved upwards in opposition to gravity or geotropi
This latter radicle after 48 h. formed a loop, like th
at B (Fig. 67).

An nnaloguus trial was now made, but inst
attaching squares of card to the lower sides of
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tips, these were touched with dry caustic. The details
aiths expenment will be given in the chapter on
pism, and it will suffice here to say that 10
'ns, with radicles extended horizontally and not eau-
terised, were laid on and under damp friable peat;
these, which served as standards or controls, as well as
others which had been touched on the upper side
with the caustic, all became strongly geotropic in 24 h.
e radicles, similarly placed, had their tips touched
the lower side with the caustic; and after 24 b,
slightly geotropic, 2 remained horizontal, and
bowed upwards in opposition to gravity and to
tropism.  This upward curvature was distinetly
e in 8 h. 45 m. after the lower sides of the tips
been cauterised.
e squares of card were affixed with shellac on
occasions to the tips of 22 young and short
ary radicles, which had been emitted from the
radicle whilst growing in water, but were now
spended in damp air. Besides the diffieulty of
ching the squares to such finely pointed objects
ere theae radicles, the temperature was too high,
on the first occasion from 72° to 77° F., and
second being almost steadily 78° F.; nnd this
bly lessened the sensitiveness of the tips. The
was that after an interval of 8 h. 30 m., 6 of the
were bowed upwards (one of them greatly)
jposition to gravity, and 2 laterally ; the remain-
were not affected. Considering the nnfavour-
ances, and bearing in mind the case of
n, the evidence appears sufficient to show that
of the secondary radicles of the pea are
e to slight contact.
solus multiflorus : Sensitiveness of the apex of the
Fifty-nine radicles were tried with squares
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. Rather 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 con-
siderable 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. We
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. We
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 ;th of an inch, and
this length became curved at right angles towards th’
blackened surface, the curvature afterwards incre:
in several instances until little hooks were formed
It was manifest that the blackened side was so m
injured that it could not grow, whilst the opposil
side continued to grow. One alone out of these I
radicles became curved from the blackened side,
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curyature 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 ecuryed 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
iminished ; in the fourth it remained the same, and
the fifth it had increased, the tip being now hooked.
has been said that after 8 h. black specks could
seen on one side of the apex of five of the six
3 on the sixth the speck, which was extremely
te, was on the actual apex and therefore central ;
d this radicle alone did not become curved. It was
fore again touched on one side with caustic, and
15 h. 30 m. was found curved from the perpen-

and from the blackened side at an angle of 34°,
h increased in nine additional hours to 54°
t is therefore certain that the apex of the radicle
' this Phaseolus is extremely sensitive to caustic,
50 than that of the bean, though the latter is

more sensitive to pressure. In the experiments
st given, the. curvature from the slightly cauterised
of the tip, extended along the radicle for a
h of nearly 10 mm.; whereas in the first set
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of experiments, when the tips of several were greatly
hlackened and injured on one side, so that their growth
was arrested, a length of less than 3 mm. became
curved fowards the much blackened side, owing to the
continued growth of the opposite side. This differ-
ence 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 analo-
gous cases with Drosera, for a strong solution of car-
bonate of ammonia when absorbed by the glands, or
0o 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 Dionzea
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. Tt was
recorded -in each case which side of the apex had
heen 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

@ The Complete Work of Charles Darwin Online



Cuar. Il OF THE RADICLE OF TROPAOLUM. 167

- respect to the eighth which remained quite straight,
100 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°, 50 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.
Tropwolum 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 radieles, 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, 5o 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,
in two of them the squares had slipped and were
el to the apex, and in the third the shellac was
excess and had spread equally all round the apex.
e radicle was deflected only slightly from the
dicular and from the card; whilst seventeen
ere plainly deflected. The angles in several of these
T cases varied between 40° and 65° from the
TP icular; and in two of them it amounted after
9. or 16 b. 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 apezx of the
Radicle—Radicles were experimented on in the same
manner as before, but they proved ill-fitted for our
purpose, as they soon became unhealthy when sus-
pended 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 tempera-
ture 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 tem-
perature 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 nﬁ‘ected.
The evidence ly is hardly
though fiom the two sets of cases tried under &
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 bearing 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
Dbecame 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 ex-
hibited 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
canstic 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
viz. § of a mm. in length. Bearing this fact in
it should be observed that the length of the
part of the radicle, which had become deflected
from the cauterised side in the course of 8 h. 40 m.,

s found to be in three cases 6, 7, and 9 mm.

bita ovifera: Sensitiveness of the apex of the Ra-
The tips proved ill-fitted for the attachment of
as they are extremely fine and flexible. More-
‘owing to the hypocotyls being soon developed
becoming arched, the whole radicle is quickly
d and confusion is thus caused. A large
er of trials were made, but without any definite
excepting on two occasions, when out of 23
es 10 were deflected from the attached squares
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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 suceessful 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 mext 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 in-
creased immensely in length ; in 5 of them the curva-
ture 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 tortuons.

In the chapter on Geotropism we shall see that
10 radicles of this plant were extended horizontally.
and beneath damp friable peat, under which conditi
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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 4 mm. in length
being thus caused. Uncauterised specimens similarly
placed became much bent downwards through geo-
tropism in the course of 5 or 6 hours. After 8 h.
only 8 of the cauterised ones were bowed downwards,
and this in a slight degree; 4 remained horizontal ;
and 8 were curved upwards in opposition to geo-
tropism 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.
From 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,
xu the whole growing part to bend to the opposite

~ 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
es, to which nothing had been done, grew irre-

ly, often curving upwards, as if attracted by the
ump surface above; and when they were immersed

in water they likewise often grew irregularly. We
not therefore dare to trust our experiments with
ttached squares of card; nevertheless some of them
d to indicate that the tips were sensitive to
tact. Our trials with caustic generally failed from
difficulty of not injuring too greatly the extremely
tips. Out of 7 radicles thus tried, one became
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.

Zseulus lappocastanum : 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 appear-
ance indicated not mere mechanical bending, but
inereased 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 deseribed 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
Detween 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.

(L) 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
through an angle of 130° in the five days, and this was the
greatest amount of curvature observe

(2) In two days radicle slightly deﬂeatcd after seven days
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deflected 69° from the perpendicular and from the cauterised
side; aftar cight days the angle amounted to nearly 90°.

© (3) After one day slight deflection, but the cauterised mark
was 50 faiut that the same side was again touched with caustic.
In four days from the first tonch deflection amounted to 78°,
which in an additional day increased to 90°.

(&) After two days slight deflection, which during the next
threo days certainly increased but never bocamo great; the
adicle 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
ted 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 perpendxcnlu-, and this

did not afterwards increase.
(8) After one day deflection distinet; on tho third day it
nted to 44°, and on the fourth day to 72° from the perpen-

aud the cauterised side.

touched on the same ulde with.

0.) After ono day slight deflection, which after six days

5 ed to 50° from the perpendicular and the cauterised side.
(I1) After one day decided deflection, which after six days

ed to 62° from the perpendicular and from the cauterised

) After one day slight deflection, which on the second day
t0.85%, on the fourth day to 50°, and the sixth day

from the perpendicular and the cauterised side.
18) Whole tip blackened, but more on ono side than the
ther; on the fourth day slightly, and on the sixth day greatly
from the more blackened side; the defleetion on the

ened side, which increased on the seventh day to nearly
on tho following day the radicle appeared unhealthy.
15) Hore we had the anomalous case of a radicle bending
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slightly towards the canterised side on the first day, und con-
tinuing to do so for the next three days, when the deflection
amounted to about 90° from the perpendicular. The cause j
appeared o 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
irvitation apparently onquered that from tho 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
G days the lid was turned upside down and viewed
from directly above, the little black marks made by the
caustic were now all distinetly visible on the nppe:
sides of the tips of the laterally bowed radicles.

A thin slice was shayed 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 &
days from the sliced surface, and several of the others
grew irregularly. The evidence, therefore, is far from
conclusive.

Quercus robur : Sensitiveness of the apew of the Radicle,
—T'he 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 card-
like 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 la
were not real exceptions, as they were at first ver
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
‘aeted in an anomalous manner, for the apex appeared at first
insensible and nfterwards sensitive to contact. The first square
wias attached on Oct. 19th ; on the 21st the

the 22nd, and the radicle became slightly
from the square, but the curvature

N

d,and the square was again accidentally
d off, and refixed. On the morning of
27th it was washed off by having reached
he water in the bottom of the jar. The
uare was refixed, and on the 29th, that
ten days after the first square had been
ttached, and two days after the attachment
the last square, the radicle had grown to
great length of 32 inches, and BOW Qs
terminal growing part had become hent
\y from the square into a hook (see
. 68). to beco 5
2. Square attached on the 19th; on  Drawing . enehalf
20th radicle slightly deflected from it natural scale.
from the perpendicular; on the 2lst
ed at nearly right angles; it remained during the next
days in this position, but on the 25¢h the upward curva-
 was lessened through the action of geotropism, and still
80 on the 26th.
8. Square attached on the 19th; on the 21st a trace of
ture from the square, which amounted on the 22nd {o
40°, and on the 23rd to 53° from the perpendicular.
4. Square attached on the 2lst; on the 22nd trace of
ture from the square; on the 23rd completely hooked
b the point turned up to the zenith. Three days afterwards
. 26th) the curvature had wholly disappeared and the apex
inted perpendicularly downwards.
5. Square attached on the 21st; on the 22nd decided

robur: radicle
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though slight curvature from the square; on the 23rd the tip
had ourved up above the horizon, and on the 24th was hooked
with the apex pointing almost o the zenith, as in Fig. 68.

No. 6. Square attached on the 2lst; on the 29ud slightly
curved from the square; 23rd more curved; 25th consider-
nhly curved; 27th all curvature lost, and the radiclo was now.

directed perpendicularly downwards.

No. 7. Square attached on the 2lst; on the 22nd a trace of
curvature from the square, which increased next day, and on
the 24th amounted to a right angle.

1t 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 ‘iscnlnn.
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 per-
pendicular 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
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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 deflec-
tion 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 conse-
quently did not bend away from the side bearing the
stiffer paper.

Zea mays: Sensitivencss of the apez of the Radicle to
eontact.—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
toone side. A few were selected, which from having
germinated on sand were crooked, but when suspended
in damp air the terminal part grew straight down-
wards. This fact having been ascertained, little squares
ﬂ the card-like paper were affixed with shellac, on

oceasions, to the tips of 68 radicles. Of these
he terminal growing part of 89 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,
8 forming loops. Moreover, 7 other radicles out
the 68, were slightly and two doubtfully deflected
the cards. There remain 20 which were not
5 but 10 of these ought not to be counted;
one was diseased, two had their tips quite sur-
by shellae, and the squares on 7 had slipped
a5 to stand parallel to the apex, instead of obliquely

X
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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 curva-
ture in the above cases occurred within 24 h., but it
was often conspicnous 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 ;
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
another jar were kept for two additional days, for
sake of observing how the hooks would be m
Most of them became converted into simple
like that figured at C; but in one case the apex
not rub against the upper part of the radicle and
remove the card; and it consequently made, o
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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 geotropism
prevailed and caused the apex to grow perpendicularly
‘downwards. In another case, shown at (D), the apex

Fig. 69
i B

e

mays: radicles excited to bend away from the little squares of card

. attached to one side of their tips.

making a second turm or spire, passed through the
loop, which was at first widely open, and in
g 80 knocked off the card; it then grew perpen-

ieularly downwards, and thus tied itself into a kuot,

soon became tight !

condary Radicles of Zea—A short time after the

radicle has appeared, others protrude f;om the

P
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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 s in
the case of the first-formed radicle.

SENSITIVENESS OF THE TIP OF THE RADICLE TO
Morst A,

Sachs made the interesting discovery, a few
ago, that the radicles of many seedling plants
towards an adjoining damp surface.* We shall
endeavour to show that this peculiar form of xsennl
ness resides in their tips. The movement is di
the reverse of that excited by the irritants hif
considered, which cause the growing part of fl

* ¢ Arboiten des Bot. Institut,, in Wiirzburg, vol. . 1872, p. 2
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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 sus-
pended so that the bottom was generally inclined at
407 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 down-
wards; 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 ascertain-
ing whether the tip or the whole growing part of the
radicle was sensitive to the moist air, a length of from
1102 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
i sensitive to various other irritants.

Phaseolus multifiorus.—Twenty-nine radicles, to which no-
thing had been done, growing out of a sieve, were observed
at tho same time with those which had their tips greased,
and for an equal length of time. Of the 29, 24 curved them-
selves 50 0s to come into close contact with the bottom of the
siove. 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§ mm, ; they were kept at a temperature of 15°-16° C. After
intervals of from 19 h. to 24 h. all were still wvertically or
| vertically dependent, for some of them had moved

not been acted on, or only slightly acted on, by the

air on one side, although the whole upper part was
exposed. After 48 h. three of these radicles became
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considerably curved towards thesieve ; and theabsence of curva-
ture in some of the others might perhaps be accounted for by
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 mm. in length in 11 h.; five others
increased b to 8 mm. in 19 b.; and two, which had been at first
4 and 6 mm. in length, increased in 24 b, to 15 and 20 mm.

The tips of 10 radicles, which likewiso 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 wero 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 wera
observed for periods varying between 11 b. 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
it; whilst the remaining three were still vertically dependent.
Of 7 ot cauterised radicles observed at the same time, all had
come into contact with the sieve.

The tips of 11 radicles were protected by moistened gold-
beaters’ skin, which adheres closely, for a length varying from
1} to 2 mm. After 22 h. to 24 b, 6 of these radicles were
clearly bent towards or had come into contact with the sieves
9 were slightly ourved in this direction, and 3 not at all. Al
had grown well. Of 14 control specimens observed at the ssme
time, all excepting one had closely approached the sieve, It
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 ease indicated that
the caps were sometimes more efficient than appears from the
abovo results; for a radicle, which after 23 h. had
slightly approached the sieve, had its cap (14 mm. in length)
removed, and during the next 15} h. it curved itself abruptly
fowards the source of moisture, the chief seat of curvature
Deing at a distance of 2 to 3 mm. from the apex.

Vioia fuba—The tips of 13 radicles were coated with the
grease for a length of 2 mm. ; and it should be remembered
that with these radicles the seat of chief curvature is about
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40r 5 mm. from the apex. Four of them were examined after
2 h,, three after 26 h., and after 36 h., and none had
been uttracted towards the damp lower surfaco of the sieve.
In another trial 7 radicles were similurly treated, and 5 of them
still pointed perpendioularly downwards after 11 h., whilst
B were a little curved fowards 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.;
8 which were at first from 6 to § mm. after 26 h. were 115
118 mm. in length; and lastly, 4 radicles which were at first
508 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
18, which were observed for periods between 22 h. and 86 b.,
were thus attracted. On two other occasions taken together,
ont of 40 were similarly attracted. On another occasion
only 7 out of 14 behaved in this manner, but after two more
the proportion of the curved increased to 17 out of 23.
On a last occasion only 11 out of 20 were thus attroted. If
wo add up these mumbers, 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 out of the
20 (but 7 of these were not observed for o sufficiently long
time) thus curved themselves. We can, therefore, hardly donbt
that the tip for a length of 2 mm. is the part which is sensitive
0 & moist atmosphere, and causes the upper part to bend
Is its source.
 The tips of 15 radicles were cauterised with nitrate of silver,
they grew as well as those above described with greased
After an interval of 24 h., 9 of them were not at all
ed 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 destruc-

ved in o greater or less degree. Theso control trials are

luded in those given in the foregoing paragraph.

vena sativa—The tips of 13 radicles, which projected
een 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 & 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 b, and a fow after 25 h,,
#nd within these intervals they had grown so quickly as to have
nearly doubled their longths. - With the ungreased radicles the
chief seat of curvature is at  distance of not less than between
35 and 55 mm., and not more than between 7 and 10 mm. from
the apex. Out of the 18 radicles with greased tips, 4 had not
moved at all towards the sieve; 6 were deflected towards it and.
from the perpendicular by angles varying between 10° and 85°
and 8 had come into elose 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 s 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 closo examination
only a single ungreased radicle could bo found which had not.
bocome 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 o 14 mm,, they would not have boen affected by the
moist air and none would have become curved.

Triticum vulgare—Analogous trials were made on 8 radieles.
of the common wheat ; and greasing their tips produced much
less effect than in the case of the oats. After 22h., 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 perpm
dicular. Not one of the very numerous un,
filed to come into close contact with the sieve. Theaetﬂul
were made on Nov. 28th, when the temperature was only 4°8 G
at 10 Ax. We should hardly have thought this case worth
notice, had it not been for the following ciroumstance. In tha

g of October, when the temperature was considerably
higher, viz, 12° to 18° C., we found that only & few of
nngrensed radicles hoeame bent towards the sieve; and
indicates that sensitiveness to moisture in the air is in
by & low temperature, as we have seen with the radicles o
Vicia fuba relatively to objects attached to their tips. But:
the present instance it is possible that a difference in the
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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 Phascolus
multiflorus, Vicia faba, and Avena sativa 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
1most, lies at some little distance above the greased or
canterised 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 ex-
clude 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,
?wemny infer that sensitiveness to a difference in the
ount of moisture in the air on the two sides of a
radicle resides in the tip, which transmits some influ-
“ence to the upper part, causing it to bend towards the
of moisture. Consequently, the movement is
e reverse of that caused by objects attached to one

of the tip, or by a thin slice being cut off, or by
ing slightly cauterised. In a future chapter it
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 GEO-
TROPIC BY THE DESTRUCTION OR INJURY OF THE
TERMINAL PAwt OF THE Privary RApicLE.

Sachs has shown that the lateral or secondary
radicles 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 down-
wards ; and he has furthershown*® the interesting fact,
that if the end of the primary radicle be cut off, one
of the nearest xecomhry mdn.les changes its nnt\n-e
and grows perpendi ds, thus replacing
the primary radicle. We repeated this experiment,
and planted beans with amputated radicles in friable
peat, and saw the result deseribed 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. Eight 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,, Wiirzburg,’ Heft iv. 1874, p. 622.

@ The Complete of Charles Darwin Online



Cmar. IIL.  INJURING THE PRIMARY RADICLE. 187

_ 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
ehecked, 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 hetween 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 apogeotropie, 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 inereased 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 experi-
‘mented 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. Sth 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, lead-
ing 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,
ZEeidiwm 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 be-
ginning to elongate, the shoot developed from it
grows vertically upwards. Such upright shoots after-

* Seco his valuable articlo in  are called in German “ Hexens
“Bot, Zeitung,' 1867, p. 257, on  besen,” or * witch-brooms.”.
these monstrous growths, whioh
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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 Aleidium, 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 dis-
turbed its natural constitution.
- According to Mr. Meehan,* the stems of three
species of Euphorbia and of Portulaca oleracea are
i lly prostrate or p bent;” but when they
are attacked by an Acidium, they “assume an erect
habit.” Dr. Stahl informs us that he knows of several
us cases; and these seem to be closely related
.n that of the Abies. The rhizomes of Sparganium
ramosum grow out horizontally in the soil to a con-
siderable length, or are diageotropic; but F. Elfving
found that when they were cultivated in water
their tips turned upwards, and they became apogeo-
tropie. The same result followed when the stem of the
t:;u bent until it cracked or was merely muech

; i

‘No explanation has hitherto been attempted of such
 as the foregoing,—namely, of secondary radicles
vertically downwards, and of lateral shoots
ing vertically upwards, after the amputation of

il vinaly choryed (Tl 1078
P. derground

ertically up wihea thy .‘i? -4
vertically up o v-n- o
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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 con-
stitution* is apt to induce reversion; such as the
crossing of two distinet races, or a change of con-
ditions, 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 pelorie, this may
be attributed, at least partly, to reversion to a primi-
tive 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 geotropie,
as the case may be, and consequently grows either
vertically upwards or downwards. It is indeed pos-

* Tho facts on which the fol-
lowing conclusions e fnded .52, and sce p. 357 ol
re given in *The Variation of po: on the plant.
‘Animalsnd Plants under Domes-  respect to soods, p: 340. On ro=
tication,’ 2ud edit. 1875. On the version by means Ot buds, p. 438
causes leading to reversion sco  chap. xi. vol. i,
chap. xii. vol. ii. and p. 59, chap.

On pelorie flowers, oh%

@ The Complete Work of Charles Darwin Online



Catar, 1L SUMMARY OF CHAPTER. 191

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 tonch 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 Tropwolum were highly sen-
siive to contact; and so, as far as we could judge,
were those of Gossypium herbacewm, and they were
certainly sensitive to caustic. The tips of the radicles
of Cueurbita ovifera were likewise highly sensitive to
caustic, though only moderately so to contact.
phanus sativus offered a somewhat doubtful case.
With Zsculus the tips were quite indifferent to
bodies attached to them, though sensitive to caustic.
Those of Quercus robur and Zea mays were highly sen-
sitive 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,
88 we beliove, merely apparent ; for with Gossypium,
us, and Cucurbita, the tip was so fine and
ible that it was very difficult to attach any object
0 one of its sides. With the radicles of Asculus,
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 some-
what 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 15 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 there-
fore 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 cansing the upper part to bend. With:
respect to the tips of the secondary radicles, those of
Vicia faba, 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 nuddh
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 Zsculus. The curva-
ture often amounts to a rectangle,—that is, the ter-
minal part bends upwards until the tip, which is but
little curved, projects almost horizontally. Occa-
sionally 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
4 loop, or even a spire. After a time the radicle
apparently becomes accustomed to the irritation, as
oceurs in the case of tendrils, for it again grows down-
- wards, 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
it is the irritation due to contact which excites
movement. The contact, however, must be pro-
d, for the tips of 15 radicles were rubbed for a
time, and this did not cause them to bend. Here
n we have a case of specialised sensibility, like
of the glands of Drosera; for these are ex-
ely sensitive to the slightest pressure if prolonged,
not to two or three rough touches.
hen the tip of a radicle is lightly touched on one
@ 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 obyiously 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 caustie, 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 trans.
mitted from the tip. We have strictly analogous cases.
with Drosera, Dionma 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. i
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 writing-
paper affixed with shellac sufficed to cause mo
ment; 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 mea-:
surements have been given) affixed with gum-water
acted in only three out of eleven trials, and beads
dried shellac under g}5th of a grain in weight
only twice in nine cases; so that here we
nearly reached the minimum of necessary i
tion. The apex, therefore, is much less sensitive to
pressure than the glands of Drosera, for these ar
affected by far thinner objects than bits of bri
and by a very much less weight than 3};th of a grail
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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 diseriminating 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 horizon-
tally with squares of card attached to the lower sides of
their tips, the irritation thus caused was always con-
quered 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 ab 1 genera, ically, the
rritation conquered geotmp)sm, which latter lm\ver
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
0 bend upwards, until sometimes the point was
ed to the zenith. We must, however, assume
that the after-effects of the irritation of the tip by an
tached object come into play, only after movement
 been excited. The tips of the radicles of the pea
em to be more sensitive to contact than those of the
m, for when they were extended horizontally with
of card adhering to their lower sides, a most
rious struggle occasionally arose, sometimes one
| sometimes the other force prevailing, but ulti-
Iy geotropism was always victorious; neverthe-
in two instances the terminal part became so
curved upwards that loops were subsequently
With the pea, therefore, the irritation from
hed object, and from geotropism when acting
ht angles to the radicle, are nearly balanced
Closely similar results were observed with the
ntally extended radicles of Cucurbita ovifera,
02

U
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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 direc-
tion the primary radicle first pmtrudes from the seed,

pism guides it perp Ty ds; 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 down-
wards. 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 ine
jured, the adjoining secondary radicles become geo-
tropic and grow vertically downwards. This power
must often be of great service to the plant, when the
primary radicle has been destroyed by the larve 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 Suchs’ 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
ground. Such penetration is effected by the poini

* ¢ Arbeiten Bot, Institut.,, Wiirzburg, Heft iv. 1874, pp. 60:
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apex (protected by the root-cap) being pressed down
by the longitudinal expansion or growth of the ter-
minal rigid portion, aided by its transverse expan-
sion, both of which forces act powerfully. It is,
however, indispensable that the seeds should be at
first held down in some mannmer. When they lie
on the bare surface they are held down by the attach-
ment 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
_erevices or holes. With some seeds their own weight
suffices.

The circumnutating movement of the terminal grow-
ing part both of the primary and secondary radicles
i so feeble that it can aid them very little in pene-
trating 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
eracks, or into burrows made by earth-worms or larve.
This movement, moreover, combined with the sen-
sitiveness 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
harder and softer adjoining surfaces, in the same
mner as it discriminated between the attached
es of card-like and thin paper. Consequently it
will tend to bend from the harder soil, and will thus
the lines of least resistance. So it will be if it
with a stone or the root of another plant in the
a8 must incessantly occur. If the tip were not
tive, and if it did not excite the upper part of the
to bend away, whenever it encountered at right
gles 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 tonched 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 Aisculus, 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 originul course. t

As radicles perceive an excess of moisture in the Iii‘
on one side and bend towards this side, we may i
that they will act in the same manner with respect:
moisture in the earth. The sensitiveness to moistur

* ¢ Arbeiten Bot. Tnst, Weirzburg? HoR ii. p. 436
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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 ter-
tiary 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 perpen-
dicular 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

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
rmines the upper growing part to bend either
or to the exciting cause. A radicle may be
with a burrowing animal such as a mole,
wishes to penetrate perpendicularly down into
ground. By continually moving his head from
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 f.hntherwud as a better hunting-ground.
Nevertheless, after each i ion, guided by the
sense of gravity, he will be able to recover his down-
ward course and to burrow to a greater depth.
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i CHAPTER IV.

Tae ORCUMNUTATING MOVEMENTS OF THE SEVERAL PARTS OF
Marure PraNts,

Ciroumnutation of stems: concluding remarks on—Circumnutation of
stolons : aid thus afforded in winding amongst the stems of sur-
" bl % .

romnding plants—Ci
of Dicotyledonous leaves—Singular oscillatory movement of leaves
of Dionma—Leaves of Canuabis sink at night—Leaves of Gymno-
sperms—Of Monocotyledons—Cryptogams—Concluding  remarks
on the ciroumnutation of leaves : generally rise in the evening and
~ sinkin the moming.
‘WE 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 cir-
cumnutating—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 circum-
nutate, 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
certain number of plants which were growing vigor-
onsly, and which were not known to move in any
manner. We commenced with stems. Observations
this kind are tedious, and it appeared to us that it
be sufficient to observe the stems in about a
of genera, belonging to widely distinet families
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.

(L) fberis umbellata (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.

s umblla: ciseumutation, of stam of young plast, raced i

8.30 A Sept. 13th to same hour on following morning.

summit of stem heneath the horizontal glass 76 inches. e
feduend to bl of origioalsiss. Movemact as bere shown m.:m
betuween 4 and 5 tim:

on the summit, was traced, as here shown, during 24 Ib
(Fig. 70). As far as we could judge the uppermost inch
of the stem circumnutated, and this in a simple manner.
movement was slow, and the rate very unequal at di
times. In part of its course an irregular ellipse, or
triangle, was completed in 6 h. 80 m.

(2.) Brassica cleracea (Crucifers)—A. vary young plant,
three leaves, of which the longest was onl, nmm
ineh in length, was placed under a mxcmsw
an eye-piece micrometer, and the tip of the Lugm Teaf
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found to be in constant movement. It crossed five divisions of
the micrometer, that is, 35th 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.

(8) Linum usitatissimum (Lines, Fam, 89).—The stems of this
plant, shortly before the flowering period, aro stated by Fritz
Miller (‘Jennische Zeitschrift! B. v. p. 187) to revolve, or
eireumnutate,

(L) Pelargonium zomale (Geraniacem, Fam. 47)—A young
plant, 7} inches in height, was observed in the usual manner;
but, in order to sco the bead at the end of the glass flament

Fig. 7L
w20pmat "

)

3 Samnt
Ju
10'30 pom g0

Plargoniun. xonale; cireumnutation of stem of young plant, fesbly illu-
miusted from above. Movement of bead magnified about 11 fimes 5
. traced on o horiaontal glase from noou on March Oth to 8 AaL on
11th,

NSiamatth

- and at the same time the mark beneath, it was necessary to cut
three leaves on one side. We do not know whether it was
1 to this cause, or to the plant having proviously become
ut {0 one side through heliotropism, but from the moming of
) Tth of March to 10.80 rax. on the Sth, the stem moved
ble distance in a zigzag line in the same general
During the night of the 8th it moved to some
ince at right angles to its former course, and next morning
th) stood for a timo almost still. At noon on the 9th a new
was begun (seo Fig. 71), which was continued till 8 A
o tho 11th. Between noon on the 9th and 5 rax. on the 10th
& in the course of 29 h.), the stem described a eircle, This
therefore circumnutates, but at a very slow rate, and to &

ll extent.

Tropeolum majus (7) (dwarfed var, called Tom Thumb);
Fawm. 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 mamner whilst young. The

Fig. 72.

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

variety here treated of has a rather thick stem, and is so dwarf

that apparently it does not climb in any manner. We there-

fore wished to ascertain whether the stem of a young plant,
/ consisting of two in-
Fig. 73. ternodes, together 3-2.
inches in height, cir-
cumnutated. It was
observed during 25 h,
and we see in Fig. T2
that the stem moved in
a zigzag course, indicate
ing circumnutation.

i 1 ; Teguminous genera, for!
Tyifalium resupinatum ; circumnutation of 2
s{;m, ‘traced on vertical glass from 9.30 instance, those of Hedy-
AM. to 4.30 par. Nov. 3rd.  Tracing not sarum, Mimosa,
groatly magnified, reduced o Wlf of lotus, de., which are
rignal sise. Plantfobly illuminated oo G
in a conspieuousmanne
We will here give only & single instanco (Fig. 73), sh
the cireumnutation of the stem of a large plant of a cl
Tvifolium resupinatum. Tn the course of 7 h. the stem cha
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its course greatly eight times and completed three
circles or ellipses. It therefore cireumnutated rapidly. Some
of the lines run at right angles to one another.

Fig. 74

b (hybrd): cireumnutation of stem, traced on horizontal glase, from
~ 42ai March Léth to 8.30 A. 16th. Tracing much magnified, re-
duced to hat of oiginal size. Plant flugpate] feebly from above.

(@) Rubus ideus (hybrid) (Rosacem, Fam. 76)—As we hap-
‘pened to have a young plant, 11 inches Fig. 75,

en the raspberry (Hubus ideus)
d a North American Rubus, it was N

rlumgwlh,mdmnganm
T4 We here have well-marked
utation.

changed its conrse greatly eleven Deuteia i el

in the course of 10h. ation’ of ste, Nege 1n
75), and there could be no  darkness, traced on hori-
about the ciroumnutation of the #atal glas, from 8.30

:! LML to 7 1) I;:;l’;hm
Fuclsia (greenhouse var., with  ally magnifed sbest 90
L e times e’ reducnl to
Fam, 100)—A young plant, baif seale
es in height, was observed during nearly 48 h. Tho

& & The Comblete Work of Charles Darwin Online



206 CIRCUMNUTATION OF STEMS. Cuar. IV.

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

=

Fuchsia (garden var.): cirenmnatation of stem, kept m darkness, traced on
horizontal glass, from 8.30 ADX. to 7 P, March 20th. Movement of
bead originally magnified about 40 times, here reduced to half scale.

(10.) Cereus sprciocissimus (garden var., sometimes called
Phyllocactus multifiorns) (Cactem, Fam. 109).— This plant,
which was growing vigorously from having been removed &
fow days before from the greenhouse to the hot-house, was
observed with especial interest, as it scemed so lttle probable
that the stem would circumnutate. The branches are flat, or
fiabelliform; but somo of them are triangular in section, with
the three sides hollowed out. A branch of this latter shape,
9 inches in longth and 1} in diameter, was chosen for obsarva-
tion, as less likely to circumnutate than a flabelliform branch.
The movement of the bead at the end of the glass m.mm,
affixed to the summit of the branch, was traced (A, Fig.
from 935 A, to 450 pas,on Nov, 280, during whick Hriiel
changed its course greatly six times. On the 24th another
tracing was made (see B), and the bead on this day changed ifs
courso oftencr, making in 8 h. what may be considered as four
ellipses, with their longer axes differently dirceted. The position
of the stem and its commencing course on_the folloy
morning are likewise shown. There can be no doubt: that
branch, though appearing quite rigid, circumnutated; but

a
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extreme amount of movement during the time was very small,
probably rather lessthan the 7yt of an inch.

Fig. 77.

A\ 30'pan.

speciocissimus : circumnutation of stem, illuminated from above,
traced on # horiantal glass in & from 9 k. to 4.80 Pk, on Nor.
28rd; and mumumm-ﬂmm!umd:
orassnt of the bead 1 ‘magaified about 38 times.

but to our surprise they were now
heliotropic, for during 4 days they curved them-

observed during 2 days and their movements traced, and
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they were found to be still circumnutating, but on a yet smaller
scale.

(12)) Gazania ringens (Compositee, Fam. 122).—The circum-
nutation of the stem of a young plant, 7 inches in height, as
measured to the tip of the highest leaf, was traced during
83 h, and is shown in the accompanying figure (Fig. 78). Two.

Fig. 78.
a3 qan.22m
9 am.21%
Opm. 293
//
10° 37 pan.21%

<
Gazania ringens : circumnutation of stem traced from 9 A.x. March 21st
to 6 P.M. on 22nd; plant kept in darkness, Movement of bead at ﬂu
nlosz of the observations magnified 34 times, here reduced to half the
original scale.
Inain lines may be observed running at nearly right angles to
two other main lines; but these are interrupted by small

Toops.

(18.) Azalea Tndica (Ericinesm, Fam. 128)—A bush 21 inches
in height was selected for observation, and the cireumnutation
of its leading shoot was traced during 26 h. 40 m., as shown
in the following figure (Fig. 79).

(14.) Plumbago Cupensis (Plumbagine, Fam. 134).—A small
lateral branch which projected from & tall freely growing bush,
at an angle of 85° above the horizon, was selected for obser~
vation. For the first 11 h. it moved to a considerable distance
in a nearly straight Jine to one side, owing probably to its
having been previously deflected by the light whilst standing
the greenhouse. At 7.20 p.x. on March 7th a fresh tracing was
begun and continued for the next 43 h. 40 m. (seo Fig.
During the first 2 h. it followed nearly the same direction a
before, and then changed it a little; during the night :
moved at nearly right angles to its previous course.
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ay (8th) it zigzagged greatly, and on the 9th moved irregu-
round and round a small cireular space. By 3 et on
huﬂh the figure had become so complicated that no more dots
* eould be mado; but the shoot continued during the evening of
the su:,umwhola of the 10th, and the morning of the 11th to

Fig. 79, Fig. 80,

Asalea Tndica,
of stem, i
traced on n
from 9.30 A, March
o the :u:‘:..
it on the morning of the  plumhago Capensis : circumnu-
R Ry Tus dota were tation of tip of & Intars]
between 8.30 AM. branch, traced on horizontal

ﬂuﬂ, from 7.20 PM. on
arch 7th to 3 PL on the
oth, Movement of bead
may ed 13 times. Plant
feebly illuminated from
above.

!
; Sronmuntation Wg;/‘v

“loysia citriodora (Verbenaces, Fom. 173)—Th follow-
(Fig. 81) gives the movements of a shoot during
:
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31 h, 40 m., and shows that it circumnutated. The bush was
15 inches in height.

Fig. 81,

Aloysia citriodora : circumnutation of stem, traced from 8.20 A on March
22nd to 4 r.. on 23rd,  Plant kept in darkuess. Movement maguified
about 40 times.

(16.) Verbena melindres (2) (a scarlet-flowered herbaceons var.)
(Verbenacer).—A shoot 8 inches in height had been laid hori-
zontally, for the sake of observing its apogeotropism, and the
torminal portion had grown vertically upwards for a length of
1} inches, A glass flament, with & bead at the end, was fixed

6'50'am&”
Verlena melindres : circumnutation of stem in darkness, traced on verti
glass, from 5.30 p.M. on June 5th to 11 A June 7th. Movement of
‘magnified 9 times,
upright to the tip, and its movements were traced during
411,80 m. on a vertical glass (Fig. 82). Under these cire
stances the Iateral movements were chiefly shown; but as 4
lines from side to side are not on the same level, the sho
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‘must have moved in a plane at right angles to that of the lateral
1 that is, it must b i 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 ropresents the
formation of four ellipses, so that each was completed in 4 h.
(A7) Ceratophyllum demersum (Ceratophyllese, Fam, 220).—An
1§ account of the movements of the stem of this water-
‘plant has been published by M. E. Rodier.* 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
61, and in one instance through 220°in 8h. They generally
‘bent from right to left in the morning, and in an opposite direc-
‘tion in the afternoon ; but the movement was sometimes tempo-
rarily reversed or quite arrested. It was not affected by light,
1t does not appear that M. Rodier made any diagram on a hori-
ontal plane representing the actual coursc pursued by the
but he speaks of the “ branches executing round their
of growth a movement of torsion.” From the particulars
e given, and remembering in the case of twining plants and
tendrils, how difficult it is not to mistake their bending to all
oints of the compass for true torsion, we are lod to believe that
stems of this Ceratophyllum circumnutate, probably in the
ape of narrow ellipses, each completed in about 26 h. The
statement, however, seems to indicate something
et from ordinary circumnutation, but we cannot fully
stand it. M. Rodier says: “Il est alors facile de voir que
mouvement de flexion se produit @’abord dans les mérithalles
séricurs, qu'il se propage ensuite, en Samoindrissant du Aaut
| bas; tandis quau contraire le wouvement de redressement
par la partie inférieure pour se terminer i la partie
supérieure qui, quelquefois, peu de temps avant de se relever
tont & fait, forme avec I'axe un angle trds aign.”
((18) Conifera.—Dr. Maxwell Masters states (‘Journal Linn.
/ Dec, 2nd, 1879) that the leading shoots of many Coniferre
the season of their active growth exhibit very remark-

| We may feol sure that the lateral shoots whilst growing
d exhibit the same movement if cavefully observed.

“Comptes Rendus,' April 30th, 1877. Also & second motice
ed separately in Bourdeaus, Nov, 12th, 1877,
r2
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(19.) Litium auratum (Fam. Liliscem).—The circumnutation
Fig. 83

raced ona
lass, from 8 A.x. nnMwhlnhbeSSAmmlmh But it sh
noted that our observations were inte between 6 P, on
146h nad 19:15.754, on 15th, a0 the mhovemmente during this in
of 18h. 15 m. o soprssented by along broken line, - Dingrara rods
to half original scale.

of the stem. cfl plant 24 inches in height is represented in
above figure (Fig. £).

Fig. 48.

Cyperus alternifolius : circumnutation of stem, flluminated from
traced on horizontal glass, from 9.45 A, March Oth to 9 Pt on

he stem grew so raidly whilhbeng oberved, hat it was ot

to estimate how much its movements were magnified

(20) Cyperus alternifelius (Fam. Cyperacem.) —A. |
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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 1220 and 7.20 pax,,
the stem described an ellipse, open at one end. On the follow-
ing day a new tracing was begun (Fig. 84), which plainly shows
that the stem completed three irregular figures in the course of
85h. 15 m.

Conaluding Remarks on the i ion of Stems.—
Any one who will inspect the diagrams now given, and
will bear in mind the widely separated position of the

its described in the series, bering 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 distinet families which climb by a similar move-
‘ment,—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
Jincidentally given. In looking at the diagrams, we
should remember that the stems were always growing,
that in each case the circumnutating apex as it
will have described a spire of some kind, The
lots were made on the glasses generally at intervals
an hour, or hour and a half, and vere then joined
straight lines. If they had been made at intervals
2 or 3 minutes, the lines would have been more
vilinear, as in the case of the tracks left on the
ked glass-plates by the tips of the circumnutating
icles of seedling plants. The diagrams generally
ch in form to a succession of more or less
ellipses or ovals, with their longer axes
ed to different points of the compass during the
e 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 deseribe a single large ellipse one day, and.
two on the next. With different plants the com-
plexity, 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 114 h,, and those of the
Trifolium three triangular or quadrilateral figures
in7h.

CIRCUMNUTATION OF STOLONS OR RUNNERS.

Stolons consist of much elongated, flexible branc!
which run along the surface of the ground and
roots at a distance from the parent-plant. They a
therefore of the same homological nature as stems;
and the three following cases may be added to the
twenty previously given cases.

lelurux (cultivated garden var.): Hosacee.—A plant gro

pot had emitted a long stolon; this was supported
!hok 50 that it projected for the length of several inches h
zoutally. A glass filument bearing two minute triangles
paper was affixed to the terminal bud, which was a little uj

and twice down in somewhat zigzag lines, and no doubt
velled in the same manner during the night. On the follos
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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.
45 am 9%

wpmy
g

‘ \
\\! rd\n.m."

a: circumnutation of stolon, lzt in_darkness, u-md on vertical
glass, from 10.45 A.x. May 18th to 7.45 A, on 10th,

d on within this time by geotropism;* nor had its own
cansed it o bend downwards,

at least five times up and five times down, wfthveryh\‘.ﬂe

Dr. A. B. Frank states (‘Die  acted but onl
B s Tk e T gyt It sl

Pllanzentheilen,’ 1870, p. 20) time.

‘the stolons of fhis plant are
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lateral deflection. The first and last dots made on this second

day, viz, at 7 Aax. and 11 2ax, wero close together, showing

that the stolon had not fallen or risen. Nevertheless, by com-

paring its position on

Fig, 86. the morning of the 19th

and 2lst, it is obvious

that the stolon had sunk;

and this may be attri-

buted to slow bending

Sam17 down either from its own

weight or from geotro-
pism.

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 sue-
cessive periods into a lino
with one edge; a dot
Deing made each time on
the glnss, 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 ex-
treme dots from one an-
other was ‘45 inch, By
the same method it was
ascertained that the apex
moved between 7 A, on

&am.21* the 20th and 8 Aaw. on the
Pragaria : clrclu;‘mm.lnln of chle‘ulthe stolon 91sta distance of ‘82 inch.
i s served in
e, and (st from § Aot May 100 A younger and shorter
to 8 AL 2lst. stolon was supported
that it projected at a
45° above the horizon, and its movement was traced by the
samo orthogonal method. On the first day the apex
10se above the field of vision. By the next morning it ha
sunk, and the course pursued was now traced during 141
30 m. (Fig. §7). The amount of movement was almost the
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from side to side as up and down; and differed in this respect

from the movement in’ the previous cases. During
the Iatter part of the day, viz, between 3 and 1030 p.x, the

Fig. 87,

Ar 19 amsto™

ragaria: circumnutation of another and younger stolon, traced from
B AL t0 10,30 P, Figure reduced to one-half of original scale.

distance travelled by the apex amounted to 115 inch;

in the course of the whole day to at least 267 inch. This
an amount of movement almost comparable with that of
climbing plants. The same stolon was observed on the

movement was 1:55 inch in one direction, and ‘6 inch

direction at right angles. During neither of these

the stolon bend downwards through geotropism or its

weight.

ur stolons still attached to the plant were laid on damp

Lin the back of a room, with their tips facing the north-cast

They were thus placed because De Vries says* that

s apheliotropic when exposed to the light of the sun; but

d not perceive any effect from the above feeble degree of

on. We may add that on another occasion, late in the
I i th. i

ipright indow

* €Arbeiten Bot. Inst., Wiirzburg,’ 1872, p. 484.
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on a cloudy day, became distinetly 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 circumnnutation apparently facilitated their
passage. When the tips encountered sticks so close together
that they could not pass between them, they roseup and passed
over them. The sticks and hanlms were removed after the
passage of the four stolons, two of which were found to have
assumed  permanently sinuous shape, and two were still
straight. But to this subject we shall recur under Saxifraga,
Sazifraga sarmentosa. (Saxifragew).—A plant in a suspended
pot had emitted long branched stolons, which depended like

Fig. 88,

Sazifraga sarmentosa: circumnutation of an inclined stolon, traced in
darkness on & horizontal glass, from 7.45 A April 18th €0 9 A3, on
19th. Movement of end of stolon magnified 22 times.

threads on all sides. Twowere tied upso as o stand vertically,
and their upper ends became gradually bent downwards, but
slowly in the course of several days, that the bending was
Bably due to their weight and not to geotropism. A glass
ment with little triangles of paper was fixed to the end of one:
these stolons, which was 17} inches in length, and had
become much bent down, but still projected at a cos
angle above the horizon. It moved only slightly three
from side to side and then upwards; on the following
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‘the movement was even less. As this stolon was so long we
thought that its growth was nearly eompleted, so we tried
another which was thicker and shorter, viz., 10} inches in length.
Tt 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, Threo irregular ellipses, with
their longer axes somewhat differently directed, were almost
completed in the first 15h. The extreme actual amount of
movement of the tip during the 25 h. was 775 inch.

Several stolons were laid on a flat surfacoof damp sand, in the
#ame manner as with those of the strawberry, The frietion of
the sand did not interfere with their cireumnutation ; nor could
we detect any evidence of their being sensitive to contact. In
order to sce 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
seratched the smoked surface in various directions; one made
three upward and two downward lines, besides a nearly hori-
zontal 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 &
curved line, recoiled and again came into contact with it ; it then
‘moved to the right, and after ascending, descended vertically:
ultimately it passed round one end of the glass instead of ovr it.
Many long pins were next driven rather close together into

sand, so as to form a crowd in front of the same two thin
teral branches; but these easily wound their way through

erowd. A thick stolon was much delayed in its passage;
one place it was forced to turn at right angles to its former
05 at another place it conld not pass throngh the pins,
the hinder part became bowed ; it then curved upwards
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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 4} inches pro-
jected in o straight and horizontal line, and the movement
of the apex was traced. The first dot was made at 910 Ax.;

Fig. 89,

1115 0m, 25

&' 40'am. 27"

tfam. 27"

Cotyledon_wnbilious : circumnutation of stolon, traced from 1115 A
Aug. 25th to 11 Ax, 27th. Plant illuminated from above.
terminal internode was 25 inch in length, the penultimate 2-25,
the third 3°0 inches in length. Apex of stolon stood at a distance o
575 inchos from the vertion gless but it was 20t poseibl to
How much the tracing was magnified, as it was not known how g
a length of the internode circumnutated.

?_

the terminal portion soon began to bend downwards and
tinued to do so until noon. Therefore a straight line,
nearly as long as the whole figure here given (Fig. 89), was.
traced on the glass; but the upper part of this line has not b
copied in the disgram. The curvature occurred in the mid
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internode; and its chief seat was at the
Mollimhmﬂmnpu,nlppnmddmhm
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-x. to noon, moved  little to the
left; it then roso up and circumnutated in a nearly vertical
 plane until 10.85 rat. On the following day (26th) it was ob-

Fig. 90.
91’ am.25th

n-:}..fdun‘

Aambilious : circumnutation and downward mnnm’nt of another

lon, traced on vertical glass, from 9.11 A, ll A, E'Hh,
eloso to glass, so that ﬁgur- but Tittle mguﬂnd, and h
of original si

from 6.40 a.x. to 5.20 .., and within this time it moved
e up and twice down. On the morning of the 27th the apex
a8 high as it did at 11.30 A, on the 25th. Nor did it
during the 28th, but continued to circumnutate about

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 ferminal portion was allowed fo project frecly and

On the 25th i inued from 9.10 A to 1.30 paa,
to bend straight downwards, apparently owing to its weight
(Fig. 90); but after this hour until 1035 par. it 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 it 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 con=
tinued to fall; in the evening and during the night it travelled
from some unknown eause 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
cireumnutated, 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 oceurrence with all growing
parts; but it is not improbable that the n.mphmda
of the movement may have been specially ine
for this purpose.

@ The Complete Waork of Charles Darwin Online



Citar. IV.  CIRCUMNUTATION OF FLOWER-STEMS. 223

(o) or I

We did not think it necessary to muka oany specml
ions on the ci

ﬁula being axial in their nature, like stems or swlons S
but some were incidentally made whilst atte.ndmg
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
bable that-all peduncles and sub-peduncles cir-
mnutate whilst growing.

Oaalis carnosa.—The pedunclo which springs from the thick
woody stem of this plant bears three or four sub-peduncles.

Fig. 91

otrnosa : lower-stem, focbly illuminated from above, its circumnuta-

traced from 9 A. )lApvlll.'ilhtoQAll.th Summit of flower

beneath the horiontal glass,  Movement probably magnified
times.

with little triangles of paper was fixed within the

of a flower which stood upright. Its movements were
for 48 h.; during the first half of this time the flower

lly expanded, and during the second half withered. The
Tero given (Fig. 91) represents 8 or 9 ellipses. ~ Although
‘peduncle circumnutated, and described one large and

& The Camnlete Work of Charles Darwin Online



224 CIRCUMNUTATION OF FLOWER-STEMS. Crar. IV.

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 Owalis 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 cireumnutated during two days about the same spot.
On the other hand, the flower-stem of O. sensitiva undergoes &
strongly marked, daily, periodical change of position, when kept
at o proper temperature. In the middle of the day it stands
vertically up, or at a high angle; in tho 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 slecp-movements of plants. A tracing

but theangles at successive peris

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. Innoother genus,as far as we know, is the peduncle
furnished witha 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 1020 r.x. it had risen greatly. During the
middle of the day it oscillated much up and down.

rifolium sublerrancum.—A. flament was fixed vertically o
the uppermost part of the peduncle of a young and up

this time it described (seo Fig. 92)a figure which represents
ellipses; but during the latter part of the time the pedun
to bend downwards, and after 1030 2.x. on the 24th
curved so rapidly down, that by 6.45 A, on the 25th it
only 19° above the horizon. It went on circumnutating in ne
the same position for two days. Even after the flower-
have buried themselves in the ground they continue, as will
hereafter be shown, to circummutate. It will also be seen in the
next chapter that the sub-peduncles of the separate flowers
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Trifolium repens circumnutate in a complicated course during
B e T ioar s st tho pynophare f dretls hsoies.

Fig. 92,

subterr main fower-peduncle, illuminated from

circumnutation. traced on horizontal glase, From 840 Ak, Jnly 28nd
1030 r.x. 24th.

i like di 3!

downwards, moxdercabnrym,mgpodmthe

movements of the flowers of Cyclamen Persicum were not
; but the peduncle, whilst the pod is forming, increases
b in length, and bows itself down by a circumnutating
mt. A young peduncle of Muaurandia semperflorens,
ch in length, was' carefully observed during a whole day,
mado 4} narrow, vertical, irregular and short ellipscs,

‘af an average rate of about 2 h. 25 m. An adjoining
deseribed during the same time similar, though fewer,
ipses.® According to Sachs  the flower-stems, whilst growing,

o Movements ol Hablts 1875,
b Plants,” 2nd edit., 'PIKG-M 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 flower-
stems 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 t in the
stamens of in and Cereus a spontané,”
which, it may be suspected, is a circumnutating movement,
The circumnutation of the gynostemium of Stylidium, as de-
scribed by Gad,} is highly remarkable, and apparently aids in
the fertilisation of the flowers. The gynostemium, whilst spon-
taneously moving, comes into contact with the viseid 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, Oxalide, Leguminoswe, Primulaces, Scro-
phularinese, Alismacew, and Liliacew, 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 lew
plants consist of modified pedundes, we may
without much doubt that all growing ﬂ(mer-sm;
circumnutate.

CIROUMNUTATION OF LEAVES : DICOTYLEDONS,
Several distinguished botanists, H
Pieffer, De Vries, Batalin, Millardet, &e., have

766, Lanneus and Trevirnus  plies circumnutation.
(according to Pfeﬂ‘er. ‘Die Pe-  * *Jensische Zoitsch.,' B
iodiscion Bowegungen, &o. b .
162) state that the flowersfalks 4 *N. Mem. de I'Acad. R.
of many plants ocoupy diffeont  Bruxelles’ tom. xiv. 1841,

by mgm .na day, and *Bitzungbericht des bot.
reins der P. Brandenburg,’
poSh

chall aptcs on
e Sl of Pt hat this o
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served, and some of them with the greatest care, the
periodical movements of leaves; but their attention
has been chiefly, thongh not exclnslvely, directed to
those which move largely and are commonly said to
llsep 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 ascer-
tain whether all young and growing leaves circumnu-
tated, we thought that it would be sufficient if we
aharved between 30 and 40 genem,mdelv distributed

he ble series, selecting some un-
usual forms and others on woody plants. Al the
p]mu were healthy and grew in ;~ts. They were
illuminated from above, but the hght perhaps was not
always sufficiently bright, as many of them were ob-
served under a skyllght of ground-glass. Exoept in a
ﬁlupee)ﬁed cases, u fine glass filament with two minute
gles of paper was fixed to the leaves, and their
ﬁmmnnts were traced on a
ical glass (when not stated

Fig. 9.

the broken lines represent \ \
nocturnal course. The stem o=y
always secured to a stick, i
to the base of the leaf

observation. The ar-

e Sarricenia e cireum-
umber of the Family ap-  nutation’ of Joug teher,
A

X ; traced f ., July 3rd

nded, is the same as in the ¢.',:m.|§v:‘ ith, 1 ‘emp.
3 # 17 lB"G.Apuofpltcbur
of stems. 50 inchas fieos gloss =

) Sarracenia  purpurea g
Fam. 11)—A young leaf,
Tl fachon n e, ith the biadder, swollen, bt with
fe hood not s yet open, bad a flament fixed transversely
Q2

wmmt -
greatly mag.
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228 CIRCUMNUTATION OF LEAVES. Cuar. IV,

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 lutewm (Papave-
races, Fam. 12)—A young plant,
bearing only 8 leaves, had a fila-
ment attached to the youngest leaf

but one, which was 3 inches in
length, including the petiole. The
circumnutating movement
traced during 47 h.  On both days
the leaf descended from before 7 A2t
until about 11 Aar, and then
ascended slightly during the rest
of the day and the carly part of
the night. During the latter part
of the night it fell greatly. It did
not ascend so much during the
socond 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 insuflicient during the
two days of observation. Itscor
during the two days is shown in.
Fig. 94. d

(3.) Crambe maritima (Crucife
Fam.14)—A leaf 9} inches inle
on a plant not growing vigoro
was first observed. Its apex
in constant movement, but
e could hardly be traced, from
et It creamnuta, g0 small In extent.  The apes,

from 930 Ao, Juns 14th over, cortainly changed its co

to 8,30 ax. 16th, Tracing least 6 times in the course of 141
R LRI A mos g youg pet

Yo e s ing only 4 leaves, was then,

and a filament was affixed to

idrib of the third leaf from the base, which, with the petiole,

& inchesinlength. The leaf stood up almost vertically, but thet
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‘was deflocted, 5o that the flament projected almost horizontally,
and its movements were traced during 48 h. on a vertical glass,
a5 shown in the accompanying figure (Fig. 95). We hero plainly

see that the leaf was con-
tinually cireumnutating ;
‘but the proper periodicity
of its movements was dis-
turbed by its being only
dimly illuminated  from
~ above through a double
skylight. We infer that
this was the case, because
two leaves on plants grow-
ing ont of doors, had their
angles above the horizon
measured in the middle
of the day and at 9 to
about 10 rax. on succes-
sive nights, and they
were found at this latter

t0 have risen by an
angle of 9° above

their mid-day position:
on the following morning
they fell to their former
osition. Now it may be

maritima ; civeumutation of leaf,
disturbed by being insuffciently illumi-
nated from above, traced from 7.50 A,
June 23rd to 8 A, 25th.  Apex of leaf
15} inches from the vertical glass, so that
the tracing was much magnified, but is
here reduced to aue-fourth oforiginal scale.

sivel
(&) Brassica dleracea (Crucifers).—Hofmeister and Batalin *

o that the leaves of the cabbage rise at night, and fall by
. We covered a young plant, bearing 8 leaves, under a large

placing it in the same position with respect to the
i R e Pociay
* *Flora," 1878, p. 487.
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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 carly part of the night. The ascending and descend=
ing lines did not coincide, so that an irregular ellipse was formed
cach 24 . 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.

Tn order to ascertain the effect of darkness, a filament was
fixed to a leaf 5} 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 &
vertical glass every hour by the aid of a taper. During the
first day the leaf rose from 8 Aox. to 10.40 Pax. in a slightly
zigzag course, the actual distance travelled by the apex being
*67 of an inch. During tho night the leaf fell, whereas it ought
to have risen; and by 7 A2, on the following moming it had
fallen 23 of an inch, and it continued falling until 940 Ax. It
then rose until 10.50 r.x., 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-nscended fo @ 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 @ hybrid between
B. oleracea and rapa, draw fogether in the evening so much
“that the horizontal breadth diminishes about 30 per cant. of
the daylight breadth” Therefore the leaves must rise con-
siderably at night.

(5.) Dianthus caryoplyllus (Caryophyllesm, Fam. 26),— The

. Soo. Bdinburgh,’  sce Darwin, * Animals and Plnﬁ.
) a With respect to  under Domestication,’ 2nd edify
the arigin of the Swedish tarnipy. - Vol &
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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 elose together, but they soon bend outwards and
downwards, 50 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 18th, but it curved
downwards 0 quickly that by 640 A, on the following
‘momning it stood only a little above the horizon. In Fig. 96

Fig. 96. /
"la'lx‘pun'!‘
< - f
3 g i
L £ /
5 = |
3 3 {
3 H /
i 12
g
1
§ ‘ow0amub
10°35'p.m 16 -
—
4
10K5p.msah

Dianthus caryophyllus : eircumnutation of young leaf, traced from 10,15
P Juno 13th 0 10.35 pac. 16th.  Apex of leaf stood, at the elose of
our_observations, 8] inches from the vertical glass, %o tracing not

tly maguified. The leaf was 5} inches long. ~ Temp. 15}°-173° C.

 long, slightly zigzag line representing this rapid downward
, which was somewhat inclined to the left, is mot given;
the figure shows tho highly tortuous and zigzag course,
with somo loops, pursued during the next 2j days.

5 tho leaf continued to move all the time to the left, it is

to its apex. This leaf sloped downwards at an anglo
beneath the horizon. As it was thick and rigid, and its
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petiole very short, much movement could mot be expected.
Nevertheless, the apex changed its course
completely seven times in the course of
113 b, but moved to only a very small
distance. On the next day the movement
of th apex was traced during 26 . 20 m.
(as shown in Fig. 97), and was nearly of
the same nature, but rather less comples.
The movement seems to be periodical, for
on both days the lenf cireumnutated in the
.50 Aat.  forenoon, fell in the afternoon (on the first
ey wntil etwam andldinaryand il
tical glass,so figure  socond day until 6 2av), and then rose,
comilersly ug- falling again during tho night or carly
e ‘morning.
Tn the chapter on the Sleep of Plants
we shall sco that the leaves in several Malvaceous genera sink

Fig. 98.
9%, 30" am. 14t

Fig. 97,

Pelargonium zonale : cireammutation and downward movement of
leaf, traced from 9.80 AM. June 14th o 6.30 . 16th. Apex of leaf
€4 lnchs from the vertical glass, so_figure moderately magaifiel
Temp. 15°-16§° C.

at night; and as they often do not then occupy a ¥
position, especially if they have not been well illuminated di
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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 (Geranincem, Fam. 47).—A young
leaf, 1} 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 Axx and 4.30 . On the second
 day it sank and rose again, but between 10 Axx. and 6 P, it

circamnutated on an extremely small scale. On the third day

the circumnutation was more plainly marked.

(8) Cissus discolor (Ampelides, Fam. 67).—A leaf, not nearly
fall-grown, the third from the apex of Fig. 99.
a shoot on a cut-down plant, was

observed during 81 . 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 con-

us.
(9.) Vicia faba (Leguminose, Fam.
T5)—A young leaf, 81 inches in
length, measured from base of petiole to % \
end of leafiets, had a filament affixed Y
to the midrib of one of the two ter-
‘minal leafiets, and its movements were
trnced during 514 b, The filament foll
‘all morning (July 2ud) till 3 par, and
then rose greatly till 1035 Par.; but
the rise this day was so great, com-
‘Dared with that which® subseqently
that it was probably duoin b ho wertial gloms:
part to the plant being illuminated
from above. The lntter part of the course on July 2nd is alone

IS
Cissus discolor ; circumnu-
tra

, then circumn
in & conspicuous manner, and ‘rose till Iate at night; but
‘movement was not traced after 7.15 ».x., as by that time the
pointed towards the upper edge of the glass. During
latter part of the night or early morning it again fell in the
‘manner as before.
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A-thuvmlngnnmdhuﬂymmﬁghﬂmmnm’
large, the angle of the petiole above the horizon was measured
at the two periods, and the leaf was found to have risen 19°
Fig. 100,

3.
S
L]

a

Vioin_ faba : ifeusiuitatiod | of luf, traced from 7.15 pat. July 2nd |
ADeY u«. Apex. two terminal leaflots 7} inches from
 Figare hm reduced to two-thirds of original
Tmp. 1o .
between 1220 »ar. and 1045 par, and to have fallen
between the latter hour and 10.20 Ax. on the following n
‘The main petiole was now secured to a stick close to the b
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o(thtwnhﬂnlmlhﬂeh,vhmhvenl 4 inch in length; and

mmhnfomd'bmwmmﬂdnﬁngisb. (see
Fig. 101). The courso pursued is closely analogous to that of
the whole leaf. The zigzag line between 8,30 A.x. and 3.30 p..
on the second day represents 5 very small ellipses, with their

Fig. 101,

; cireumastation of one of the two torminal Jauflets,the main
ﬁh . 4 of leal o 8 it '?lymmm,h
x of u.cemc from the vertical gluss. ere
%o one-half of wli;nul scale. Temp, 10°-18° C.

;J

nger axes differently directed. From these observations it

s Mbuththswhnle leaf and the terminal leaflets undergo

ed daily periodical movement, rising in the evening

during the latter part of the night or early morning;

inﬁumhid]enfﬁwd.ly they generally circumnutate
the same small space.
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(10.) Acucia retinoides (Leguminosm)—The movement of &
young phyllode, 2} inches in length, and inclined at a consider-

Fig, 102,

able angle above the horizon, was traced
during 45 h. 80 m.; but in the fignre here
given (Fig.102) its cirenmuutation is shown.
during only 21 h. 30 m. During part of
this time (viz, 14 h. 30 m.) the phyllode

deseribed a figure re-
presenting 5 or 6
small ellipses. The
actual amount of
movement in a ver-
tical direction was *8
inch. The phyllode
Acacia retinoides : cir- T0Se considerably be-
cumnutation of & tween 130 par. and
Joung  Fhylledes 4, but there was
st July 18th to 1O evidence oneither
815 . 19th, day of a regular pe-
’Ar;x of ;'hrﬂod:h? riodic movement.
siiale] gl:::temp. (11) Lupinus spe-
164°-174° C. ciosus (Leguminose).
—Plants were raised
from seed purchased under this name,
This is one of the specics 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. 80 m. the filament went four times up
and three times down. A new nmng
was then begun (not here given), anc

during 12} h. the leaf moved eight ﬁmen Tape

and seven times down; so that it
described T4 ellipses in this time, and
this is an extraordinary rate of movement.
The summit of the petiole was then secured

Fig. 103,

cumnutation of
traced on
gluss, from 10,15 430,

0 545 PAL; Lew
during 6 h. 50 m.

to a stick, and the separate leaflets were found to be continually

circumnutating.
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(12) Ecleveria stolmifera (Crassulacess, Fam. 84).—Tbe older
leaves of this plant are so thick and fleshy, and the young ones
80 short and broad, that it seemed
very improbable that any circum- Fig. 104,
nutation could be detected. A fila- s
ment was fixed to a young upwardly
inclined leaf, 75 inch in length and
28 in breadth, which stood on the
outsideof a terminal rosette of leaves,

liring 6 days, as here shown (Fig.
104). The 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, mdthat
occasionally there was distinet
fera : circum-

nmnuhﬁon, though on a varymmll “mhn o f'/‘ ;: s

18 Bryophyilum (vel Canche) o A
calycinum  (Crassulacem). — Duval-  of leaf 12} inches tmmzhe
Jouve (‘Bull. Soc. Bot. do anue, glnss, 50 that the movement.
Feb. 14th, 1868) measured the dis-  Jyeaige cr o
tance between the tips of the upper
pairof leaves on this plant, with the result shown in the following
‘Table. It should be noted that the measurements on Dec. 2nd
‘wero made on a different pair of leaves:—

At .'mu nsm

8 A 2pa 7rat
Fov,16 . . .15mm . . .%mm . . . (@
BRIV e 48 o a0 G
At N SR T v

‘Wo seo from this Table that the leaves stood considerably
further apart at 2 p.ax. than at either 8 A or 7 vax; and this
llnvlthltthayrimnlitﬂeinthneveningmdhﬂmopen
in the forenc

(4) i rotundifdlia (Droseraces, Fam. 85).—The move-
ments of a young leaf, having a long petiole but with lh;tanholm

gland-bearing hairs) as yet unfolded, were traced ds

h.15m. The figure (Fig. 105) shows that it cireumnutated

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 night, though to o
very unequal distance on the
two occasions, We therefore
thought that the movement
was periodic; but on observ-
ing three other leaves during
several succossive days and
nights, we found this to be an
error; and the case s given
merely as a caution. On the
third morning the above leaf
oceupied almost exactly the
same position as on the first
moming ; and the tentacles
by this time had unfolded
sufficiently to project at right
angles to the blade or dise.
The leaves as they grow
older generally sink more
and more downwards.
movement of an oldish leaf,
the glands of which were
still scoreting freely,” was
traced for 24 h., during which
opmgs  tme it continued to sink a
b ,J -',1‘” oy little in a slightly zigzag line.
om.7" b, O 75 =
m the following morning, at
Drosera rotundifuli: circumnatation 7 o g drop of a solution
U oun foat with Alament fx0d of carbonate of ammonia (3
A.ll. June 7th to 8.30 AM. June gr. to 1 oz of water) was
uth. Figare here reduced to one- placed on the dise, and this
Balf original scale. blackened the glands and in-
duced inflection of many of the tentacles. The weight of the
drop caused the leaf at first to sink & little; but immediately
afterwards it began to rise in a somewhat zigzag course, and
continued to do so till 8par. It then circumnutated abont
the same spot on a very small scale for 21 h.; and during the
uext 21 . it sauk in o 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

Fig. 105
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circumutates on a small seale, at least whilst absorbing car-
‘bonate 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 oceurs), or from the rising of the petiole, was not
ascertained.

Tn 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 argillaccous sand.
The plant was placed under a microscope with the stage re-
moved and with an eye-piece micrometer, of which each
division equalled 5} 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 gy of an inch in
20 m,, or 15 of inch in 1 h. 40 m.; but as it likewise moved
from side to side to an extent of above 5}y of inch, the move-
ment was probably one of modified circumnutation. A tentacle
on an old leaf was mext observed in the same mamner. In
15 m. after being placed under the microscope it had moved
about 7y of an inch. Daring the next 73 h. it was looked at
repeatedly, and during this whole time it moved only another
st Of an inch ; 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 there-
fore conclude that the tentacles when old do not circumnutate ;
et this tentacle was so sensitive, that in 23 seconds after its
gland had been merely touched with a bit of raw meat, it began
t0 eurl inwards. This fact is of some importance, as it appa-

that the inflection of the tentacles
of absorbed animal matter (and no doubt from that of contact
with any object) is not due to modified cireumnutation.

(15.) Dionaa muscipula (Droseraces).—It should be
that the leaves at an carly stage of their doyelopment have the
two lobes pressed closely together. These are at first directed
back towards the centre of the plant; but they gradually riseup
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 12 inch in length, had o flament fixed exter-
nally along the midrib of the still closed lobes, which projected
at right angles to the petiole. In the evening this leaf com-
i pleted an ellipse in the course of 2h. On
Fig, 106, the following day (Sept. 25th) its move-
ments were traced during 22 h.; and we
seo in Fig, 106 that it moved in the same
general direction, due to the straightening
of the leaf, butin an extremely zigzag line.
This line represents several drawn-out or
modified ellipses. There can therefore be
o doubt that this young leaf circumnu-
A rather old, horizontally extended
leaf, with o 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 seusitive leaf does not cireum=
Diowin musipudas <ir. Miate Plainly; but we shall soon see
onza musoliula i it that it by no means follows that such
Joung sl expding 8 lonf i3 absolutely mofionless.  Wo may
f, traced on a hori- further infer that the stimulus from &
;‘;‘;:,"}“f,},":uf;“s‘;'!}; touch does not re-excite plain circumnu=
24th to 10 A, 25th, tation.
Apex of leaf 133  Another full-grown leaf had a filament
inches from the glass, - atached externally along one side of the
iy e o H4e midrib and parallel to it, so that the fila-
‘ment would move if the lobes closéd. It!
should be first stated that, althongh a touch on one of the sensi=
tive hairs of a vigorous leaf causes it to close quickly, often
almost instantly, yet when a bit of dump meat or some solution,

of carbonate of ammonia is placed on the lobes, they closo 80
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 &
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longer period ; although, as we have seen, a young leaf com-
pleted 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
1o close, and parlmpl the petiole to rise. It continued to rise
'ﬂlm for the next 8 h. 80 m. The position of

the pot was then (7.15 P.x., Sept. 24th) slightly changed and
an additional drop of the infusion given, and a new tracing
was begun (Fig. 107). By 1050 vae. the filament had risen
only a little more, and it fell during the night. On the follow-
ing morning the lobes were closing more quickly, and by 5 par,
it was ovident to the eye that they had closed considerably; by
848 pox. this was still plainer, and by 1045 .. the marginal
.ih 'were interlocked. The leaf fell a little during the night,
and next morning (25th) at 7 aaw. the lobes were completely
shut. The course pursued, as may be seen in the figure, was

Fig. 107.
Sspm  wraspmast
03 pramar
e

i

5
»
»

muscipula ; elosure of the lobes and circumnutation of s full-grown
" leaf, whilst absorbing an infusion of raw meat, traced in darkness, from
ing
§ B8 p. Sept 2th to 9 sx. 2th, Apex of len! € nches from the
 vertial glass Figure here reduced t0 two-thirds of rigial sal.

strongly zigzag, and this indicates that the closing of the lobes
combined with the circumnutation of the whole leaf;
d there cannot be much doubt, considering how motionless
leaf was during 2 h. 30 m. before it received the infusion,
the absorption of the animal matter had excited it to
tate. The leaf was occasionally observed for the next
days, but was kept in rather too cool a place; nevertheless,
ntinued to circumnutate to a small extent, and the lobes
losed.

. To test the statement,

long glass filaments wero fixed inside the wo lobes of
leaves, and the distances botween their tips were measured
middle of the day and at night; but no difference could

previous observations relate to the movements of the
leaf, but the lobes move independently of the petiole, and
R
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seem to be continually opening and shutting to & 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 5 of an inch. The apex of
the paper-triangle was now seen to be in constant slight move-
ment; for in 4 h. it crossed nine divisions, or fy of an inch,
and after ten additional hours it moved back and had crossed
5%y in an opposite direction. The plant was kept in rather
too cool a place, and on the following day it moved rather less,
namely, oy in 8 h., and 545 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
remenmber that the little trianglo 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 were 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 ones
and it thrice erossed five divisions of the micrometer (i.c. thg Of
an inch) in 80 m. This movement on so small a seale is hardly
with ordinary ci ; but it may perhaps
De compared with the zigzag lines and little loops, by which the
laxger ellipses made by other plants are often interrupted. -
Tn the first chapter of this volume, the remarkable oscillatory
movements of the circumnutating hypocotyl of the cabbage
Tave been described. The leaves of Dionwa present the same
phenomenon, which is & wonderful one, as viewed under a low
power (Zinch object-glass), with an eye-piece micrometer of
which ench division (s} of an inch) appeared as a rather wide
space. The young Teaf, of which the ci
movements were traced (Fig. 106), had a glass filament fixed
perpendicnlarly to it; and the movement of the apex was.
observed in the hot-house (temp. 84° to 86° F.), with light.
admitted only from above, and with any lateral currents of &

@ The Combplete Work of Charles Darwin Qnline



Cirav. IV, DICOTYLEDONS, 243

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 yglyy OF g, and in
one instance of y# 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 conspi-
enous jerks forwards, with slower retreats, were seen on one
oceasion 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
mmounnlm for a short period. Its general course during
the several hours of observation was in two opposite directions,

80 that the leaf was probably circumnutating.
~ An older leaf with the lobes fully expanded, and which was
afterwards proved to be highly sensitive to contact, was next
observed in u similar manner, except that the plant was exposed
o4 lower temperature in o room. The apex oscillated forwards
backwards in the same manner as before; but the jerks for-
were less in extent, viz. abont 1oy inch; and there were
r motionless periods. As it appeared possible that the
ments might be due to currents of air, a wax taper was

d close to the leaf during one of the motionless periods, but
osilltions were thuscaused. _After 10 m. however,vigorous

s commenced, perhaps owing fo the plant having been

- warmed and ths stimulated. The candle was then removed and
long the oscillations ceased ; nevertheless, when looked at

after an interval of 1h. 30m., it was again oseillating.

plant was taken back into the hot-house, and on the

sensitive to a touch, was likewise observed during two
in the hot-house, and the attached filument made many
erks forwards of about 1 or only ylyy of an ineh,
nally, to ascertain whether the lobes independently of the
oscillated, the petiole of an old leaf was cemented close
 blade with shellac to the top of a little stick driven into
the soil. But before this was done the leaf was observed, and
d to be vigorously oscillating or jerking; and after it had
cemented to the stick, the oscillations of about 1% of
still continued. On the following day a little infusion
T2
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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 nest
two days. After nine additional days the leaf began to open
and the margins were a little everted, and now the apex of the
wlass filament remained for long periods motionless, and then
moved backwards and forwards for a distance of about i 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} months previously, and
was then found to be oseillating 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 50 old as to have lost their sensitiveness to a
touch, but which were still capable of absorbing nitrogenons
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 o eseape from some constraint.

(16.) Eucalyptus resinifera (Myrtace, Fam. 94).—A young leaf,

two inches in length together with

Fig. 108, the petiole, produced by a lateral
“__ shmtﬁvmuvnb-downtree,wn

. observed in the usual manner.

The blade had not as yet as-
sumed its vertical position. Om

June Tth only a few observations
were mado, and the tracing merely
showed that the leaf had moved
three times upwards and three.

downwards.  On the following
Bartipias reindot s e A :: was - obsetvod. ORI
tation of a leaf, traced, A, from quently; and two tracings were
6. 1'pat. June 8th; made (see A and B, Fig. 108), as
g;ml I'J-E ﬁlh{h;f‘” Ah-i a single one would have been too
x of leaf 14 inches s
Srom the herizontal glass, s Complicated. ~The apex changed
Fpures consdanably mogeihed, its courso 13 times in tha 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.) Dallia (garden var,) (Compositee, Fam. 122).—A fine,
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 leaf 51 inches in length, produced by a young plant 2 feet high,
‘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 till 1135 ax. (seo Fig. 109); it then ascended
‘greatly till 6 por,, this ascent being probably due to the light

X Fig. 100,

4 S0 40 am 1™
B 10 35 pm.18%™

: 20 am

: circumnutation of leaf, traced from 10 A, June 18¢h to8.10 A.xr,
20th, but with a break of 1h. 40 m. on the morning of the 19th, as,
owing to the glass flament pointing too much to one side, the pot had
18 alightly moved ; therete the solative ‘position of the two tracings
is somewhat arbitrary. The figurs here given i reduced. toone-ffth of

original scale. “Apex of leaf 9 inches from the glass in the line
of its inclination, and 4§ i a horizontal line.

only from above. It 6 por. and

zigzagged between
#&,udmdadlhmedmghnight 1t should be
wked that the vertical distances in

pointed in a very oblique line towards the glass, Next

@ The Complete Work of Charles Darwin Online.



246 CIRCUMNUTATION OF LEAVES. Cuar. IV.

day the leaf descended from 8.20 a.x. till 7.15 p.xx., then zigzagged
and ascended greatly during the night. On the morning of the
20th the leaf was probably beginning to descend, thunglx the
short line in the diagram is horizontal. The actual distances
travelled by the apex of the leaf wero mndenble, but could
not be calculated with safety. From the course pursaed on the.
second day, when the plant had accommodated itself o 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
statoment * 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 par.  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 (Primulacem, Fam. 135).—A young
leaf, 1'8 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 after-
wards, apparently from adjusting itself to the light from above.
On all three days it fell from the early morning to about 7 par,
and from that hour rose during the night, the course being
slightly zigzag. The movement therefore is strietly peri
It ghould be noted that the leaf would have sunk each evening
a little lower down than it did, had not the glass filument rested
between 5 and 6 par. 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.) Allamanda Schottii (Apocynesm, Fam. 144).—The young
leaves of this shrubare elongated, with the blade bowed so much
"

Rt
bt

Y

6" 40 am. 5

@5 pm. A%
Persicum : circumnutation of leaf, traced from 6.43 A3 June Znd
6.40 Ax 5th.  Apex of leaf 7 inches from the vertical gluss.

as almost to form a semicircle. The chord—that

line drawn from the apex of the blade to the base of the
‘ayoung leaf, 44 inches in length, stood at 250 2ax. on
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Dec. 5th at an angle of 13° beneath the lmnwn, but by 9.30par.
the bl

Petunia violacon : downward move-
ment and_ circumnutation of &
ez Joung lof rsced from 10

une 9nd t0 9.20 A3, June
Glh N.B.—At 8.40 A.M. on the
5th it was necessary to move
pot  little, and & new tracing.
was begun at the point whers
two dots are not joined in the

diagram.  Apex of leaf 7 inches
from the vertical g emp.
genenally 17§° C.

had straightened itself
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° be-
neath the horizon, and 9.30 par.
34> above it, so had risen 393°.
The chief cause of the rising
movement lies in the straighten-
ing 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
samo position at noon, as on
the provious day, it had risen
71°. With older leaves no such
change of curvature could be
detected. The plant was then
bronght 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 expo-
sure to a strong light is appa~
rently requisite for the periodi-
cal change of curvature in the
blade, and for the slight nsing
of the petiole.

(2L) Wigandia (Hydroleacesm,
Fam. 149).—Professor Peffer

the 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 (Solanes, Fam. 157).—A very young

lcd,on!: 4 inch in length, highly inclined upwards, was ol
During the whole of this time it bent outwards

-ni downwards, 50 as to become more and more nearly hori-
zontal. The strongly marked zigzag line in the figure on p. 248
(Fig. 111), shows that this was eflected by modified circum-
‘nutation ; 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. It exhibits
‘s clear trace of periodicity, as the leaf rose a little each evenin
‘but this upward tendency appeared to bo almost conquered by
the leaf striving to become more and Fig. 112,
‘more horizontal as it grew older. The 3
- angles which two older leaves formed y,
together, were measured in the even-
ing and about noon on 3 successive
days, and each night the angle de-
creased a little, though irregularly. /
- (23.) Acanthus mollis (Acanthacese,
‘Fam, 168).—The younger of two
leaves, 2} inches in length, petiole
(included, produced by a seedling
plant, was observed during 47 h.
Early on cach of the three morn-
bpum.paxofmlmffau and g
it continued to fall till 8 par, on /
the two afternoons when observed. /
After 3 paw. 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: circumnuta-

Citar. IV.

ic growth more and more hori-
; for it may be seen in the
(Fig. 112), that the leaf stood

consid i
Fi ‘here reduced to one-

£ of original scale.
Temp. 15°-163>

i ly
every night ; and the rise between noon and 10.15 e,
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 sative (Connabinew, Fam. 195)—We have
Tere the rare case of leaves moving downwards in the evening,
but not to & sufficient degree to be called sleep.* In the early
morning, or in the latter part of the night, they move upwards.
For instance, all the young leaves near the summits of soveral
stems stood almost horizontally at Sasx. May 29th, and at
10.30 p.x. were considerably declined. On a subsequent day two
Teaves stood at 2P at 21° and 12° beneath the horizon, and at
10 pax. at 38 beneath it. Two other leaves on a younger plant,
were horizontal at 2 p.at, and at 10 p.x. had sunk to 36> beneath
the horizon. With respect to this downward movement of the
Teaves, 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 (Conifers, 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 & 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 2ud 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
Iatter days it zigzageed so much that it was evidently circumnu=
tating. The same little plant, when grown to a height of 5 inches,
was again observed during four days. A fllament 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 1145 Aax July 3lst to 640 Ax. Aug. lst. 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 A2 August 2nd to 830 Aax. on the 4th,

* We wero led to observe this  Flors, 1879, p. 6. We regret that.
plant by Dr. Carl Kraus' paper,  We cannot fully understand parts
* Beitrige zur Kentniss der Bewe-  of this paer.

gungen Wachsender Laubblitter,’

@ The Complete Work of Charles Darwin Online




. IV. DICOTYLEDONS. 251

the leaf manifestly circumnutated. Tt does not appear from the
dingram that the leaves move periodieally, for the descending
eourse during the first two nights, was clearly due to epinastic

* 4 . S5
X
Fig. 115,
A
620 nﬁ% r:o’-.-.‘
<7am.2

l‘mnnluum leaf, traced from 1145 At
wAn;,nL Az'ux.A lndmpum

uomddc.wtht nfl'uﬁ

nmmmmﬂm. 1 ivecauste ok

and at the close of our observations the leaf was not

‘horizontal as it would ultimately become.
austriacs.—Two leaves, 3 inches in length, but not
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quite fully grown, produced by a lteral shoot, on a young tree
8 feet in. hoight, were observed during 29 h. (July 8lst), in the
same manner as the leaves of the previous species. Both these
leaves certainly circumnutated, making
B 11 within the above period two, or two and.
a half, small, irregular ellipses.

(26.) Cyeas pectinata (Cycades, Fam.
224). — A young leaf, 11} inches in
length, of which the leaflets had only
recently become uncurled, was observed
during 47 h. 30m. The main petiole
was secured to a stick at the base of the
two terminal leaflets. To one of the
Iatter, 8% 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 (sce
Fig. 114) largely and periodically, for it
fell until about 7 par. and rose during.
the night, falling again next morning
after 640 Ax. The descending lines
are in o marked manner zigzag, and so
probably would have been the ascending
Tines, if they had been traced thronghout
the night.

CGyeas poctinata : ciroum-
nutation of one of the
s,

CIRCUMNUTATION OF LEAVES:
MoNOCOTYLEDONS,

(27.) Canna Warscewiczii (Cannaces,
Fam. 2)—The movements of a young
leaf, 8 inches in length and 8} in
breadth, produced by a vigorous young
plant, were observed during 45 h,

50m., 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 in time. The movement is
periodical, as the leaf descended from the early morning until
about 5pax,, and ascended during the rest of the evening and

P temp. 19°
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part of the night. On the evening of the 11th it circumnutated
on a small scale for some time about the same spot.

Fig. 115,

A B.

Canna Warsoowiceis : circumnutation of leaf, traced (A) from 11.30 Ay

June 10th to 6.40 A, 11th; and (B) from 6.40 A, 11th to 8.40 A3
12th. Apex of leaf 8 inches from the vertical glass,

- (28.) Iris pnudo-aeonu (Tridem, Fam. 10).—The movements

Ml young leaf, rising 13 inches above the water in which the

b grew, were traced as shown in the
(Fig. 116), during 27 h. 30 m. Fig. 116.

morning, between 6.40 Aax. and 2 par,
g.'.hteh latter hour the figure here
uﬂl),!lulpexcbmgadltsmm
times. During the next $h. 40 m. it
igzagged much, and descended us far
inbam-motmmﬂgm making
its course two very small ellipses;

ut if these lines had been added to
' dingram it would have been too

lex.

ris prewdo-acorua : cireum-
nutation of leaf, traced
from 1030 At May 28th

t0 2 P, 29th. Tracing
continued to 11 rox,, but
not here copied.  Apex
of leaf 12 inches beneath
the horizontalglass, so

o el g

y 1'4 broad at the base. Whilst quite young they stand np
vertically to the hmghttilbous a foot; afterwards
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their tips begin to bend over, and subsequenily 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} 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 Dell-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
figura (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

Crinum capewse ; circurmnutation of dependent tip of young leaf, traced o
abell-glass, from 10,30 p.x. May 22nd to 1015 A3, 25th.  Figure not
greatly magnified.

t
Qistarhed; and the last dot made at 10.30 p.x. 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 glnss filament with little triangles of paper was a the
same time fixed obliquely across the tip of a still younger leaf,
which stood vertically up and was as yet straight. Tts move-
ments were traced from 3 par. May 22nd to 10.15 A, 25th,
The leaf was growing rapidly, so that the apex ascended greatly
during this period ; as it zigzagged much it was clearly cireums
nutating, 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
would have exhibited a nocturnal rise and a

fall, if the leaf had not grown so quickly. The movement ¢

this same leaf after an interval of six days (May 31st), by

time the tip had curved outwards into a horizontal
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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 the
‘manner before explained); and it was thus ascertained that the
actual distance travelled by the apex, and due to circumnutation,
was 8} inches in the course of 204 h. During the next 24 h. it
travelled 2§ inches. The cireumnutating movement, therefore,
of this young leaf was m-ungly marked.
ium littorale (. The.

‘much magnified, of a leaf, 9 inches in length and inclined at
about 45° above the horizon, were traced during two days. On
the first day it changed its cowrse completely, upwards and
downwards and laterally,9 times in 12 h. ; and the figure traced
apparently represented five ellipses. On the second day it was
observed seldomer, and was therefore ot scen to change its
‘course o often, viz., only 6 times, but in the same complex
manner as before. The movements were small in extent, but
there could be no doubt about the circumnutation of the leaf.

(8L) Imatophyllum vel Clivia (sp.?) (Amaryllides).—A long
glass filument was fixed to a leaf, and the angle formed by it
with the horizon was measured occasionally during three sue-
cassive days. It fell each morning until between 3 and 4 par.,
and rose at night. The emallest angle at any time above the
horizon was 48°, and the largest 50°; so that it rose only 2°
at night; but as this was observed cach day, and as similar
observations were nightly made on another leaf on a distinet
plant, there can be no doubt that the leaves move periodically,
Mgh 10 a very small extent. The position of the apex when

d highest was ‘8 of an inch above its lowest point.

(B2) Pistia ::mtwen (Aroidew, Fam. 30).— Hofmeister
remarks that the leaves of this floating water-plant are more
highly inclined at night than by day.* ~ We therefore fastened

ne glass filament to the midrib of a moderately young
,lnd on Sept. 19th measured the angle which it formed
h the horizon 14 times between 9 Ax. and 1150 p.x. The
rature of the hot-house varied during the two days of
between 18}° and 23}° C. At 9 Aot the filament

at 82° above the horizon; at 334 pa. at 10° and at
. ab 55°; these two latter angles being the highest and
lowest observed during the day, showing a difference of 45°
rising did mot become strongly marked until between

* Die Lehre von der Planzenzelle; 1867, p. 827
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5and 6ra On the next day the leaf stood at only 10° above
the horizon at 8.25 A, and it remained at about 15° till past
3 rar; at 540 pov, it was 239, and at 9.80 pav. 58°; so that
the rise was more sudden this evening than on the previous
one, and the difference in the angle amounted to 45°. The
‘movement is obviously periodical, and as tho leaf stood on the
first night at 55°, and on the second night at 55° above the
horizon, it appeared very steeply inclined. This case, as we
st ikt hilen; ongm pethlpltohnebean
included under the head of sloeping plan

(33.) Pontederia (sp.?) (from the }.ughlmd.l of §t. Catharina,

Fig. 118

e

A

Pontederi (53 7). lreumnutationoflaf, traced from 450 wos. July 208
10 10.15 A3, dth,  Apex of leaf 16§ inches from the v ;1.-&‘
iruog grestly magaified. - Temp.about 17° C, and Thereiors

Brazil) (Pontederincem, Fam. 46).—A filament was fixed across
the apex of a moderately young leaf, 7} 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,
therofore, seems to bo periodic, but some doubt is thrown o
this conclusion, because another leaf, 8 inches in
.ppumng older and standing more highly inclined,
differently. During the first 12 h. it circumnutatéd over a
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-u-pm but during the night and the whole following day
it ascended in the same general direction; the ascent being
I T oonde w3 1 o well peoncimsed ceeilieicads

CRYPTOGAMS,

(8L) 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 s yet fully uncurled; and its move-
ments were traced during 24h. We sce in Fig. 119 that it

Fig. 119,

Fephrodium molle : circumnutation of rachis, traced from 9.15 A, May
8th to 9 A.x. 29th. Figure here given two-thirds of original scale.

ﬁﬂydwnmnnhhd. The movement was not greatly

warmer. For the plant was brought out of a warm greenhouse
observed under a skylight, where the temperature was
15°and 16°C. We have seen in Chap. I. that a frond of
orn, . yot only lightly lobed and with u rachis only 23
b in height, plainly circumnutated.

Mr. Loomis and Prof. Asa
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Tn the chapter on the Sloep of Plants the conspicuous

nutation of Marsilow. quadrifoliata (Marsileaces, Fam. 4) will be

described.

It has also been shown in Chap. I. that a very young Sela-
ginella. (Lycopodiaces, Fam. 6), only *4 inch in height, plainly

circumnutated; wo may therefore conclude that older plants,
whilst growing, would do the same.
(35) Lunularia vulgaris (H.a;nhu, Fam. 11, Museales).—

Fig, 120,

Lyalana oulgars : ercumnuta-
tion of a , traced from

9 A, Oct 25th fo 8 A, 27¢h, tracing gives a fairly ﬁmhml

the frond. In the intervals between each observation, the pl
was covered by a small bell-glass.. The frond, as already state

irenmnutation as it occurs only  sufficient to excite motion |
few minutes.”

e tho plaot 1 ex
light; even etnenl bt

= The Camnlete Work of Chares Darwin Online

The earth in an old flower-pot was
coated with um plmt. bearing

_which projected ‘3 inch above the.
soil and was °4 inch 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 aceurately
brought into a line with the black
spot, and dots could thus be sue-
cessively made on the
glass-plate in front. Any move-
ment of the frond would of course
be exhibited and increased by the
long glnss hair; and the black spot
was placed so close behind the end
of the hair, relatively to the dis-
tance of the glass-plate in

presentation of the movements ¢

1o the
“is
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‘was highly inclined, and the pot stood in front of a morth-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 oceasionally formed or nearly
formed ; and this indicated circumnutation, Whether the sink-
ing was due to epinastic growth, or apheliotropism, we do not
know. As the sinking was slight on the fifth day, n new tracing
was begun on the sixth day (Oct. 25th), and was continued
for 47 h.; itis here given (Fig. 120). Another tracing was made
on tho next day (27th) and the frond was found to be still cir-
cumnutating, for during 14 h. 80 m. it changed its course com-
pletely (besides minor changes) 10 times. It was easually
observed for two more days, and was seen to be continually

CIRCUMNUTATION OF LEAVES.

moving.

The lowest members of the vegotable 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
10 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 thongh constant,

ements of Spirogyra: during 24 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
rato of about 0 mm. in five minutes. He compares the move-
ment with the nutation of the higher plants.t We shall hereafter
6o that heliotropic movements result from modified cireum-
gﬁun‘ m, and as unicellular Moulds bend to the light we may
2& that they also circumnutate.

- CoNoLupiNG REMARKS oN THE CIRCUMNUTATION
pr oF LEAVES.

The circumnutating moyements of young leaves in
genera, belonging to 25 families, widely distributed

-:: dia Dowogungen der 1880, v, i B leluc the
inceps:  movements & mem-
dn'.‘ Wzﬂ. m-w ber of the are closely
Nuturkundo in Wirt- analogous “to the well-known
! 1874, p. 211 rotation of growing shoots and
alsoremarks (asquoted  fendrils”
il R. Microscop. Soc.,"
82
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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 pro
bably even less in some instances) to about 10°; but
it amounted to 23° in the common bean. The move-
ment 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, ﬂxemfore, deserves to
be called one of ci 3 for
ting organs tend to describe e]hpscs,-thnt is, growth
on one side is succeeded by growth on nearly but not
quite the opposite mle The ellipses, or the mgug
lines rey t ellipses, are
very narrow; yet w)th 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 ammmt nf lateral movement is therefore
i M 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 Dionza, 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 Gramines,
and it is probably common to many plants while cir-
enmnutating. 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 Dionwa ; yet the tentacle which was ob-
served 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 a
little 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 coty-
1 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 remain-
15 genera there was no periodicity in their move-
ts; for 6 of them were observed during too short
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 Kraus 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 con-
cerned, by light; and hence probably it is that their
leaves, at least in the cases of Sarracenia, Drosera, and
Dionea, do not move periodically. The upward move-
ment in the evening is at first slow, and with different
plants begins at very different hours ;—with Glaucium
as early as 11 Aar, commonly between 3 and 5 par,
but sometimes as late as 7 r.ar. - It should be observed
that none of the leaves described in this chapter
(except, as we believe, those of Lupinus i

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 sleep-
movements of many leaves and cotyledons, not pro-
vided 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 lllmn!ﬂ 1
nated from above.
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CHAPTER V.

lhmuln CirevMyUTATION : CLivpiNG PraNTs ; EPINASTIC AND
Hyroxastic MOVEMENTS.

wtation modified through innate causes o through the action
of external conditions—Innate causes—Climbing plants; similarity
of their movements with those of ordinary plants ; increased amipli-

* tude; occasional points of difference—Epinastic growth of young

leaves—Hyponastio growth of the hypocotyls and epicotyls of seed-
lings—Hooked tips of climbing and other plants due to modified

P — Ampelopsis S Plundii —

' Btraightening of the tip due to hyponasty—Epinastic growth and
cireumnutation of the flower-peduncles of Trifolium repens and
Oxulis carnosa,

‘Tue radicles, hypocotyls and epicotyls of seedling
pl:.m.s, even before they emerge from the ground, and

the ledons, are all inually cirenm-
‘mutating.  So it u with the stems, stolons, ﬂower-
-~ peduncles, and leaves of older plants. We may, the
fore, infer with a considerable degree of safety tbat nll
the growing parts of all plants cireumnutate. Although
“this movement, in its ordinary or unmodified state,
aq;punmmmemstobeoisemcemphnw,
 either directly or indirectly—for instance, the cirenm-
- nutation of the radicle in penetrating the ground, or
of the arched hypocotyl and eplcotyl in breaking
h the mrfwe—yat c)rc\lmnumtmn is so general,
that we cannot
1t to have been gmned for any speeml pur-
We must believe that it follows in some un-
way from the manner in which vegetable tissues
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‘We shall now consider the many cases in which
circumnutation has been modified for various spe(,ial
purposes; that is, a movement n.lren.dy in progress is

d in some one direction, and tem-
pﬁmuly diminished or quite arrested in other direc-
tions. 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.

Tue CIRCUMNUTATION OF CrLIMBING PraANTS.

The simplest of modified ci ion is that
offered by climbing plants, with the exception of
those which climb by the aid of motionless hooks or
of rootlets : for tha modification consists chiefly in the
greatly i litude of the This
would follow either from greatly increased growth over
a small length, or more probably from moderately in=
creased growth spread over a considerable length of the
moving organ, preceded by turgescence, and acting sue-
cessively 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 deseribe ellipses directed successively to all points
of the compass—in their courses being often inter-
rupted by zigzag lines, triangles, loops, or small
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Alip: in the rate of and in different
species revolving once or several times within the same
length of time. In the same internode, the move-
ments 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 heliotropism ; 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 execited
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 leng and flexible ;
and, secondly, in the case of leaf-climbers and tendril-
bearers, 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
Jjudge, 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 vertical plane, and therefore describe very
narrow ellipses, whereas the many kinds of tendrils
which consist of metamorphosed leaves, make much
broader ellipses or nearly eircular figures; and thus
they have a far better chance of catching hold of &
support on any side. The movements of climbing
plants have also been modified in some few other
special ways. Thus the circumnutating stems of Sol-
nanum duleamara 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
ean embrace thick trunks;* and this great difference
in power depends on some unknown difference in
their manner of ci i The most kabl

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.

* *The Movements and Habits of Climbing Plants,’ p. 36.
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A large number of ordinary leaves and leaflets and
a fow flower-peduncles are provided with pulyini; but
this is not the case with a single tendril at present
known. The cause of this difference probably lies in
the faet, 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 climbing-
organs 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.
1f 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
cconspicuously different from that of ordinary plants,
s 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
i ion of the fl peduncle; but we do not
Jknow whether it has been increased for this special

h EPINASTY—HYPONASTY.

The term epinasty is used by De Vries® to express
greater longitudinal growth along the upper than
g e S0 cHie) i L

* “Arbeiten des Bot. Inst, two terms as first used by Schim-
Wiirzburg,” Heft ii. 1872, p. 223. peryand they havo boen adopted
s slightly modified in this sense by Sachs.

) the meaning of the above
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along the lower side of a part, which is thus caused to
bend downwards; 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 to
heliotropism; 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, &e.; 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 epirasty,
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 buds, 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 Vries has now shown in
more detail that the movement is thus cansed, aided slightly by
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the weight of the leaf, and rosisted as ho believes by apogeo-
tropism, at least after the leaf has somewhat
observations on the circumnutation of leaves, some were mlneted
which were rather too young, so that they continued to diverge
m!mk downwards whilst their movements were being traced.
This may be seen in the diagrams (Figs. 98 and 112, pp. 232
and 249) representing the circumnutation of the young leaves of
Acantlus mollis and Pelargonium zonale. Similar cases were ob-
served with Drosera. The movements of o young leaf, only 1 inch
in length, of Petunia violacea were traced during four days, and
offers a better instance (Fig. 111, 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 eircum-
nutated. 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 pright, both being kept in complete dark-
ness, diverged in the same manner for 48 h., and apparently
were not affected by apogeotropism ; though their stems were in
4 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 (Diantius caryophyilus) e 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 obliquo line and eonhnne for some time

ds to move in the cti ion, we pre-
sume, with their spiral lmnaemant on the: stam: T’ St
pursied 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
185, 154°, and 168°. ‘The subsequent lateral movement (shown
in Fig. 96, p. 281) was strongly zigzag with occasional cireum-
nutations, 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
ruther slowly (as ascertained by measurement) was laid hori-
mlly, and the appoam; young leaves diverged from one
another symmetrically in ho usual manner, without -
fuming in the direction of gravitation or towards the light.
. The needle-like leaves of Pinus pinaster form a bundle whllst
; afterwards they slowly diverge, so that those on the up-
shoots become horizontal. The movements of one such
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young leaf

@{
5

: epinastic downward
jovement, of a young leaf, pro-
dond by young plant in & poty
traced on a vertical glass und
skylight, from 6.45 AX. June o
0 10.40 vt Gth.
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was traced during 4 days, and the tracing here given
(Fig. 121 shows that it descendod nt fist in o noarly sraight

line, but afterwards zi
making one or two little loop.
‘Ihe diverging and descend-
ing movements of a rather
older leaf were also traced:
(see former Fig. 118, p. 251)%
it descended during the first
day and night in a some~
what zigzag line

cumnutated mnnd a small

tion, and now plainly circum=
nutated.  Asin the easeof the
Carnation, the leaves, whilst
very young, do not seem to b
much affected by geotropism
or heliotropism, for those on &
young plant laid horizontally
and those on another plant
left upright, both kept in the
dark, continued to diverge
the usual manner without
bending to cither side.  *
With Cobea scandens, the

ing shoot which is bent o
one side, rise up 50 s to

in most parts n
mﬁgh:,bnnheumi
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ol uackodsigzags (ous of dhem forming, an angle of 1),
and this indicates cirenmn

"Th still closed Jobon of & oy yaung leaf of Dionwa projected at

Tight angles to the petiolo, and were in the act of slowly rising,

A glass filament was atfached to the under side of the midrib,

and its movements were traced on a vertical glass. It circum-

ntated once in the evening, and on the next day rose, as already

described (seo Fig. 106, p. 240), by a number of acutely zigzag

lines, closely approaching in character to ellipses. This move-
‘ment no doubt was due to epinasty, sided 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

petiole, as if the plant had stood upright; but at the same

the lobes curved laterally upwards, and thus occupied an

* wnnatural position, obliquely to the plane of tho folinceons petiole.

As the hypocotyls and epicotyls of some plants protrude from

seed-coats in an arched form, it is doubtful whether the

g of these parts, which is invariably present when they

the ground, ought always to be attributed to

ty; but when they aro af first straight and afterwards

o arched, as often happens, the arching is certainly due to

ty, As long as the arch is surrounded by compact earth

{ must retain its form; but as soon as it rises above the

fises, or even before this period if artificially freed from the

ounding pressure, it begins to straighten itself, and this no

is mainly due to hyponasty. The movement of the

and lower half of the arch, and of the crown, was ocea-

traced ; and the course was more or less zigzag, showing

circumnutation.

that the apex points vertically downwards.
{ seven genera of twining plants * the hooking, or as it has been
d bysmhs, the nnuuon of t.hs tip, is mnnly due h an

nd tlw hook points in a slightly different direction, and so
rds until the hook is completely reversed. Ultimately it

* “Tiio Movements and Habits of Climbing Plants 2ad edit. p. 1.
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comes back to the point whence it started. This was ascertained
Dy painting narrow lines with Indian ink along the convex
surfuce of severl hooks, and the line was found slowly to be-
come at first Interal, then to appear along the concave surface,
and ultimately back again on the convex surface. In the caseof
ZLonicera brachypoda 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 s 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
afferwards 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 &
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,
Ampelopsis, Cissus, &e.) to whom it does mot afford any assiste
ance 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 s
the result of its plasticity and weight,—a conclusion which from
what we have already seen with several climbing plants is
certainly erroncous. Nevertheless, we fully admit that the
weight of the part, as well as geotropism, ., sometimes come
into play.

Amynlopsis tricuspidata—This plant climbs by the aid of
adhesive fendrils, and the hooked tips of the shoots do not
appear to be of any service to it. The hooking depends chiefly,
ns far as we could ascertain, on the tip being affected by epinasty.
and geotropism; the lower and older parts continually straight=
ening themselves through hyponasty and apogeotropism. We
believe that the weight of the apex is an unimportant element,
Tecause on horizontal or inclined shoots the hook is often
extended horizontally or even faces upwards. Morcover shoots
frequently form loops instend of hooks; and in this case the

* ¢Sitzh, der k. Aknd. der Wissensch,” Vienna, Jan. 1880, p. 16.
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extreme part, instead of hang- Fig 122 gogon r5th
ing vertically down as would
follow if weight was the efficient
- canse, extends horizontally or
even points upwards. A shoot,

open
& highly inclinod downward
position, so that the concave
side faced upwards, and the
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Fig. 123. (["(;;l,_g-
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Smithia Pfimdis: hyponssticmovemant

e curved summit of uum, whnn

straightening itself, traced fro

A July 10th to 3 par. 18th. Apu

93 inches from the vertical gluss.

Dingram reduced to one-fifth of

original scale,

through skylight ; temp. 174°-19° C.
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togother. 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 hede-
racea, weight plays, as far as
we could judge, & more im-
portant part in the hooking
of the tip.

In order fo ascertain
‘whether the shoots of 4. tri=
cuspidata, in  straightening
themselves under the com-
‘bined action of hyponasty and.
apogeotropism moved in &
simple straight course, or
whether they circumnutated,
glass filsments 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 ofher
in a general mammer ; butwe
will give only one (see m:

that the hook was straighter
ing itself; it then
moving a little to the I
between 9.25 Az and 9§
From this latter hour
13th to 10.50 . on the.
lowing morning (14th)
ook continued to stz

on the 14th the m
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was roversod and the shoot became more hooked. During
the night, after 1040 Pax. to 815 A3x. on the 15th, the hook
again opened or straightened itself. By this time the glass
amc had become so highly inclined that its movements could
10 longer be traced with accuracy ; and by 1.30 v.x. on this same
day, the crown of the former arch or hook had become perfeetly
straight and vertical. There can therefore be no doubt that the
straightening of the hooked shoot of this plant is effeoted by
the cireunmutation of the arched portion—that is, by growth
alternating between the upper and Jower surface, but prepon-
derant on the lower surface, with some little lateral movement.
We wero enabled to trace the movement of another straight-
ening shoot for a longer period (owing to its slower growth and
0 ts 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 1ith, the hook straight-
‘enod itself very little, but zigzagged and plainly circumnutated
about nearly the same spot. By tho 16th it had become nearly
‘straight, and the tracing was no longer acourate, yet it was
manifest that there was still a considerable amount of movement
both up and down and laterally; for the crown whilst con-
tinuing to straighten itself occasionally became for o short time
more curved, causing the filament to descend twice during the

. Swmithia Pfundii—The stiff terminal shoots of this Legu-
‘minous water-plant from Africa project so as to make a rectangle
with the stem below ; but this occurs only when the plants are
'ninx vigorously, for when kept in a cool place, the summits
stems become straight, as they likewise did at the close
,hmwxng The direction of the rectangularly bent
is independent of the chief source of light. But from

the effeots of placing plants in the dark, in which

several shoots became in two or three days upright or nearly

t, and when bronght back into the light again became

ly curved, we believe that the bending is in part

to npheﬁohvpum, apparently somewhat opposed by apogeo-

the other haud, from observing the effocts of tying

dnwnwuds 80 that the rectangle faced npwuvh we are
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and inclined positions of the parts of plants* will see how diffi-

cult a subject this is, and will feel no surprise at our expressing
ourselyes doubtfully in this and other such cases.
A plant, 20 inches in height, was secured to a stick close
beneath the curved summit, which formed rather less than a
rectangle with tho 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. 128, p. 274) was begun at 9 A2, on
July 10th; the filament at first moved but little in n zigzag line,
but at 2 pax. it began rising and continued to do so till 9 raL;
and this proves that the terminal portion was being more bent
downwards. After 9 p.x. on the 10th an opposite movement
commenced, and the curved portion began to straighten itsolf,
and this continued till 11.10 A.x. on the 12th, but was interrupted
by some small oscillations and zigzags, showing movement in
difforent directions. After 1110 A.x. on the 12th this part of
the stem, still considorably curved, circumnutated in a con-
spiouous manner until nearly 8 .x. on the 13th; but during all
this 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
deflccted more than a right angle from the perpendicular, had
grown so nearly straight that the tracing could no longer b
continued on the vertical glass. There can therefore be
doubt that the straightening of the abruptly curved portion of
tho growing stem of this plant, which appears o be wholly duo.
to_hyponasty, is the result of modified circumnntation.
will only add that a filament was fized in @ different mann
across the curved summit of another plant, and the same
kind of movement was observed.

Trifolium repens—In many, but not in all the species of
folium, as the separate little flowers wither, the sub-peds

the main peduncle, In Zr. suderrancum the main pedun
curves downwards for the sake of burying its capsules, and:
this species the sub-peduncles of the separate flowers

* *Ueber Orthotoy

und ten des Bot. Tnst., in W
giotrope Pilanzenthei

Pla-
Arbei-  Heft ii. 1879, p. 226,
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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 sub-
peduneles in 7. repens were independent of geotropism. Never-
theless, to make sure, some flower-heads were tied to little sticks
upside down and others in a horizontal position; their sub-
peduncles, however, all quickly curved upwards through the
action of heliotropism. We therefore protected some flower-
heads, similarly secured to sticks, from the light, and although
some of them Totted, many of their sub-peduncles turned very
slowly from their reversed or from their horizontal positions,
50 as to stand in the normal manner parallel to the upper part
of the main ped\mcle These facts show that the movement is
5 it must there-
be attnbnted to epinasty, v.luclz however is checked, at least as
long as the flowers are young, by heliotropism. Most of the
above flowers were mever fertilised owing to the exclusion of
Tees ; 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
summit of the calyx of a not fully expanded and almost upright
flower, nearly in the centre of the head. The main pedunele
was secured to a stick close beneath the head. In order to see.
the marks on the glass filament, a few fowers had to be cut
away on the lower side of the head. The flower under obser-
vation at first diverged a little from its upright position, so as
to oceupy 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 1130 Ax Aug. 26th to 7 Ax. on the
30th. The pot was then moved a very little to the right, and.
the tracing (B) was continued without interruption from 7 Aat.
Aug. 80th to after 6 r.x. 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 eir-
cumnutating over a small space. At last, on Sept. 7th, it
began to bend downwards, and continued to do so until affer.
6 P 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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10.30 . 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 6ex. On

the morning of the 9th the flower was withered, and the sub-
pedoncle 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 mueh more quickly. We thus see that
the sub-peduncle oscillated up and down, or circumnutated,
during its whole downward epinastic course.

. The number of instances in which various organs
n through epinasty or hyponasty, often in com-
m with other forces, for the most diversified
seems to be inexhaustibly great; and from
several cases which have been here given, we may
ly infer that such movements are due to modified
mnutation,

® The Comblete Work of Charles Darwin Online



280 MODIFIED CIRCUMNUTATION. Cmar. VI

CHAPTER VL

MoprerEp

: Suesr on
ueik Use: Sueee oF COTYLEDONS.

Preliminary sketch of tho sleep or nystitropio movements of leaves—
Presence of pulyini—The lessening of radiation the final cause of
nyetitropic movemunb—lhnner of trying experiments on m.m of
Osalis, Arachis, Cassia, Melilotus, Lotus aud Marsilea, aud on the

Mi ing remarks on radiati leaves
—smdw«mmmmmm.mzmmmﬂn
result—Description of the nyctitropic position and movements of
the cotyledons of various plants— List of species—Concluding
remarks—Independence of the nyctitropic movements of the leaves
and cotyledons of the same species—Reasons for believing that the
‘movements ave been nequired for  special purpose.

THE so-called sleep of leaves is so conspicuous a
phenomenon that it was observed as carly as the
time of Pliny;* and since Linnwus 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
caso of young leaves, namely, unequal growth on the
opposite sides (as first proved by Pfeffer), yet they dtﬂu;
essentially in being excited clueﬂy by changes of

temperature instead of light ; and in being eﬂ‘ected,q
far as we can judge, for a different purpose. Hardly
any one supposes that there is any real analogy

* Pfeffer has i(vnn aclearand  riodischen ﬁemgﬂu der Blat-
o the bistory organe, 173 p

teresting sket
e n i Dl -
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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 distinet 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 desir-
able to give some distinet name to sleep-movements,
Nyetitropism and nyetitropic, 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 con-
fine 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 noeturnal
movement, and it will be briefly considered in a
future chapter.
- The sleep or nyectitropism of leaves is a lar
subject, and we think that the most convenient plan
g be first to give a brief account of the position
ich leaves assume at night, and of the advantages
apparently thus gained. Afterwards the more re-
markable 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 result 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
downwards, or in the case of the leaflets of com-

* Ch. Royer must, however, b Nat? (5th_serics), Bot. vol. ix.
3 so *Annales des Sc. 1868, p. 878.
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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 elose 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 nyeti-
tropic positions often move throngh 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 ver-
tically downwards; and that in the same genus
the leaves or cotyledons of some species move
upwards, whilst those of other species move down-
wards ;—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 in-
creased growth along one side of the petiole or
midrib, and then on the opposite side, as was first
proved by Batalint But as it has been shown by
De 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 move-
ment is much diminished, and consists chiefly in the
turgescence of the cells of a fully developed pulyinus,
not being followed by growth. When the move-
ments of leaves or cotyledons, farnished 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 distinet classes. There is, how=
ever, 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

of the when
effected by the aid of pulvini m(llcaws, in addition to
the evidence already advanced, the functional import-

w;nz.m :l(hﬂnnﬂm st D.:-m in 1357
out (aceording to Pleffer, B 438,

Periodischen Bewegungen  § ¢Bot, Zelmnz 1879, Dee.
B ‘Blattorgane, 1875, p. 1613 by 191, pr
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ance of such movements to the plant. There is another
difference between the two sets of cases, namely, that
there is mever, or very rarely, any torsion of the
leaves, excepting when a pulvinus is present;* but
this statement applies only to periodic and nyetitropic
movements, as may be inferred from other cases given
by Frank.t

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 sur-
faces 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.} 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 &
fishing-net, suspended over them. There is a variety
of the gooseberry§ the flowers of which from being
produced before the leaves, are mot protected by

them from radiation, and consequently often fail to -

yield fruit. An excellent observer | has remarked

* Plflr,  Dio Period. Boweg.  Dew? remarks that an exposed
der Blattorgane,’ 1875, p. thermometer rises as soon as even.
1 *Die Nat. anumhw Bluh a fleccy cloud, high in the sky,
'.\mz von Phunzentheilen, 1870,  passes over the zenith.
§ ;Loulow's Gardaior's Mag,
! Martins in “Bull. Soc, Bot. vol. iv. 12
France,” “Gardener's

xix. 1872 )i
w.:u:,mhuf-mmu Essay on 'lw-,pva
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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 oceurred to Linnwmus, had the principle of radia-
tion 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
sdvantage 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 for 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 dif-
ferently their upper and lower surfaces; for although
the temperature of their upper surfaces would un-
 doubtedly fall when freely exposed to a clear sky, yet
we thought that they would so quickly acquire by
conduction the temp of the ding air,
that it could hardly make any sensible difference
40 them, whether they stood horizontally and radiated
into the open sky, or vertically and radiated chiefly
in a lateral direction towards neighbouring plants and
objects. We endeavoured, therefore, to ascer-
in something on this head by preventing the leaves
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of several plants from going to sleep, and by exposing
10 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 oceur. 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 i leaves were pi d from
agsuming 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 instanees
they were fastened down by narrow strips of card,
and in others by their petioles being passed thro
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 injurions. 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
rather more than those fastened with very long
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thin pins, so as to stand from 4 to 4 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 in-
flicted, may be attributed, as we believe, to the sur-
rounding 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 deseribe 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 in-
jured, and these had to be re-exposed either for a
Jlonger time or to a lower temperature,

. Ozalis acetusella—A very large pot, thickly covered with
400 and 400 leaves, had been kept all winter in the
use. Scven leaves were pinned horizontally open,
 and were exposed on March 16th for 2 h. to a clear sky, the
on the surrounding grass being — 4° €. (24° to
2° F). Next moming all seven leaves were found quite
80 were many of the free ones which had previously
goue to sleep, and about 100 of them, either dead or browned
and injured, were picked off. Some leaves showed that they
been slightly injured by not expanding during the whole
the next day, though they afterwards recovered. As all the
wes which were pinned open were killed, and only about a
or fourth of the others were cither killed or injured, we
some little evidence that those which were prevented from

s their vertically dependent position suffered most.
The following night (17th) was clear and almost equally cold
=8 to — 4° C. on the grass), and the pot was again exposed,
this time for only80m. Eight leaves had been pinned out,
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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 1h. 30 m., the tempera-
ture on the grass being only — 2° C,, and not one leaf was.
injured: the pinned open leaves, however, all stood from
4 to 1 of an inch above the cork.

On the 24th the pot was again placed on the ground and

to a clear sky for between 85 m. and 40 m. By a mis-
take 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. (- 83° to — 38° C.), but when looked at after 1 h. had
fallen to 22° F. (= 55° 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 (ie.
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 eent).
aud about 80 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 30m. to a clear sky, the thermometer on the grass
at — 2° 0., with some of its leaves pinned open, and not one
on the whole bushy plant was in the least injured. On N'
16th of March another plant was similarly exposed for 30m,
when the temperature on the grass was only a little lower,
—8%to—4° 0. Six of the leaves had been pinned open,
next morning five of them were found much browned.
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 mo
browned, were in a rather flaccid condition, and retained
nocturnal position during the whole of the following day.
this caso it was obvious that the leaves which were exm
zontally to the zenith suffered most. This same '
wards exposed for 3540 m. on a slightly colder mght,
every leaf, both the pinned open and the free ones, was ki
It may be added that two pots of 0. corniculata (var. A

MODIFIED CIRCUMNUTATION. Cuar. VI
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purpurea) were exposed for 2h. and 8h. to a clear sky with the
femp. on grass — 2° C., and nono of the leaves, whether free or
pinned open, were at .u

Arachis hypogwa.—Some plants in a pot were exposed at mght
for 80m. to v sky, the temperature on the surrounding
grass being — 2° C,, and on two nights afterwards they were again
exposed {o the same temperature, but this time during 1h. 801m.

tropical . Two plants were next exposed (March
16th) for 801m. to » clear sky, the temperaturo of the surrounding
gmss being now lower, viz., between — 8° and — 4°C,, and all
four pinned-open leaves were killed and blackened. These two
plats bore 22 other and free leaves (excluding some very young
bud-like ones) and only two of these were killed and three some-
what injured ; that is, 23 per cent. were cither killed or injured,
whereas all four pinned open leaves were utterly killed.
On another night two pots with several plants were exposed
35m. and 40m. to a clear sky, and perhaps to a
ther Iower temperature, for & thermometer on & dial, 3 foet
close by stood at — 83° to— 86> C. In one pot three
were pinned open, and all were badly injured; of the
freo leaves, 2 were injured, that is, 59 per cent. In the
pot 3 leaves were pinned open and all were killed; four
leaves were prevented from sleeping by narrow strips of
paper gummed across them, and all were killed; of 24 free
10 were killed, 2 much injured, and 12 unhurt; that is,
r cent. of the free leaves wers either killed or much in-
Taking the two pots together, we may say that rather
than half of the free leaves, which were asleep, wore either
d or injured, whilst all the ten horizontally extended leaves,
liad been prevented from going to sleep, were either killed

ia floribunda,—A bush was exposed at night for 40m, to
i sky, the temperature on the surrounding grass being
C., and not  leaf was injured.® It was again exposed on

/a was exposed  injured.  But when C, lavigad

nrx.'m.,-ndc -.j...xpmdmlu,moump
0 g gruss being

betwom — 8¢ aad = 5 G, overy
was killed.

v
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another night for 1h., when the temperature of the grass was
~ 4°0.; 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° ), but only
for 30 m. 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.
contrastin 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 inter-
mediate 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 posi=
tion; 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 30m. The leaves whilst sinking down-
wards 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
srface which was more blackened than the lower, whenever
any difference could be perecived between them; but whether this
was due to the cells near the upper surface being more tender,
or merely to their conmnmg more chlorophyll, we do not know.
Melilotus ofiicinalis—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 heen pinned out, and these died after a few days;
hut 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 nest exposed for 1 h., the tmpeut.un
the surrounding grass being lower, viz., — 8° to — 4°
leaves had been pinned out, and the rusnlt was striki
on the following morning all these were found much inj
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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 ont hunzonhlly,
three with their upper and three with their lower surfaces turn
to the zenith. The plants were exposed for 5 h. to ldwlky,
the temperature on ground being about — 1° 0. 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 scemed in almost as bad &
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 8
yery young ones. But after two days, the plants having been
‘brought back into the greenhouse, the 6 pinned-out leaves all
Tecovered.
 Melilotus Taurica.—Several plants were exposed for 5 h. during
w0 nights to a clear sky and slight frost, accompanied by some
ind; and 5 leaves which had been pinned out suffered more
an those both above and below on the same branches which
gone to sleep. Another pot, which had likewise been kept
| the p&nho\ue, was expused for 35—40|m to a clear sky,
between — 3° and
~4°0. Nine leaves had been pinned out, and all of these were
On the same plants there were 210 free leaves, which
d been allowed to go to sleep, and of these about 80 were
d, i.e. only 38 per cent.
Petitpierreana.—The plants were exposed to a clear

10 leaves were all killed, but the closely pinned ones
most, as 4 of the 6 which stood above the cork still
ed small patches of a green colour. A considerable
ber, but not nearly all, of the free leaves, were killed or
injured, whereas all the pinned out ones were killed.

T2
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Melilotus macrorrhiza—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 5h. to &
clear sky; temperature on surrounding grass — 1%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 sloep. Tt is rather a remarkable fact
that some plants of Lotus Jacobeeus, an inhabitant of so hot &
country as the Cape Verde Islands, were exposed one night to &
clear sky, with the temperature of the surrounding grass — 2° C.,
and on a second night for 80 m. with the temperature of
the grass between — 8° and — 4° C., and not a single leaf, either
the pinned-out or free ones, was in the least injured.

Marsilea quadrifoliata—A large plant of this species—the
only Cryptogamic plant known to sleep—with some leaves pinned
open, was exposed for 1. 35m. to a clear sky, the temperature
on the surrounding ground being — 2° C., and not a single leaf
wasinjured. After an interval of some days the plant was again
exposed for 1h. 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 stemws, and these had been
wrapped round with a blanket, 50 85 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° 0. Six of the leaves
were killed, and one which did not at first appear injured after-
wards became streaked with brown. The trailing branches, which
rested on the frozen ground, had one-half or three-quartersof 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
with 9 leaves pinned out, was exposed for 35-40m. to a
sky and to nearly the same, or perhaps a rather lower,
ture (for the thermometer by an accident had been

left
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sun-dial elose 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 fo 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 scedlings 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 1h. 45m.
to.a clear sky, with the temperature on the surrounding ground
at 20° F.; of these, 3 were killed. Two other seedlings, after
their cotyledons had risen up and had closed together, were
bent over and fustened so that they stood horizontally, with the
lower surface 6f 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
cofyledons in their normal nocturnal position, viz, vertical and

, were exposed at the same time, and of these only 2 were

*  Hence it appears, as far as these few trials tell anything,

the vertical position at night of the cotyledons of Mimosa

protects them to a certain degree from the evil effects of
d.

mmer to a clear sky several pinned-open leaflets
Trifolium pratense, which naturally rise at night,
of Ozalis purpurea, which naturally sink at night
plants growing out of doors), and looked at

Tt may be added that seedlings of
the Indian Cassia ‘were
exposed for 1 b, 30 m. to a clear
sky, with the temp. on_the sur-
. roanding ground at — 2° C., and
temperature on the sur-  they were not in the least injured.
ground being 2° F.
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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 &
question of life and death. We may therefore admit
as highly probable, seeing that their nocturnal posi-
tion is so well adapted to lessen radiation, that the
object gained by their often complicated sleep move-
ments, 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 pros
tected, as it is never directed towards the zenith, and
is often brought into close contact with the uppes
surface of an opposite leaf or leaflet. W

We failed to obtain sufficient evidence, whe
the better protection of the upper surface has b
gained from its being more easily injured than
lower surface, or from its injury being a greater
to the plant. That there is some difference in con
tution between the two surfaces is shown by the follo
ing cases. Cassia floribunda was exposed to a clear sky
on a sharp frosty night, and several leaflets whiel
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
Jateral leaflets, so that their lower surfaces are more
exposed to the zenith than their upper surfaces.
Nevertheless, six of these ten leaflets were distinetly
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
was leaned to the side of the upper surface
wing suffered most.

It has been stated that some of the leaflets experi-
mented on were fastened close to the cork, and others
height of from }§ to § of an inch above it; and
it whenever, after exposure to a frost, any difference
d be detected in their states, the closely pinned
had suffered most. We attributed this difference
air, not cooled by radiation, having been pre-
d from circulating freely beneath the closely
ed leaflets. That there was really a difference in
temperature of leaves treated in these two dif-
ent methods, was plainly shown on one occasion ;

fter the exposure of a pot with plants of Melilotus
for 2 h. to a clear sky (the temperature on the
ding grass being — 2° C.), it was manifest that
e dew had congealed into hoar-frost on the closely
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, pro-
jected a little beyond the edge, so that the air could
circulate freely round them. This occurred with six
leaflets of Owalis 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 Meldlotus 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 oceasions 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 hypogea, 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 cork-
supports.  With Ozalis carnosa, T free leaves were
injured, and every one of them belonged to a cluster
of leaves, some of which had been pinned to the
We could acconnt for these cases only by sup)
that the branches which were quite free had
slightly waved about by the wind, and that
leaves had thus been a little warmed by the
rounding warmer air. If we hold our hands moti
less before a hot fire, and then wave them about,
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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.

Nvorirroric or SteEp MOVEMENTS OF COTYLEDONS.

We now come to the deseriptive 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
ings of the Caryophylle (Alsinem and Silenes)
‘bend upwards at night (but to what angle he does not
state), remarks that those of Stellaria media rise up so
5 o touch one another; they may therefore safely be
said to sleep. Secondly, according to Ramey,t the
cotyledons of Mimosa pudica and of Clianthus Dam-
pieri xise up almost vertically at night and approach
ceach 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
ive 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
k el

* *Dio Leiiro vou der Pflanzenzelle,’ 1867, p. 327
+ ¢ Adausonin, March 10th, 1869,
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nyetitropic, unless it has been acquired for the sake of
lessening radiation ; but this conld be discovered only
by a long series of experiments, showing that the
leaves of each species suffered from this cause, if pre-
vented 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. 8. 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 80°, the diminution
of radiation is so slight that it probably is of no sige
nificance 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 Beren-
dieri rose to 33°, and this would lessen radiation b}‘
16 per cent.

There are, however, some other sources of doubt'nﬂi
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Tespect 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 oceurs 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
rTeasons, 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 cotyle-
dons stood nearly horizontally in the middle of the day.
With several seedlings, the cotyledons assume a highly
inclined position at night during %o 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 coty-
ledons 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
izon, are arranged in the appended list on the same
as previously followed. The numbers of the
ilies, and with the Leguminos® the numbers of
Tribes, have been added to show how widely
plants in question are distributed throughout the
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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 Oxalide
and the Leguminosw 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 least 60° above or beneuth the horizon.,

Brassica oleracen. Cruciferso (Fam, | guminoss (Tribe 18)—accord-
14) N
———- napus (as we are informed Leguminose
by Prof. Pl
Raphanus sativus. Crucifers,
Githago segetum.  Caryophillen
(Fa
Stelliria media (according to Hof-
‘meister, as quoted). Caryophyl-
lee. neglecta.
Anoda Wrighti. falvacee (Fom. 3 other Brazilian unnamed
36). ‘species.
Gossypium (var. Nankin cotton). | Bauhinia (sp. 7).  Leguminose
Malvaces, (Tribe 15).
Osalis rosea. Osalidie (Fam. 41). | Neptunin oleracea. Leguminosss
floribunda. '
— articulata. Leguminose
Valdivian.
semsitiv:
Geranium mhnmhfnl(um Gera- | Cucurbita ovifera.  Cucurbitacem
ninces (Fam. (Fam. 106).
e o e ity
‘minose (Fam. 75, Tribe 3). genaria vulgaris, Cucurbitacew.
s wuigim | Guobiis Rl
——— leucanthemum. Apium petroseinum. - Unmbelifrs
Lotus orithopopuides. ~ Logomi- | — (Fam. 113).
nosw (Tribe 4), gu
peregrinus, Luctuca i T Ccmmposite (el
Jncobwus.
ianthus  Dampieri. Legumi- R Compositees
nose (Tribe 5)—according to M. | Ipomea carules.  Convolvulaces
amey. (Fam. 151).
mmm sensitiva,  Leguminosw purpurea,
(Tribe 6). bona-nox, s
‘Hamatoxylon Campechianum. - Le- eoccinen. i
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List of Seedling Plants (continued).
Solanum lycopersicum, Solanesm | Mirabilis longiflora.
Beta vulgaris. Polygenew (Fam.
179).

ul 7
(hm‘ 15»)—rmm information | Amaranthus caudatus. Amaran-

i by Prof. Pfeffer. thacew (Fam, 180).
mnmu. Gise. Nyctagines | Camnabie stiva (7). Connabinem
(Fam. 177). (Fam. 195).

+ Brassica oleracea (Cruciferm), —1t 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 s 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 645 Aax. 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 b subjected to
darkness at thla hour in Ihe morning, Tha nbove amount of
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.
Raphanus sativus—In the middle of the day the blades of
the cotyledons of 10 seedlings stood at right angles to their
Bypocotyls, with their petioles a little divergent; at night the
‘blades stood vertically, with their bases in contact and with
their petioles parallel. Next morming, at 6.45Aax., whilst it
was still dark, the blades were horizontal. On the following
they were much raised, but hardly stood sufficiently ver-
thanld to be asleep, and so it was in a still less degree
night. Therefore thy f this plant (kept
thn greenhouse) go to sleep for even a shorter time than
those of the cabbage. - Similar observations were made, butonly
during a single day and night, on 13 other seedlings likewise
maised in the greenhouse, with the same result.
* The potioles of the cotyledons of 11 young seedlings of
nigra were glightly divergent at noon, and the blades
at right angles to the hypocotyls; at night the petioles
in close contact, and the blades considerably raised,
their bases in cr.mtact, but only a few stood sufficiently
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
o) the rubbed side. In the ease 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
thoy camnof, be said to sloep. Tho cofylodons of several other
plavts d, but they did not ri
during the night to be said to slee
Githago segetums (Caryophyllez)—On the first day after the
cotyledons had burst through the seed-coats, they stood at nioon
at an angle of 75° above the horizon; at night they moved
upwards, each through an angle of 15° &0 as to stand quite
vertical and in contact with one another. On the second day
they stood at moon 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 Wrightii —Th
young, ‘and only from 2 to ‘3 inch in diameter, sink in the
evening from their mid-day horizontal position to about 85°
beneath the horizon, But when the same scedlings were older
and had produced small truo lewves, the almost orbicular
, now 55 inch in diameter, moved vertically
atnight, This fuct mado us suspect that their sinking might
be due merely to their weight; but they were not in the least
flaceid, and when lifted up sprang back through elasticity inito
their former dependent position. A pot with some old seedlings
was turned upside down in the afternoon, before the moe-
tumal fall had commenced, and at night they assumed in op-
position to their own weight (and to any geotropic action) an
upwardly dirccted vertical position. When pots were thus
reversed, after the evening fall had already commenced, the
mnhng muvement Bppenrsd to be somewhat disturbed ; but all
ariable without any apparent
o, Mhinatir fm 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, 1o pulvinus was exteriorly visible; but their growth
continued for a long time. The cotyledons appear to be only
slightly heliotropic, thongh the kypocotyl is strongly so.

- Gossypium arborewn (?) (var. Nankin cotton) (Malvacem).—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 hori-
zontally ab noon; at 10 px. they occupied the same position
and had not fallen at all. On June 93rd, the cotyledons of one
of these scedlings were 11 inch in length, and by 10 p.x. they
had fallen from a horizontal position to 62° beneath the horizon,
The cotyledons of the other scedling were 13 inch in length, and
aminute true leaf had been formed; they had fallen at 10 par,
10 70° beneath the horizon. On June 25th, the true leaf of this
latter seedling was 9 inch in length, and the cotyledons ocou-
pied nearly the same position at night. By July 9th the cotyle-
dons appeared very old and showed signs of withering; but they
stood at noon almost horizontally, and at 10 . hung down

Gossypium herbiceum —Tt 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 sizo (still appearing fresh and
groen), 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 ;
yet when old their weight was considerable and they were borne
by much elongated petioles. Scedlings aised 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.
o what species these three latter forms belong we do not know,
We could not make out in the case of the Nuples cotton, that
the position of the cotyledons at night was infinenced by the
soil being more or less dry; caro 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
wero left for a time upside down. It should, however, be
o that these three kinds were raised in the middle of
the winter, which sometimes greatly intorfores with the proper

e movements of leaves and cotyledons.
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Cucurbitaces—The cotyledons of Cusurbita aurantin and gvi=
Jera, and of Lagenaria vulgaris, stand from the Ist to the 8rd day
of their life at about 60° above the horizon, and at night rise up
50 as to become vertical and in close contact with one another.
With Cucumis dudaim they stood at noon at 43° above the hori-
zon, and closed at night. The tips of the cotyledons of all these
species are, however, reflexed, so that this part is fully
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 Ticlosanthes 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 dcanfhosicyos
Horrida® present, nothing in their appearance opposed o their
moving at night in the sume manner as the preceding species;
Sl CH ok i) ntons piala macmr e ek
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.

Geranium A
up accidantally i atpot, and its-cotyladnns wore obseryal b
bend perpendicularly downwards during several successive
nights, having heen horizontal at noon. It grew into a fine
plant but died before flowering: it was sent to Kew and pro-
nounced to be certainly a Geranium, and in all probability the
above-named species. This case is remarkable because the
cotyledons of G. cinereum, Endressii, Thericum, Richardsoni, and
subcuulescens were observed during some weeks in the winter,
and they did not sink, whilst those of G. Ibericun roso 27° at
night,

Apium petroselinum (Umbelliferw).—A scedling had its coty=
ledons (Nov. 22nd) almost fully expanded during the rhy; by
830 v, they had risen considerably, and at 10.30 7.
almost closed, their tips being only 14y of an inch apart. b
the following morning (23rd) the tips were &% of an inch apart,

* This plant, from Dammara climber; it has been described
Land in §. Africa, is rematkable in *Transact. Linn. Soc.’ ¥xvil,
from heing the ono known mem- . 30,
ber of tie Family which is not &
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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 o 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.

Apiun graveolens —The cotyledons at noon were horizontal,
and at 10 .. stood at an angle of 61° above the horizon.

Lactusa scarivla (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 ;
Iint this movement ceased when they had grown old and large,
after an interval of 11 days.

Helianthus annuus (C itm) —This case is ra
the cotyledons rise at night, and on one occasion they stood at
78° above the horizon, so that they might then be said to have
been asleep.

JIpomea ceerulea vel Pharbitis nil (Convolvulaces).—The coty-
ledons behave in nearly the same manner as those of the Anodu
‘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
ineh in length, measured along the middle to the base of the
central notch, they remained horizontal both during the middle
gnhe day and at night. As they increased in size they began

1o sink more and more in the evening and early night; and
m they had grown to a length (measured in the above
manner) of from 1 to 125 inch, my sank between 55° and 70°

ess, the cotyledons have little or mo power of bending
ds a lateral light, although the hypocotyl is strongly helio-

1 They are not provided with a pulvinus, but continue
o grow for o long time.

djomaa. gurgures (vol Pharbits hispida)—Tho coylons

h in breadth, having o small truo leaf developed, was placod
 nor geotropism could act on them. At 10 .. one coty-
stood at 77° and the other at 82° beneath the horizon.

¢ being placed in the klinostat they stood at 15° and 2°
X

A The Camnlete Work of Chares Darwin Online



306 MODIFIED CIRCUMNUTATION. Cuar. VI

Veneath the horizon. The nocturnal position depends chiefly
on the curvature of the petiole close to the blade, but the whole
petiole becomes lightly 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 Murch,
and the cotyledons in neither case exhibited any nyctitropic
movement.

Tpomaa bona-nos.—The cotyledons after a fow days grow to
an enovmons size, those on a young seedling being 34 inches
in breadth. They were extended horizontally at noon, and at
10 paw. stood at 63° beneath the horizon. Five days after-
wards they were 4} 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 hori-
zontally, they became curved towards the hypocotyl, which
movement could not have been in the lenst aided by their
weight, at the same time they were somewhat twisted upwards
through apogeotropism. Nevertheless, the weight of the coty~
ledons is so far influential, that when on another night the pot
was turned upside down, they were mnable to rise and thus to
assume their proper nocturnal position.

Ipomra 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 depressod. In one case they were horizontal at noon,
and at 10 px. one of them stood at 64° and the other at47%
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.
ahove species of Tpomeea, when the two cotyledons on the same
seedling were wnequally depressed at night, this seemed to.
depend on the position which they had held during the day
with reference to the light.

Solanum Tycopersicum. (Solanew). — The cotyledons rise 50
much at night as o come nearly in contact. Those of S. palina=
canthum were horizontal at noon, and by 10 P had risen only
97°80'; but on the following morning before it was light the
stood at 59° above the horizon, and in the afternoon of the
dny were again horizontal. The behaviour of the cotyledons of
this latter species seems, therefore, to be anomalous.
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Mirabilis julapa and longifiora (Nyetagines) —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
Tasted for only the three first nights.

Beta mlgaru (Polygnm) —A large number of seedlings were
observed on three occasions. During the day the cotyledons
somoetimes amod 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.

caudatus (. At moon the coty-
ledons of many seedlings, which had just germinated, stood at
about 45° above the horizon, and at 10.15 ».x. some were nearly
and others quite closed. On the following morning they were
again well expanded or open,

Cunuabis sativa (Cannabinez).—We are very doubtful whother
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
o be at all depressed. On the following morning they were
‘again flat and horizontal. The cotyledons of many other seed-
'lllp were at the same time not in any way affected. Therefore
case seems very different from that of onimnry sleep, and
robably comes under the head of epinasty, as is the case with

leaves of this plant according to Kraus. The cotyledons are
liotropic, and so is the hypocotyl in a still stronger degree,

Ozalis—We now come to eoeyleulnm provided witha pulvinus,
of which are
ovements during several rhya or even weeks, l.nd apparently
growth has ceased, The cotyledons of 0. rawa, floribunda
d articulata sink vertically down at night and clasp the upper
of the hypocotyl. Those of 0. Valdiviana and sensitiva, on
contrary, rise vertically up, so that their upper surfaces come
eloso contact; and after the young leaves are developed these
clasped by the cotyledons. Asin tho daytime they stand hori-
, or are even u little- deflected beneath the horizon, they
in the evening through an angle of at least 90°. Their
licated circumnutating movements during the day have
x2
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been described in the first chapter. The experiment was a

one, but pots dlings of 0. rosea and floribunia
wore turned upside down, as soon as the cotyledons began to
show any signs of sleep, and this made no difference in their
movements.

Leguminosa—Tt may be seen in our list that the cotyledons
of several species in nine genera, widely distributed through-
out the Family, sleep at night; and this probably is the case
with many others. The cotyledons of all these species are pro-
vided with a pulvinus; and the movement in all is continued
during many days or wecks. 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 €. florida opened in the morning rather Inter than those of
(. glus and pbescens, The movement s esactly tho samo
in C. mimosoides as in the other species, though its subsequently
developed leaves sleep in a different mammer. The cotyledons
of an eleventh species, namely, C. nodosa, are thick and fleshy,
and do not rise up at night. The circumnutation of the coty=
ledons during the day of C. fora has been described in the first
chapter. Although the cotyledons of Smithia seusitiva rose from
a horizontal position in the middle of the day to a vertieal one
at night, those of S. Pfundii, which are thick and fleshy, did not
sleep. When Mimusa pudica and albida have been kept ata
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. pudic
has been described. The cotyledons of a Bauhinia from St
Catharina in Brazil stood during the day at an angle of about
50° above the horizon, and at night rose to 77°; but it is pro-
bable that they would have clossd completely, if the seedlings
had been kept in a warmer plac

Lotus—In three species of Totus tho ootyledons wers 1N
to sleep. Those of L. Jacobeus present the singular case of not
rising at night in any couspicuous manner for the first 5 o
6 days of their life, and the pulvinus is not well developed at
this period. Afterwards the sleeping movement is well
played, though to a variable degree, and is long conﬁn
We shall hereafter meet with a nearly parallel case with
leaves of Sida rhombifoliv. The cotyledons of L. Gebelit
only slightly raised at night, and differ much in this
from the three species in our list.
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Triflium—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 7. subterraneum,
leucanthemum and strictum, they stood up vertically; and with
. strictum the rising movement is accompanied, as we shall see,
by another movement, which makes us balieve that the rising
is truly nyetitropie. We did not carefully examine the coty-
Tedons of all the species for a pulvinus, but this organ was
distinetly present in those of T subterrancum and strictum ; whilst
there was no trace of a pulvinus in some specics, for instance, in

1. resupinatum, the cotyledons of which do not rise at night.
Trifolium subterrancnm.—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
T080 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 o
vertical position, and then became bowed inwards at about an
average angle of 10°; so that they had passed throngh an angle
of 100°. Their tips now almost touched one another, their
Dbases being slightly divergent. The two blades thus formed
8 highly inclined roof over the axis of the seedling. This
- movement is the samo as that of the terminal leaflt of the
te leaves of many species of Trifolium. After an interval

8 days (Nov. 20th) 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
wing two months, by which time they had increased greatly
size, their petioles being no less than *8 of an inch in length,
£wo true leaves had by this time been developed.

Tvifdium strictum.—On the first day after germination the
which are provided with a pulvinus, stood at noon
ly, and at night rose to only about 45° above the
Four days afterwards the seedlings were again ob-

at night, and now the blades stood vertically and were
tact, excepting the tips, which were much deflexed, so
they fuced the zenith. At this age the petioles are curved

@ The Complete Work of Charles Darwin Online



310 MODIFIED CIRCUMNUTATION. Cnar, VL.

upwards, and at night, when the bases of the blades are in con-
tact, 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
Teaf was formed, and during the ensuing fortnight a remarkable
movement was repeatedly observed. At I. (Fig. 125) we have
a sketeh, made in the middle of the day, of a seedling about
a fortnight old. The two cotyledons, of which Re is the
right, and Lo the left one, stand directly opposite one another,

Fig. 125,

R
2 F Lieedls Y
Re! Le
Lt% V FV
¥

Zriflium strictun dinrmal and nocturnal posiions of the two cotylelons
of the firs codling viewed obliquely from above, during
the Srihs e T tyledon;, 7, fist true leaf
114 Tathae yobugon wistling. it g i ks
Taised, but its position not otherwise changed ; Le, left cotyledon Taised
and Taterally twisted 3 £, first leaf raised and stad 3 a0 to fuce the
left twisted cotyledon. TIL. Same secdling viewed at night from the
opposite side. The back of the first Teaf, 1, i o o ascanicl
the front, as in IL.

and the first true leaf (') projects at right angles to them. At
night (see IL and IIL) the right cotyledon (&) is greatly
raised, but is not otherwise changed in position. The left
cotyledon (Zc) is likewise aised, but it is also twisted, so that
its blade, instead of exactly facing the opposite one, now stands
at nearly right angles to it Thisnocturnal twisting movement
i 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
Jne of its upper concave surface. At the same time the true
leaf (F) riscs up, so as fo 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 bo the object gained by these
singular Altogether 20 scedli ined ou

o
successive nights, and in 19 of them it was the left cotylodon
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
tuwisted, 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, 1t is the
more remarkuble, because we shall meet with an analogous case
in the leaves of the allied genus Melilotus, in which the ter-
minal 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
surfuce comes into contact with that of one of the two now ver-
tieal lateral leaflets.

Concluding Remarks on the Nyetitropic Me of
Cotyled: The sleep of cotyledons (though this is a
subject which has been little attended to), seems to be
4 more common phenomenon than that of leaves. We
observed the position of the cotyledons during the day
and night in 153 genera, widely distributed through-
out the dicotyled 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 gene-
rally moved through an angle of at least 60° If we
luy on one side the Leguminosw, the cotyledons of
which are particularly liable to slecp, 140 genera

in; 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 Leguminose, and
observed their leaves at night, assuredly not nearly
» many as 19 would be found to include sleeping
We here refer exclusively to the plants
ed by ourselves.
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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 be-
neath 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 move-
ments 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 down-
ward movement to the amount of 90° is very decided
in Owalis Valdiviana and sensitiva, and in Geranium
rotundifolium. 1t is a remarkable fact that with Anoda
Wrightii, one species of Gossypium and at least 3
species of Ipomeen, 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
1 il cannot be ibuted to the
weight of the cotyledons in the several cases which
were investigated, namely, in those of the Anoda,
Ipomaa purpurea and bona-no, nor in that of I. coe-
cinea, yet bearing in mind that cotyledons are con-
tinually circumnutating, a slight cause might at first
have determined whether the great nocturnal move-
ment 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 pro-
tecting 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 coty-
ledons are provided with pulvini; but this organ has
become more or less rudimentary in 0. corniculata,
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

led, Gerani difolium possess pulvini.
In the Leguminose all the cotyledons which sleep, as
far as we have seen, are provided with pulvini. But
with Lotus Jacobwus, 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 strictum the blades of the cotyledons
Tise 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
amuch 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
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Raphanus for only a single night. There are, however,
some strong exceptions to this rule, as the cotyledons
of Gossypium, Anoda and Tpomaea do not possess pul=
vini, 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 &
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 move-
ments 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 Leguminose and Oxalide, 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 Nico
tiana observed by us; also Sida rhombifolia, Abutilon
Darwinii, and Chenopodium 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, Geraninm,
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 oceurs
with Trifolium, Lotus, Gossypinm, 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 Owalis
Valdiviana, having 2 or 3 well-developed leaves, it
was a curious spectacle to behold at night each leaflet
folded inwards and hanging perpendicularly down-
wards, 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 conelusion,
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 mot 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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ledon of Trifolium strictum, 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 move-
ments 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 VIIL

Mopreren O on Stk or
Lzaves.

Listof Genera and Families,
‘whiel includ slceping plants—Description of the movemeat in
the severul Genein—Osalis: leaflets folded at night—Averr
rapid movements of tho leaflcte—Porlieria: afiels close when
plunt kept very dry—Tropwolum : leuves do not sleep unless well
illaminated during day—Lupinus: various modes of sleeping—
Melilotus : singular movements of terminal leaflet—Trifolium—
Desmodium: rudimentary lateral loaflets, movements of, not de-
veloped on young plants. state of their pulvini—Cussia: complex
movemonts of the laflets—Bauhinin: leaves folded af night—
Mimosa pudica: compounded movements of leaves, offeot of dark-
ness—Mimosa. albida, reduced leaflets of—Schrankia: downward
movement of tho pinne—arsilea: the only erypiogam known to
g remarks and ‘consists

of st regulated by the al ot light
and darkness—Shape of first true leayes.

WE now come to the nyctitropic or sleep move-
ments 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 obvionsly
‘an arbitrary one, and has been selected for reasons
previously assigned, namely, that when the blade

es the perpendicular as nearly as this, only
as much of the surface is exposed at night to the
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zomth and to free radiation as when the blade is

1. Neverthel in a few i 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 move-
ments 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 deter-
mines the variable amount of sinking of the leaves of
Polygonum convolvulus at night ; and if so, their move-
ments are not in our sense strictly nyctitropic. Plants
in order to sleep must have been exposed to a proper
temperature: Erythrina erista-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 de-
pendent at night. In a kitchen-garden the leaflets of
Phaseolus vulgaris did not sleep during the early part
of the summer. Ch. Royer says,}{ 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

- Dussen, - Tiglclifvor N
e G e Pysiologie,
1887, vol. iv. p. I(M ulso
Ch. Royer on the importance of a
proper stute of turgescence of the
ells, in ¢ Autal. des So. Nat.
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Tropwolum, Lupinus, Ipomaea, Abutilon, Siegesbeckia,

and probably other gencra, 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 Ch album and Sie

orientalis, raised by us durmv 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 wrundinacea

(which previously had not been disturbed in the hot-

house), prevented their sleeping during the two next

nights.

We will now give our observations on sleeping
plants, made in the manner described in the Intro-
duction. The stem of the plant was always secured
(when not stated to the contrary) elose to the base of

~ the leaf, the movements of which were being observed,

80 88 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

@ The Complete Work of Charles Darwin Online:



320 MODIFIED CIRCUMNUTATION. Caar. VIL

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 Linneus; 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 Vicia faba, in which
we could observe no movement deserving to be called
sleep, and as no one can doubt the accuracy of Linnsus,
we are left in doubt.

List of Genera, including specics the leaves of which sleep.

s 1. DICOTYLEDONS. Sub-class L. ANGIOSPERNS—contined,
. Genus. Family.
Sub-class L. ANGIOSPERMS. Tropmatum: Troprcten (003
Genus. 1 Family. Crotolaria (Thisel-] Leguminosa:
Githago Caryophyllew (25).|  ton Dyer). Tribe
Stellaria (Batalin). = Lupinus. n
e
Sida. Malvacem (36). | Medicago. .,
Abutilon, 7 Melilotus, e
Malva  (Linneus Trifolium, ,.
and Pfeffer » Securigers. %
Hibiscus (hn-} Lotus,
naus). n Prorales. -
Anod. 5 Amorpha (Du-
Gossypium. | i chart }
Ayenia (Linnaus). | Sterculacese (37). | Dalea. %
Triumftia () e (38, -Ir':':,'f,';{:n: &
Linum (Batalin). | Linew (39). istaria. i
Oxalis. Oxalid (31). Robinia. i,
Averrhoa. % Spharophyss. |
Porlieria. Zygophyliew (45). | Coluten. ¥
Guiscum. W Astragalus, ,,
Impatiens _ (Lin- Glyeyrrhiza, |
. umus, Pfefier, | Balsaminea (48). | Coronilla. |
Batalin). Hedysarum. ls 0%

B i Lo s faten Ahh il o bt o By e R o



| Caar. VIL SLEEP OF LEAVES. 821

List of Genera (continued).
Cuass 1. DICOTYLEDONS (continued). | Sub-class L. ANGI08ERNS (continned)

Genus. Fanily.
Sulclass 1. Axoroseims. e i j ;
s Fumily } Onagrariec (100).
Leguminoss (75)| Passiflora, Passiforacen (105
Oncbrychis. { Tr, VL. | Siegesbeckia. e T( %
Smithn TYWE e {Comlvulmg
Arachis, » » . 3
Desmodium, " sy Snln(nu- 57).
Trauia. ; o | Mirails Nyctaginea (177).
4 | Pt O paiygonce 7).
fearpea. g e e i)
» ” Chenopodies (181).
" » | l’uneh- (nom..) nm.”.‘:”. (188).
" el Ph hermis 1 Euphorbiaces (202)
I, thius (Prer-
» TR XIL | ;" ) "
A Sub-class 1L, Grarvoseamys.
o Abies (Chatiu),
»orkr
n R XVi | Cras i MONOCOTYLEDONS.
7 Ir.XX. | Thali, Canuacea 21,
»o0T [ Marata,
2™ Colocasia. Arcidea (30),
*: o Strephium. | Graminew (55).
HWIEREIL Cuass 111, ACOTYLEDONS.
 Tr. XXIL
(Bouché). | Myrfaces (34). | Marsilea. Marsileacer (4).

. Githago segetum (Caryophylle).—The first leaves produced
by young seedlings, rise up and close together at night. On a

e the horizon, and at night at 86°, so each had risen 81°.
angle, howover, was less in some cases. Similar observations
made on young leaves (for the older ones moved

little) produced by nearly full-grown plants. Batalin

(‘Flon, Oct. 1st, 1873, p. 437) that the young leaves of
close up so completely at night that they form together

bmh.
(Mal of the leaves
genus are mmn'hble in some respects. lllhlm informs
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us (sce also “Flora,’ Oct. lst, 1878, p. 437) that those of

Fig. 126,
@°d0'am. 29"

10°5 pm. 288

o-u am.23%

£pam 294
ia ; thmrnuuhmm and

nearly fall-grown leaf, 2] inches in
Yength ; movement traced under a sky-
ligat. " Apexof o 5] inches from
the vertical glass, so' diagram not
greatly enlarged.

rise somewhat in the evening, do not g0 to sleep, as we o
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8. napea fall at night, but
to what angle he eannot
remember. The leaves of
8. rhombifolia and retusa, on
the other hand, rise up
vertically, and are

against the stem. We have
therefore here within the
same genus, directly op-
posite movements. Again,
the leaves of S. rhombifolia
are furnished with a pul-
vinus, formed of a mass of
small cells destitute of chlo-
rophyll, and with their
longer axes perpendicular
to the axis of the petiole.
As measured along this
latter line, these cells are
only th of the length of
those "of the petiole; but

usual with the pulvinus in
most plants), they graduate
into the larger cells of the
petiole. i
8. napaa, according to Ba-
talin, does mnot possess n
pulvinus; and he informs
us that a gradation may be
traced in the several species
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on several occasions; whilst those on rather older plants sleep
in & 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 .. at 25°, 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 2§ and 8 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 Ax. on
ay 25th to 830 A on the 30th. The femperature was too
low (15°—16° C.), and. the illumination hardly sufficient; co-
sequently the leaves did not become quite so highly inclined at
night, as they had done previously and as they did subse-
quently in the hot-house: but the movements did not appear
otherwise disturbed. On the first day the leaf sank till

5 p.x; it then rose rapidly and greatly till 105 par, and
only u little higher during the rest of the night (Fig. 126).
Barly on the next day (20th) it fell in a slightly zigzag line
Tapidly until 9 A, 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
ise began after 4 .. 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 dingram.
On the 80th a new tracing was made (not here given) on a
mather enlarged scale, as the apex of the leaf now stood 9 inches
from the vertical glass. Tn 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 pov and 1030 rx. This rendered the lateral zigzagging
‘movement. during the evening more conspicuous thim in the
given, but it was of the same nature as there shown.
impression forced on our minds was that the leaf was

butilon Darwinii (Malvacew)—The leaves on some very

plants stood almost horizontally during the day, and

down vertically at night. Very fine plants kept in «
Y2
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largo 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. Limnwus says that the
leaves of his Sidu abutilon sink perpendicularly down at night,
though the petioles rise. Prof. Pfeffer informs us that the
leaves of a Malva, allied to M. sylvestris, rise greatly at night;
and this genus, as well as that of Hibiscus, are included by
Linnus in his list of sleeping plants.

Anoda_ Wrightii (Malvaces).—The leaves, produced by very
young plants, when grown to a moderate size, sink at night
cither almost vertieally 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 cireumstance. The summit of the
petiole, whore it joins the blade, is developed into & pulvinus,
and this is present in very young leaves which do not sleep;
though it is not s0 wll defined as in older leaves.

Gossypium (var. Nankin  cotton, Malvacew)—Some young,
leaves, between 1 and 2 inches in length, borne by two seedlings
6 and 74 inches in height, stood horizontally, or were raised a
little above the horizon at noon on July 8th and 9th; but by
10 P 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 oceasionally sank much downwards
at night, and hardly enough to be called sleep.

Oualis (Oxalidse).—In most of the species in this large genus
the threo leaflets sink vertically down at night; but as their
sub-petioles are short the blades could not assume this position
from the want of space, unless they were in some manner ren=
dered narrower; and this is effected by their becoming more:
or less folded (Fig. 127). The angle formed by the two halyes
of the same leaflet was found to vary in different individuals of
several species between 92° and 150°; in three of the besk
folded leaflets of 0. fragrans it was 76°, 74°, and 54° The
angle is often different in the three leaflets of the samo 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
surfuces 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,

o v

 Osalis acotosella: A, 1..1.«.. from vertieally .um, 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, ngain, when there is
plenty of room, from the sub-petioles not being very short, the
hnm sink down without becoming folded. This occurs with
 the leaflets of O. sensitiva, Plumierii, and buplenrifolia,
is 1o 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, liko thoso of 0. rarnosi,
or large leaves liko those of 0. Ort-gesii, or four leaflets like
of 0. variabilis. There are, however, some species which

s
%v 1o signs of sleep, viz., 0. pentaphylla, enneuphylla, hirta,

rubella. We will now describe the nature of the movements
some of the species.

Oalis acetosella.—The movement of a leaflet, together with
fliat of the main petiole, are shown in the following dia-
m (Fig. 128), traced botween 11 Aax. on October dth and
At on tho 5th.  Affer 530 px. on the 4th the leaflot sank
dly, and at 7 e depended vertically. For some time
re it assumed this latter position, its movements conld, of
jurse, no longer be traced on the vertical glass, and the

ken line in the diagram ought to be extended much further
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down in this and all other
. By 645 am. on the
following morning it had
risen considerably, and con-
tinued to rise for the next
hour; but, judging from
other observations, it would
son have begun to fall again.
Between 11 a3t and 5.30 P
theleaflet moved at least four
times up and four times
down before the great noe-
turnal 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 deseribed briefly®
the autonomous movements
of the leaves of this plant.
On another occasion the
Petiole of a leaf was secured
to a little stick close beneath
the leaflets, and a filament
tipped with a bead of sealing-
wax was affied fo the mids
rib of one of them, and &
mark was placed elose behhul.
At Trar, when the I
wero asleep, the filament d
pended vertically down, and
the movements of the

lowing diagram (Fig.
We here sce that the I
moved a little from si
side, as well as a little
and down, whilst asleep.
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Oxalis Valdiviana.—The leaves rescmble 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 Fig. 120,

are not given, as they

resembled that of 0. acetosella, with

the exception that the up and

down oscillations were not so fre-

quent during the day, and there Owalis acetosella: circumnuta-
‘vasmoro nferal moverment, so that 198 of et when wlee
broader cllipses wero doseribed. jragag o1 4o £
The leaves awoke early in the morn-

ing, for by 6.45 A.x. on June 12th and 13th they had not only
xisen 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 & young leaf roso 20° between noon and 10 pax,, 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 togother at night, and the whole
plant then exposes a much smal'er surface to radintion than
during the day.

Ozalis 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
o not become at all folded. The petiole is rather long, and,
‘one having been secured to a stick, the movement of the terminal
was traced during 45 h.on a vertical glass, It moved
in o very simple manner, sinking rapidly after 5 e, and
ising rapidly early next morning. During themiddle of the day
it moved slowly and a little laterally. Consequently the ascend-
ing and descending lines did not coincide, and a single great
was formed each day. There was no other evidence of

wtation, and this fact is of interest, as we shall here-

see.
 Ozalis sensitiva—The leaflets, as in the last species, bend
e down at night, without becoming folded. The much
main petiole rises eonsiderably in the evening, but in
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somo very young plants the rise did not commence until Tate
at night, We have seen that the cotyledons, instead of sink-
ing like the leaflets, rise up vertically at night.

Oualis bupleurifolia.—This species
isrendered remarkable by the petioles
Teing foliaceous, like the phyllodes
of many Acacias. The leaflets are
small, of a paler green and more
tender consistence than the folia-
ceous 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 bo
suspected that the leaflets are on the
Toad to abortion or obliteration, as
has actually occurred with those of
another Brazilian species, 0. rusci-
Jormis. Nevertheless, i the present
‘species the nyetitropic movements
are perfectly performed. The folia-
ceous  petiole was first observed
during 48 h., and found to be in
continued circumnutation, as shown
in the nccompanying figure (Fig.
130). It rose during the day and
carly part of the night, and fell
wlis buploifain; cireum  during the remaindr of the night
; and early morning; but the move-
e oFsaticle; ment was not suficient to b called
movements. traced on ver.  sleop. The ascending and descend-
'w:"' Elqmsﬁ&mi 47 jue  ing lines did not coincide, so that an
Apex of lealet 4] inches ©llipse was formed each day. There
from the glass, somovement was but little zigzagging; if the

not much magoified. Plant filyment -had been fied longitudi=
1 m‘;“‘:;qf‘;l“ il ally, we should probably have seen
2 C that there was more lnteral move-
‘ment than appears in the diagram,
A terminal leaflet on another leaf was next observed (the
petiole being secured), and its movements aro shown in
Fig, 131, During the day the leaflets are extended horizon=
tally, and at night depend vertically; and as the petiolo rises.
during the day the leaflets have to bend down in the evening

Fig. 130,
&

Gaalis bupleurifol

@ The Complete Wark of Charles Darwin Online



Cuar. VIL SLEEP OF LEAVES. 329

more than 90°, 50 as to assume at night their vertical position.
On the first day the leaflet simply moved up and down; on the

Fig. 131,

of terminal leaflet, with flament afixed along

glass from 9 M. on June 26th to 845 A 28th. Conditions the

and nyetitropic
on a vertical

e

the midrib ;

same as in

Oxalis

day it plainly circumnutated between 8 A.. and 4.30 pax.,
‘which hour the great evening fall commenced.
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Averrhoa bilimbi (Oxalides).—It has long been known,® firstly,
that the leaflots in this genus sleep; secondly, that they move
spontancously during the day; and thirdly, that they are sensi-
tive o o touch; but. in none of these respeots do they differ
essentially from the species of Oxalis. They differ, however, s
Mr. R. . Lynch t has lately shown, in their spontancous move-
ments being strongly marked. In the case of . bilimbi, it is &
wonderful spectacle to beliold on & 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. 192,

Averrhoa bilindi : leaf asleep; drawing reduced.

they are motionless, but this may be due to the opposite ones
being pressed together (Fig. 182). The main petiole is in con-
stant movement during the day, but no careful observations were,
made on it. The following diagrams are graphic representa-
tions 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 obsarver, being separated from him by a vertical pane of
glass, The petiole was scoured so that the hasal joint, or pul- |
vinus, of one of the Iteral leaflets was at the centre of a gradu=
ated are placed close behind the leaflet. A fine glass flament.
was fixed fo the leaf, 80 as to project like a continuation of the

* Dr. Bruce, * Philosophical Tras
+ *Jounnul Linn, Soe.,’ vol. xvi.

785, p. 836,
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

el bilimbi: angular movements of & leatlet during its evening
deseent, wh ep. 1 7 ¥

p. Temp. 78°-81

ald be recorded by reading off at short intervals of time the
position of the glass filament on the gradusted 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.*
1t follows that a fall in the curve represents an actual dropping
of the leaf, and that the zero line represents o vertically de-
pendent position. Fig. 133 represents the nature of the move-
ments which occur in the evening, as soon as the leaflets begin
to assume their nocturnal position. At 4.55 ¢y, 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.x. it hung vertically down, and had
attained its noeturnal position. Between 6.10 and 6.35 pa. it
performed & number of minute oseillations of about 2° each,
occupying periods of 4 or 5m. The complete state of rest of
the leaflet which ultimately followed is not shown in the dia-
gram. It is manifest that each oscillation consists of a gradual
rise, followed by a sudden fall. Each time the leaflet fell, it
approsched nearer to the nocturnal position than it did on the
provious fall. The amplitude of the osci

while the periods of oscillation became shorter.

In bright sunshine the leaflets assume a highly inclined de-
pendent position. A leaflet in diffused light was observed rising
for25m. A blind was then pulled up so that the plant was
brightly illaminated (BR 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 BR', 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 the temperature was not raised.

The effect of an increase of temperature in diffused light is

Tn Figs. 133 and 134 the

* In all the diagrams 1 mm. in  ment.
represents
one minute of time, Ewch mm.

in the vertieal direction repre-
sents one degree of angular move-
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shown in Fig. 135. The temperature began to rise at 11.35
AL (in consoquence of the fire being lighted), but by 12.42 d
marked fall had oceurred. It may be seen in the diagram that
when the temperature was highest there were rapid oscillations

Fig. 134,

Averrhoa bilimbi: angular movements of leaflet during a chang
bright illumination to shade ; temperature (broken line) xe
nearly the sama.

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 oscil-
lation was sometimes quicker than is represented in the above
diagram.  Thus, when the temperature was between 81° and
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82 C., 14 oscillations of a few degrees occurred in 19m. On
the other haud, an oscillation may be much slower; thus a leaflet
was observed (temperature 25° C.) to

rise during 40 m. before it fell and Fig, 136
completed its oscillation.
Porlicria lygrometrica (Zygophylles).

—The leaves of this plant (Chilian
form) are from 1 to 1} inches inlength,
and bear as many as 16 or 17 small
leaflets on cach 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 Witrzburg
bore only § or 9 pairs; and the wholo
character of the bushes appeared some-
what 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

ing the day, and at night sank
down vertically 80 s 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
 instanco wo found u branch which had Polieria hygrometrica; cir-
{grown R g

* and the petioles onit moved in the same  {igh of ot nt s

direction relatively to the branch as 9.5 Aot July 7th to

just stated, and therefore moved up- Lot T!dniuh; e

wards. On horizontal branches the - e fhes gy o d

3 petioles likewise moveatnight gluss. Temp. 193°-2030¢.

in the same direction as before, that is,
the branch, and are consequently then extended hori-

y; but it is remarkable that the older petioles on- the

RS

e
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same branch, though moving a little in the same direction, also
bend downwards; they thus oceupy a somewhat different posi-
tion, relatively fo the centro of the earth and to the branch, from
that of the petioles on the upright branches, With respect o
the leaflets, they move at night towards the apex of the petiole
until their midribs stand nearly parallel to it; 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, except-
ing the basal ones, have the whole of their upper surfices and
half of their lower surfaces well protected. Those on the oppo-
site ides of the samo petiolo do not come into close contact
at night, as ocours 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 cireumnutation of the petiole of a leaf 1 of an inch in
length, on an upright branch, was observed during 6 h.,
and is shown in the preceding disgram (Fig. 136). On the
first morning, the leaf fell a little and then rose until 1 ar,
and this was probably due fo its being now illuminated through
a skylight from above; it then circumnutated on o very small
sealo round the same spot until about 4 p.x, 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.x., and this no
doubt is its normal habit. From 1 to 4 x. it rose in a zigzag
line, and soon afterwards the great evening fall commenced. Tt
thns completed a double oscillation during the 24 h.

The specificname given to this plant by Ruiz and Pavon, indi-
cates that in its native arid home it is affected in some manner
Dy the dryness or dampness of the atmosphere.* In the Botanic
Garden nt Wiirzburg, there was a plant in . 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,

* ‘Systema Veg. Flore Peru- about its power of foretelling
vianm et Chilensis,’ tom. i. p. 95, changes in_tho weather; and it
1795, We cannot understand the appears asif the brightncesof he
aceount given by the authors of sky .I:Fﬂ, dctermined the open-
the bebaviour of this plant in its  ing closing of the leaflets.
native home. There is much
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or even quite, closed dm-mg 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 ruin, remained open for two days; they then
Decame half closed durivg 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 ex-
panded. The other plant growing in a pot, after having been
exposed to heavy rain, was placed before a window in the Labo-
ratory, 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
4wo next days. From these several facts we may conclude that
the plant soon feels the want of water; and that as soon s this
ocours, it partially or quite closes its leaflots, which in their
then imbricated condition expose a small surfice to evaporation.
1t is therefore probable that this sleep-like movement, which
oceurs 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 duricg
tho 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 plaut
‘did not receive a drop of water, the leaves began to droop, but
they showed 1o signs of closing during the day. It appeared
almost incredible that any plant, except a fleshy one, could
Tave kept alive in soil so dry, which resembled the dust on
xoud. On the 29th, when the bush was shaken, some leaves
ell off, and the remaining ones were unable to sleep at night.
It was therefore moderately watered, as well as syringed, late in
theevening. On the next morning (30th) the bush looked as fresh
as ever, und at night the leaves went to sleep, It may be added
that & small branch while growing on the bush was enclosed,
by means of a curtain of bladder, during 13 days in a large
half full of quicklime, so that the air within must have been
Mdry,yenhaluvmonthm branch did not suffer in the
z

@ The Complete Work of Charles Darwin Online



)

338 MODIFIED CIRCUMNUTATION. Cuar. VIL

least, and did not close at all during the hottest days. Another
trial was made with the same bush on August 2nd and 6th (thesoil
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 no signs of closing. The Chilian form therefore differs
widely from the one at Witrzburg, in not closing its leaflets
when suffering from the want of water; and it can live for a
surprisingly long time without water.

Tropaolum majus (3) (cultivated var) (Tropwolew).—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 might 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 difforence 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 illu-
‘minated dnring at least a part of the day they do not sleep at
night; and a little difference in the degree of illumination deter-
mines whether or mot they shall become vertical at night. We.«
have observed no nther 80 well~mm‘kcﬂ o case a8 this, of the
influence of previous on
The leaves present also another peculiarity in their habit of
rising or awaking in the morning, being more strongly fixed or
iuherited than that of sinking or sleeping at night. The move-
‘ments are caused by the bending of an upper part of the petiole
Detween § and 1 inch in length ; but the part close to the blade,
for about  of an inch in length, does mot 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 mommg
of Sept. Brd out of the greenhouse and placed before a north-cast
window, in the same position as before with respect to the lig
as far a5 that was possible. On the front of the plants, 24 leaves
were marked with thread, some of which had their blades hori-
zontal, but the greater number were inclined at t 45%
beneath the horizon; at night all these, without mﬂ
became vertical. Early on the following morning (4th)
reassumed their former positions, and at night again
vertical. On the 5th the shutters were opened at 6.15 A,
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by 818 A, after the leaves had been illuminated for 2 h. 8 m.,
and had acquired their diurnal position, they were placed in &
dark cupboard. They were looked at twice during the day and
thrice in the evening, the last time at 10.30 p.x., 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-cast window. At night all the leaves which
had faced the light had their petioles curved and their blades
wvertical ; whereas none of the leaves on the back of the plants,
although they had been moderately illuminated by the diffused
Tight of the room, were vertical. They were now at night placed
in the same dark cupboard; at 9 a.x. on the next morning (Tth)
- all those which had been asleep had reassumed their diurnal
position. The pot was then placed for 8 h. in the sunshine, so
88 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 (5th) the plants, after having been left before the north-
east 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 enpboard, and at 8 .. the position of the
leaves was very little, if ab all, altered, so that they are not
‘quickly affected by darkness; but by 10.15 par. all the leaves
‘which had faced the north-east sky during the 5h. 45m. of
illumination stood vertical, whereas those on the back of the
plant retained their dmnml position. On the {ollowing ‘morning
(9th) the | the two former the dark,
‘and they were kept in the dark during the whole day ; af night
‘wvery fow of them became vertical, and this was the one in-
stance in which we observed any inherited tendency or habit in
plant to sleep at the proper time. 'mmz it was real sleep
was shown by these same leaves renssuming their dinrnal posi-
on the following morning (10th) whilst still kept in the

- The pot was then (9:45 .. 10th) replaced, after having been
for 86 h. in darkness, before the north-east window; and at
t tho blades of all the leaves (excepting a few on the back of
ts) became conspicuously vertical.

A£6.45 A, (L1th) after the plants had been illuminated on the

of the room, and not one of these went to sleep at night;
22
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facing the back of the Toom and which had never before been
well illuminated or gono to sleep, now assumed a vertical posi-
tion at night. On the next day (12th) the plant was turned
vound into its original position, so that the sume leaves faced
the light as formerly, and these now went to sleep in the usnal
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 fow observations were subsequently made on the circum-
nutation of three leaves, whilst facing a north-east window ; but
the tracings are not given, as the leaves moved somewhat -
towards the light. It was, however, manifest that they rose
and fell more than once during the daytime, the ascending and

ing lines being in zigzag. The nocturnal
fall commenced about 7 p.x., and the leaves had risen consider-
ably by 645 Aax. on the following morning.

Leguminose.—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. Thiselton 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 sloep in three different manners.
One of the simplest, is that all the leafiets become steeply in-
clined downwards at night, having been during the day ex-
tended horizontally. This is shown in the accompanying
figures (Fig. 187), of  leaf of L. pilosus, as scen during the
day from vertically above, and of another leaf asleep with
leaflets inclined downwards. As in this position they
crowded together, and as they do not become folded like th
in the genus Oxalis, they cannot occupy a vertically dej
position ; but they are often inclined at an angle of 50°
the horizon. In this species, whilst the leaflets are
the petioles rise up, in two instances when the angles
‘measured o the extent of 23°. The leaflets of L. sub-carnosus
arboreus, which were horizontal during the day, sank down
night in nearly the same manner; the former to an angle of:
and the latter of 36°, beneath the horizon; but their pet

whilst some, but not many, of those which had formerly stood “
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did not move in any plainly pereeptible degree. It is, however,
quite possible, as we shall presently sce, that if a large number
of plants of the three foregoing and of the following species

Fig. 187,

Zupinus pilosus : A, leaf seen from vertically above in daytime; B, leaf
asleep, seen Iaterally af night.

~were to be observed at all seasons, some of the leaves would be
found to sleep in & different mann:

- In the two followmg species tha leaflets, instead of moving
da'nwnd.n rise at night. With Z. 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
857 above the horizon at night, and another on a distinet leaf
rose from 45° to 69°. The petioles, however, sink at night to
‘& small extent, viz., in three instances by 2°, 6°, and 9° 30'.
Owing to this movement of the petioles, the outer and longer
lets have to bend up a little more than the shorter and inner
in order that all should stand symmetrically at night.
o shall presently see that some leaves on the same individual

nts of L. luteus sleep in a very different manner.
‘We now como to a remarkable position of the leaves

n asleep, which is common to several species of Lupines.
the same leaf the shorter lelﬂah whmh generally face the

twisting on their own axes. But there is some variability
respect to which leaflets rise or fall. As might have been
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 @ pulvinus. The result is that all the leaflots 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
ocours with the leaves of n species purchased under the name of

Fig. 198,

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

L. pubescens ; and in the accompanying fignres we see at A (Fig.

138) the leaves in their diurnal position; and at B the

plant at night with the two upper leaves having their

almost vertical. At O another leaf, viewed laterally, is sh
with the leaflets quite vertical. It is chiefly or exclusively
youngest leaves which form at night vertical stars. But th
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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. 1t 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 &
highly inclined star at night, stood at noon at 42° above the
horizon, and during the night at 72°, so had risen 80°. The
petiole of another leaf, the leaflets of which oceupied a similar
position at night, rose only 6°. On the other hand, the petiole
of & leaf with all its leaflets sloping down at night, fell at this
time 4°. The petioles of two rather older leaves were subse-
quently 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 8°—4° at night.
~ We meet with cases like that of L. pubescens with some other
species. On a single plant of L. mufabilis 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
Jeaflets 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°, 50 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 down-
wards at night. So that the leaves on this one plant assumed
b night three difforent positions. Though we cannot account
for this fact, wo can see that such a stock might mduyg.ve
birth to species having widely different nyctitropic habi
 Little more need be said about the sleep of m-pesiuoan-

wus; several, namely, L. polyphyllus, nanus, Menziesii, speciosus,
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and albifrons, though observed out of doors and in the green-
house, did not change the position of their leaves sufficiently at
night to be said to sleep. From observations made on two
sloeping species, it appears that, as with Zropeolum majus, 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
hrought in at night, they slept in the usual manner. The trial
was repeated on the following day and night with the same
resnlt.

Some observations were made on the circumnutation of the
leaves of L. futeus and arboreus, It will suffice to say that the
leaflets of the latter exhibited a double oscillation in the coursa

_of 24h.; for they fell from the carly morning until 1015 A3,
then rose and zigzagged greatly till 4 rax, after which hour the.
great nocturnal fall commenced. By 8 Ax. on the following
morning the leaflets had risen to their proper height. We have
scen 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,

e d

Medioago marina : A, leaves during the duy ; B, 1mm adleep at night.

a fow observations were m‘dn on these three

The three leaflets also bend upwards, and at the same time
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approach each other, so that the base of the central leafiet
overlaps the buses 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 ubove, the
Tower surfaces of the leaflets aro visible; and thus their upper
sirfuces, 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.

Trigonella Cretica resembles a Melilotus in its sleep, which will
e immediately deseribed. According to M. Royer,® the leaves
of Medicago maculata rise up at night, and “se renversent un
pen de maniiro & presenter obliquement au ciel lour face in-
frienre” A drawing is hare given (Fig 139) of the leaves
of M. marina awake and asleep; and this would almost serve
for Clytisus fragrans in the sume two states.

Melitotus (Tribe 3).—The species in this genus sleep in a
remarkable manner. The three leaflets of each leaf tiist through
an angle of 90°, 5o that their blades stand vertically at night
with one lateral edge presented to the zenith (Fig. 140). We
shall best understand the other and more complicated move-
ments, 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 cither side; but the two lateral
Jeaflots always twist so that this surfuce tends to face the north,
but as they move at the same time towards the terminal leaflet,
the upper surface of the ono faces about N.N.W., and that of
the other N.N.E. The terminal leaflet behaves differently, for
(it twists to cither side, the npper surfce 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
surfuce fuces the west the wholo leafiet bends to the west, until
it comes into contact with the upper and vertical surface of
the western lateral leaflet. Thus the upper surfice of the
torminal and of one of the two lateral leaflets is well protected.

* ho fuck of the terminal leafet twisting indiffrently to cither

* * Annales des Se. Nat, Bot." (5th series), ix. 1808, p. 368,
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side and afterwards bending to the same side, scemed to us so
remarkable, that we endeavoured to discover the canse. We
imagined that at the commencement of the movement it might
be determined by one of the two halves of the leaflet being
a littlo heavior than the other. Thercfore bits of wood were
gummed on one side of several leaflets, but this produced no
effoct; and they continued to twist in the suwe direction as

(3

Melilotus officinalis : A, leaf during the duytime, B, another leaf asloep.
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.
Interal oe, 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 g0 that their upper surfaces faced west, and 14 white
threads to leaflets which twisted to the east. These were ob-
served occasionally during 14 days, and they all continued, with
a single exception, to twist and bend in the sume divection; 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 leaflots, especially the two lateral ones,
in performing tho above deseribed 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 move-
ment is largoly determined by the position which the leaf
‘happens to occupy during the day. Thus oue main petiole was
observed to rise at night 59, whilst three others rose only 7°
and 9°. The petioles and sub-petioles are continually circum-
nutating during the whole 24 h., as we shall presently see.

The leaves of the following 15 species, M. officinalis, suaveolens,
parvifiora, alba, infesta, dentat, gracilis, sulcata, elogans, carulea,

Ttalior, and Taurica,
sleep in nearly the same manner as just described; but the
g to one side of the terminal leaflet is apt to fail unless
the plants are growing vigorously. With M. petitpisrreana and
secundifora the terminal leaflet was rarely seen to bend to one
side. In young plants of J. Italica it bentin the usnal manner,
but with old plants in full flower, growing in the same pot and
observed at the same hour, viz., 8.80 p.x., none of the terminal
leaflets on several scores of leaves had bent to ono side, thongh
they stood vertically; nor had the two lateral leaflets, though
standing vertically, moved towards the terminal ome. At
1080 rar., and again one hour after midnight, the terminal
leatlets hind become: very lightly bent to one #ide, and the
lateral leaflets had moved a very little towards the terminal one,
#0 that the position of the leafiets even at this late hour was far
from the ordinary one. Again, with M. Zaurica 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 ide, its upper surface could have come into contact only
‘with the apex of cither lateral leaflot; and this, perhaps, is the
‘meaning of the loss of the lateral movement.

‘The cotyledons donot sleep at night. The first leaf consists of
asingle orbicular leaflet, which twists at night so that the blade
stauds vertically. It is a remarkable fact that with M. Taurica,
and in a somewhat less degree with M. macrorrhiza and petit-
pierreana, 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
areenhouse, slept in a totally different manner from the normal
one; for the three leaflets, instead of twisting on their own axes
50 85 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 feot in height,
sleep like the foregoing small leaves and like those of a Trifolium.
We were so much surprised at this latter caso 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
Melilotus. It appears therefore probable that M. messanensis
has either retained or recovered a primordial habit.

The ciroumnutation of a leaf of . oficinalis was traced,
the stem being left free; and the apex of the terminal leaflet
described three lnterally extended ellipses, between 8 Aar. and.
4eav; after the latter hour the nocturnal twisting movement

It was ined 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 sub-
petiole of the terminal leaflet, the latter described two small
ellipses between 10.30 Aax, and 22 At 7.15 v, 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 px, after which hour they were
1o longer observed.

As M, messanensis sleeps in an anomalous manner, unlike that
of any other species in the genus, the eircumnutation of &
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 .. 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
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recommenced, and became rapid lato in the evening, when
the leaflet was beginning to go to sleep. The awaking or
sinking movement had already commenced by 6.45 A.x. on both

mornings.

Trifolium (Tribe 3).—The nyetitropic movements of 11
species were observed, and were found to be closely similar. If
we select a leaf of 7. 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 sume 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 forsion in the pul-
vinus. The terminal leaflet merely rises up without any twist-

Fig. 141

A

" Trifolim repens : A, leaf during the day ; B, leaf usleep 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 throngh an angle of at least 90°,
generally of 130° or 140°, and not rarely—as was often observed
‘with 7. subterraneurn—of 180°. In this Iatter case the terminal
 Jeaflet stands at night horizontally (as in Fig. 141), with its
lower surfuce fully exposed to the zenith, Besides the differenco
in the angles, at which the terminal leaflets stand at night in
the individuals of the same specics, the degree to which the
lateral leafiots 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 verti-
cally at night or more commonly bends a little over so as to expose
Jower surface obliqnely to the zenith, in the same manner
does the terminal leaflet of the mature leaf.  But it does not
itself like the corresponding first simple leaf of Melilotus.
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With 7. Pannonicum the first true leaf was generally nmfolmce
but sometimes trifoliate, or again partially lobed and in
intermediate condition.

Cireunnutation—Sachs described in 1863* the spontancous
up and down movements of the leaflets of 7. incarnatum, when
kept in darkness. Pfeffor made many observations on the
similar movements in 7. pratense He states that the terminal
leaflet of this species, observed at different times, passed throngh
angles of from 80° to 120° in the course of from 13 to 4h. We
observed the of 7.

repens.

Trifulivm subterraneum.—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 pag

Betwasn 645 Aae and 6 Par the apex moved 8 times up
and 8 times down, completing 8 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 ®ar. the great nocturnal rise commenced, and
on the next morning the sinking of the leaflet was continued
until 8.30 A, after which hour it circumnutated in the manner
just described. In the figure the great nocturnal rise and
the morning fall are greatly abbreviated, from the want of
space, and are merely represented by & 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
830 A.x. it stood 48° beneath the horizon, and by 1150 Aax. it
had risen 50° above the horizon; so that it passed throngh 98°
in 3 h. By the aid of the tracing we ascertained that the
distance travelled in the 8 h. by the apex of this leaflet was
1-03 inch. If we look at the figure, and prolong upwards in
our mind’s eye the short curved broken line, which repre-
sents 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 tho comse then pursued was almost identically the
same as that here described.

* ¢Flon, 1868, p.
1 ‘Die Period. nouwungen, 1875, pp. 35, 52. 7
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before a north-east win-
dow, in such a position
that o terminal leafiet
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 Fig.
143, The obliquity of
‘the several lines is due
partly to the manner in
which the leaflet was
wviewed, and partly to its
having moved a little to-
wards the light. From

leaflet fell, that is, the
mnmgmmmmm

wed. 1t then rose
‘and moved a little late-
mally towards the light.
At 1230 it retrograded,
and at 230 resumed its
original course, having
thus completed a small
ellipse durlng the middle
of the day. In the even-
it rose rapidly, and
8. on the following
returned to

==l "
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Fig. 142,

851

Trifolium mnpmalnu.—A plant left entirely free was placed

and movement, as here shown,

Plant illuminated from above; temp. 16175 C.

ale.

f 87 inches from the vertical glass,

yetitropic movement of terminal leaflet (08 inch in length), traced from

ly 4th to 915 AM. 5th. Apex o

‘magnified 53 times, reduced to ane-half of orig

folium subterraneum : circumnutation and n;

645 AN Jul

Trif
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curved, broken line. The terminal leaflet, therefore, of this
species described during the daytime only a single additional
ellipse, instead of two ad-
Fig. 143, ditional ones, as in the
~ case of 1. sublerraneum.
But we should remember
that it was shown in the
fourth chapter that the
stem cirenmnutates, as no
doubt does the main petiole
and the sub-petioles; so
that the movement repre-
sented in fig. 143 is & com-
pounded one. We. tried
to observe the movements
1 of a leaf kept during the
e day in darkness, but it
s g on bean to go to sleep after
e st of e or: 2 . 15 m., and. this was
minal leaflet during 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 Ax. and 3 P, and on the second between 7 Ay,
and 1 ey On both days the descending course was somewhat
zigzag, and this evidently represents the circumnutating move-
ment of the two previous species during the middle of the day.
After 1 pax., Oct. lst (Fig. 144), the leaflet began to rise, but.
the movement was slow on both days, both before and after
this hour, until 4 p.w. The rapid evening and nocturnal rise
then commenced. Thus in this species the course during 24 h.
consists of a single great ellipse; in 7. resupinatum of two
ellipses, one of which includes the nocturnal movement and is.
much elongated; and in 7. subterrancum 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 nyetitropic movements of 10 species
in this genus were observed, and found to be the same, The

main petiole rises a little at night, and
the three leaflets rise till they become
vertical, and at the same time approach
each other. This was conspicuous with
L. Jucobaeus, in which the leaflets are
almost linear. In most of the specics
the leaflets riso 50 much as to press
against the stem, and not rarely they
become inclined a little inwards with
their lower surfaces exposed obliquely
fo the zenith. This was clearly the
case with L. major, as its petioles aro
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. Gebelii, and pro-
Tably of the other species, are provided
at their bases with distinet pulvini, of
a yellowish colour, and formed of very
small cells. The circumnutation of a
terminal 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 . It then rose gradually
at first, but rapidly late in the evening.

Fig. 144,

folium.  circum-
‘nutation and nyctitropic
movements of & nearly
full - grown  terminal
leadlet, traced on a ver-
tical glass from 7 A3

represented by curved
broken line, much ab-
breviated,

It oceasionally 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 sleop-movements
of species in 12 genera have been observed by onrselves and

24
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others, but only in Robinia with any care. Psoralea acaulis
vaises its three leaflets ab night; whilst Amorpha fruticosa,
Dalea alopecuroides, and Indigofera tinctoria depress them.
Duchartre t states that Zephrosia caribea is the sole example
of “folioles couchées le long du petiole et vers ln base;” but a

Fig, 145.

A B
Lotus Cretious : A, stem with leaves awake during the day ; B, with
wsleep at night. 58, stipule-like leaflets.

similar movement occurs, as we have already scen, and
again see in other cases. Wistaria Sinensis, according
Royer,t “abaisse les folioles qui par une disposition
sont inclinées dans la méme feuille, les supéricures vers |

* Ducharte, “Eléments do 1 *Ann. des Sciences.
Botanique, 1867, p. 349, Bk (o s, T8
.1 Ibid, p. 847,
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sommet, les inférieures vers la base du petiole commun;” but
the leaflets on a young plant observed by us in the green-
‘house merely sank vertically downwards at night. The leaflets
are raised in Spherophysa salsola, Colutea arborea, and Astra-
galus wliginosus, but are depressed, according to Linnmus, in
Glyeyrrhiza. 'The leaflets of Robinia pseudo-acacia likewise sink
vertically down at night, but the petioles rise a little, viz, in
- one case 8°, and in another 4°, The circumnutating move-
ments 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 Axr. to 5 pa, and then more
zapidly; by 7 .y on the following morning it had risen to its
diurnal position. There was only one peculiarity in the move-
ment, namely, that. on both days there was a distinct though
small oscillation up and down between 830 and 10 Aax., and
this would probably have been more strongly pronounced if
the leaf had been younger.
Coronilla rosea (Tribe 6).—The leaves bear 9 or 10 pairs of
opposite leaflets, which during the day stand horizontally, with

Fig. 146,

v

Coronilia rosea : leaf asleep.
B et right angles to the petiole. At night they rise
up, 5o that the opposite leaflets come nearly into contact, and
on the younger leaves into close confact. At the same
they bend back towards the base of the petiolo, until their

lie on the petiole. They thus occupy a reversed position
p what they do in several Leguminose, for instance, in Mimosa
242
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pudicn ; 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 three cases it rose from 8° above
the horizon at noon, to 9° at 10 ear.; from 11° to 83°; and from
5° to 83°—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.

Hedysarum 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 hypogaa (Tribe 6).—The shape of a leaf, with its two
pairs of leaflets, is shown at A (Fig. 147); and a leaf asleep,

B,
Avachis hypogaa: A, leaf during the day, seen from vertically above; By,
leaf asleep, seen lnterally; copied from a photograph. Figures much

reduced.

traced from a photograph (made by the aid of alumini
light), is given at B. The two terminal leaflets twist round s
night until their blades stand vertically, and approach
other until they meet, at the same time moving a little upwards
and backwards. The two lateral leaflots meet each other in the.
a contrary direction to the two terminal leaflets, which f
partially menc& Thus ull four leaflets form together a

growing vigorously the closed leaflets scemed too heavy for
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petioles to support them in a vertical position, so that cach
night the main petiole became twisted, and all the packets were
extended horizontally, with the lower surfuces of the leaflets on
one side directed to the zenith in a most anomalous manner,
This fact is mentioned solely as a caution, s it surprised us
greatly, until we discovered that it was an anomaly, The
‘potioles are inclined upwards during the day, but sink at night,
50 85 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 sccured to a stick at the base of the two
terminal lenflets, and the circumnutating movement of one of
theso leaflots was traced zmmswu 101040 »ax,, the plant
17°-174°
and therefore rather toolow. Dm'mg the 16 . the leaflet .z:wed
thrice up and thrice down, and as the ascending and descend-
ing 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 spontancous
movements of the two little lateral leaflets, Fig. 148.
is here represented (Fig. 148). The large
torminal leaflet sleeps by sinking vertically
. down, whilst the petiole rises up. The coty-
ledons do ot sléep, but the first-formed leaf
sleaps equally well as the older ones. The
ppearance 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 pro-
fection, by the rising of the petioles. The
petioles of the younger leaves near the sum-
mits of the shoots iso up at night, 0 as to
stand vertical and parallel to the stem ;
whilst those on the sides were found in four
cases to have risen Tespectively 461°, 86°,
90°, and 195° above the inclined positions
which they had occupied during the day.
For instance, in the first of these four cases
the petiole stood in the day at 23°, and at

i 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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i ion.— The il i of four
young shoots were observed during 5 h. 15m.; and in this time
cach completed an oval figure of small size. The main petiole
also circumnutates rapidly, for in the course of 31m. (temp,
91°F.) it changed its course by as much as a rectangle six times,
describing a figure which apparently represented two ellipses.

Fig. 149,

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

The movement of the terminal leaflet by means of its subs
‘petiole or pulvinus is quite as rapid, or even more so, than that
of the main petiole, and has much greater amplitude. Pleffer.
Tas seen* these leaflets move through an angle of 8° in the.
course of from 10 to 30 seconds. .
A fine, nealy full-grown leaf on a young plant, 8 inches in
Teight, with the stem secured to a stick at the base of the leaf,
was observed from 830 Aa. June 22d to 8 Ax. June 24th,

* Dic Period. Beweg. p. 35.
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In the diagram given on the next page (Fig. 150), the two
curved broken lines at the base, which represent the nocturnal
courses, aught to be prolonged far downwards. On the first
day the leaflot moved thrice down and thrice up, and o a con-
siderable distance laterally; the course was also remarkably
erooked. The dots were generally made every hour; if they
had been made every few minutes all the lines would have been
7igzag 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 81m. (between
1234 and 15 ran.), and we see in the npper part of the diagram
how erooked th course here is; 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 conrse
between 224 . and 3 par, when six intermediate dots were
mado; and aguin at 446 and 450. But the result was widely
different after 6., —that is, after the great nocturnal descent
 had commenced ; for though nine dots were then made in the
course of 82 m,, when these were joined (sce Figure) the line thus
 formed was almost straight. The leaflots, thercfore, begin to
descend in the afternoon by zigzag lines, but as soon as the
descent becomes rapid their whole energy s expended in thus
moving, and their course becomes rectilinear. After the leafiets
are completely asleep they move very little or not at all.

Had the above plant heen subjected to a higher temperature
than 67°—~70° F., 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 35m.
theapex of a leaflet twice descended and once ascended, travelling
over a space of 12 inch in a vertical direction and of 52 inch in
a horizontal dircction. Whilst thus moving the leaflet also
rotated on its own axis (and this was a point to which 1o atten-
tion had been before paid), for the plane of the blade differed by
41° after an interval of only a fow minutes, Occasionally the
lenflet stood still for a short time. There was no jerking move-
ment, which is so characteristic of the little lateral leaflots, 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 after-
wards allowed to sink to 70° F., and the sub-petiole of the ter-
minal leaflot then curved downwards. The water was afterwards
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6 inches from

pox

Plant illuminated from above. Temp. 18°-20° C,

Filament affixed to midrib of terminal leaflet; its aj

Desmodium gyrans : cireumnutation and nyctitropic movement of leaf (33 inches
thid of original seale.
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raised to 120° F., and the sub-petiole straightened ifself. Similar
iments with leaves in water were twice repeated, with
nearly the same result. It should be added, that water raised
fo even 122° F. does not soon kill a leaf. A plant was placed
in darkness at 837 A, and at 2 pax. (i.e.after 5 h. 23 m.), though
the leaflets had sunk considerably, they had by no means ac-
quired their nocturnal vertically dependent position. Pfeffer, on
the other hand, says * that this occurred with him in from § h.
t02h.; 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 Leaflets—These have been so
often deseribed, that we will endeavour to be as brief as possible
in giving a few new facts and conclusions. The leaflets some-
times quickly change their position by as mnch 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 re-
‘main stationary for a period. In these several respects there is
no difference, except in rapidity and extent, between their move-
ments and the lesser ones performed by the large terminal
leaflet whilst making its great oscillations. The movements of
tho 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° ., 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 mised to 105°, and the
movements became much more rapid; each little cirele or oval
Teing completed in from 1m. 80s. to 1m. 45s. 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 surround-
ing 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 scedlings exhibit a jerking movement at much
lower femperatures, A u.dlmg 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 at
62° during nearly the whole night; at 10 and 11r.. and at
1 A the leaflot was still jerking rapidly; at 3.30  x. it was not
seen to jerk, but was observed during only a short time. 1t was,
however, now inclined at a much lower angle than that occupied
at1aan At 6.80 Axx. (temp. 61° F.) its inclination was still
less than before, and again less at 6.45 A3 by 7.40 A, it had
risen, and at 8.30 Ay, was again seen to jerk. This leaflet,
therefore, was moving during the whole night, and the move-
ment was by jerks up to 1.1, (and possibly later) and again at
8.30 Ax., though the temperature was only 61° to 62° F. We
must therefore conclude that the lateral leaflets produced by
young 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 1. gyrans
(see former Fig. 148) must be considered as almost rudi-
mentary, They are also rudimentary in function, if this ex-
pression may be used; for they certainly do not sleep like the
full-sized terminal leaflets. It is, however, possible that the
sinking down of the leaflets between 1 Aar. and 6.45 A, as
above deseribed, may represent sleep. It 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 530 Ax., the temperature having been kept up
to 82° F., and found that all the leaflets were inclined, but he
saw 1o jerking movement until 6.55 A, by which time the
terminal leaflet had risen and was awake, Two days after-
wards (Oct. 15th) the same plant was observed by him at
447 Ao, (temp. 77° F.), and. he found that the large terminal
Jeaflets were awake, though not quite horizontal; and the only
cause which we could assign for this anomalous wakefulness was.
that the plant bad been kept for experimental purposes during

.
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the previons day at an unusually high temperature; the little
Interal leaflets were also jerking at this hour, but whether
there was any connection between this latter fact and the sub-
horizontal 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 fanctionally 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° be-
neath 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
o 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
conrse of the vessels. In one instance there was a vestige of
the leaflet, in the shape of a minute point, at the farther 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 scedling 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 eloventh leaf first bore a leaflet; of the
qine 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,
From a widespread analogy in the animal kingdom, it might
have been expected that these rudimentary leaflets would have
Teen better developed and more regularly present on very young
than on older plants. But bearing in mind, firstly, that long-
lost characters sometimes reappear late in life, and secondly,
that the species of Desmodium are generally trifoliate, but that
some are unifoliate, tho 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
littlo lateral leaflets on very young seedlings, and their sub-
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soquent appearance, may be attributed to reversion to more or
loss distant progenitors.*

No one supposes that the rapid movements of the lateral
leaflets of D. gyrans are of any use fo the plant; and why
they should bohave in this manner is quite unknown. We
imagined that their power of movement might stand in some
relation with their rudimentary condition, and thercfore ob-
served 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, how=
ever, this remarkable difference in the two cases; in Desmo-
dium the pulyinus of the rudimentary lenflets hus 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 on 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 Desmo-
dium is 3 mm., whilst that of the rudimentary leaflets is 286 mm.;
5o that they differ only  little in length. But in diameter they
differ much, that of the pulvinus of the little leaflets being only
0'3 mm. fo 0-4 mm.; whilst that of the terminal leaflets is
183 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 theplvinusof the full iz leafts, amly, 168
In this small reduction in length of the pulvinus of the rudi-
mentary leaflets of Desmodium, we apparently have the proxi-
mate cause of their great and rapid circumnutating movement,
in contrast with that of the almost rudimentary leaflets of the
Mimosa. Tho small sz and weight of the bade, und the Ittl

ed by the airto its doubtal
into play, for we have seen that these leaflots if immersed in
water, when the resistance would be much greater, were pre-
vented from jerking forwards. Why, during the reduction of
the lateral leafiets of or during their
—if they owe their origin to reversion—the pulvinus should
have been so much less affected than the blade, whilst with the

* Desmodium vespertilionis is  rudimentary lnteral leaflets, D
cloacly llied fo D gyrans, and _ chartre, * Eléments de Botanique,’
it secms only oceasionally t0 bear 1867, p. 539,
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Mimosa the pulvinus has been greatly reduced, we do mot
Jkmow. Nevertheless, it deserves notice that the reduction of
the leaflets in these two genera has apparently been effeoted by
a different process and for a diffcrent end ; for with the Mimosa
the reduetion of the inner and basal leaflets was necessary from
the want of space; but no such necessity exists with Desmo-
dium, and the reduction of its lateral leaflets seems to have
oen duo to the principle of compensation, in consequence of
the great siza of the terminal leaflot.

Uraria (Tribe 6) and Centrosema (Tribe 8)—The leafiets of
Uraria lagopus and the leaves of a Centrosema from Brazil
both sink vertically down at night. In the latter phnt the
petiole at the same time rose 164°.

_Amphicarpea monvica (Tribe 8).—The leaflets sink down ver-
tically at night, and the petioles likewise fall considerably.

Fig. 151,

‘maa ioa : cit itati nd nyctitropic movement of leaf

Guriag 48 .1 s apex  inches from theveRieal gan, Fgure educod

1\ to anehindof oiginal scale. - Plant luminated rom abovo; temp.
s e

A petiole, which was carefully observed, stood during the day

‘ﬂ"lbvn the horizon and at night 82° below it, it therefore

the terminal

transversely across
leaflet of o 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 much
after it had gone to sleep. The plant had twined closely round
a thin stick, so that the circummutation of the stem was pre-
vented. The movement of the leaf was traced during 48 h.,
from 9 A, July 10th to 9 Aox. July 19th. 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 slecp a little after 6 var, and by
715 par. hung vertically down and were completely asloep;
but on both nights they continued to move from 7.15 rar.
101040 and 1050 P, 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 cireumnutation during
the day.

Glycine Nispida (Tribe 8).—The three leaflets sink vertically
down at night.

Erythrina (Tribe 8)—Five species were observed, and the
Teaflets of all sank vertically down at night; with &, caffra and
with a second unnamed specics, the petioles at the same time
rose slightly. The movements of the terminal leaflet of 4. erista-
galli (with the main petiole secured to u stick) were traced
from 640 A, June 8th, to 8 Ax. on the 10th. In order to
observo the nyctitropic movements of this plant, it is necessary
that it should have grown in & warm greenhouse, for out of
doors in our climate it does not sleep. We see in the tracing
(Fig. 152) that the leaflet oscillated twice up and down between
carly morning and noon; it then fell greatly, afferwards rising
till 3 pv. At this latter hour the great nocturnal fall com=
menced. 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 wereasleep and hung vertically down, they continued
to move a little both up and down, and from side to side,

Erytirina caffra—A filament was fixed transversely across
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& terminal leaflet, as we wished Fig. 159,
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
owing fo this cause or to the
plant having been disturbed,
but the leaflet hung vertically

all day; nevertheless it
cireumnutated in this posi-
tion, describing s figure which
represented two irregular el-
lipses. On_the next day it

Ga5am 9%

gular ellipses, and by 3 Par.
had risen into a horizontal po-
sition. By 7.15 P it was
asleep and vertically depen-
dent, but continued to cireum-
‘nutate s long as observed,
until 11 par.

Erythrina corallodendron.—
‘The movements of a terminal

g e
. o lon i movement
‘an almost perfectly straight r term(ul,nﬂ»l,’ 39 inches in
from 6.50 Ax. to 3 par., length, traced during 25 h. 3 apex
R ke -downrsinTan aﬂul‘?f}lnuiufromt:vm-al
straight line until afun.(ul scale. Plant illumi-
it and lw’c from above; temp. 174>~
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Apios tuberosa (Tribe 8).—The leaflets sink vertically down
at night.

Phasealus valyaris (Tribe 8).—The leaflets likewiso sink verti-
cally 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 Inte 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 verti-
cally dependent and asleep. With Ph. caracalla and Hernan-
desit, the primary unifoliato leaves and the leaflets of the
secondary trifoliate leaves sink vertically down at night. This
Tolds good with the secondary trifoliate leaves of Ph. Zoa-
burghis, 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 tho secondary leaves just developed, the primary leaves
stand in the middle of the day horizontally, or are
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 pac; whilst at this same hour the leaflets of the
secondary leaves were vertically dependent. Hm, then, we
have the extraordinary case of the primary and
leaves on the same plant moving at the same time in opposite
directions.

We hiave now scen that the leaflets in the six genera of Pha-
scoleam observed by us (with the exception of the primary leaves
of Phascolus Roaburgliv) all sleep in the same manner, namely,
by sinking vertically down. The movements of the petioles
were observed in only threc of these genera. They rose in
Centrosema and Phaseolus, and sunk in Amphicarpa. )

Sophora chrysophylla (Tribe 10).—The leaflets rise at night,
and are ot the sano time directed towards tho apex of the lea,
as in Mimosa pudica.

Cmal}nmn, [l(mwtaxylml, Gleditschia, Poinciana.—The leaflets
of two species of Cesalpinia (Tribe 13) rose at night.
Hamatozylon Campechianum (Tribe 13) the leaflets move for-
wards at night, so that their midribs stand parallel to fhe
petiole, and their now vertical lower surfaces aro turned
wards (Fig. 153). The petiole sinks a litfle. In Glduudu. if
we d correctly
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giana Gilliesii (both belonging to Tribe 13), the leaves behave
in the same manner.
Fig. 155,

A B,
flon Campechianun : A, branch during daytime ; B, branch with
g day
.

leaves asleep, reduced to two-thirds of matural scal

 Cadsia (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 deseribed by Linnsus, and since
by Duchartre. Our observations were made chiefly on €. flori-
Bunda® and corymbosa, but several other species were casually
x The horizontally extended leaflets sink down verti-

lly at night; but not simply, as in so many other genera, for

ch leafl tes on its own axis, so that its lower surface
outwards. The upper surfaces of the opposite leaflets are
brought into contact with one another beneath the petiole,

d are well protected (Fig. 154). The rotation and other move~

near to C, lavigata, It isno doubt
the same as theform deseribed by
.,” Tab. 1422)

2B
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gink 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.

R g

— T 'rﬂ' .'..-.b-" i | TR T

—_— i BT B e, T,
) =

ST e e e T A e F. L

Cassia corgmbosa: A, plant duﬁng_udny + 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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> from the end of the petiole, The second pair
ﬂhﬂuhlih-hwnlitﬂnhekm butlmthl.utha
terminal pair; mdthaﬂﬁldrﬁrmmmﬂunydumm
~or even a little forwards. Thus all the leaflots, in those species
Mhﬂtuﬂrﬂmipﬂﬂ,t&ﬂdt&hlﬂgﬁ&mﬁhﬂtﬁ
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 hﬂrnlnrgo number of leaflets,
which move at night in nearly the same manner as jnst
deseribed ; but the petioles apparently do not rise, and one
m“mafullrnhmnedmtﬁnl}'fﬂlﬂ"'

- Cassia pubescens, —The chief difference in the nyctitropic

.m:'-l. upper p:tﬂﬂuzdudmh,mphm
s of this species, compared with those of the former

'i-inﬂuluﬂmnutmhﬁng nearly so much;
282
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therefore their lower surfaces face but little outwards at night.
The petioles, which during the day are inclined only a little
above the horizon, vise at night in a yemarkable manner, and.
stand nearly or quite vertically. This, together with the
dependent position of the leaflets, makes the whole plant won=
derfully compact at night. In the two foregoing figrures, copied.
from photographs, the same plant is represented awake and
asleep (Fig. 155), and we see how different is its appearance.

Cassia. mimosvides—At night the numerous leaflets on each
lcaf 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 §° at night.

Cussia Barclayana.—The leaflets of this Australian species are
numerous, very narrow, and almost linear. At night they rise up
alittle, and also move towards the apex of the leaf. Forinstance,
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 84°, and that of an older leaf 195
Owing to the slight movement of the leaflets and the consider=

. able movement of the 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 0. florib
calliantha, and pubescens were observed, each during three or fou
days; they were essentially alike, those of the last-nained
being the simplest. The petiole of C. floribunda was secured
a stick at the base of the two terminal leaflets, and a fi
was fixed along the midrib of one of them. Its movements.
traced from 1par. on August 13th to 8.30 Aar. 17th; but
during the last 2 h. are alone given in Fig. 156. From 8 Aat,
cach day (by which hour the leaf had assumed its diurnal
tion) to 2 or 8 pax,, it either zigzagged or circumnutated o
nearly the same small space; at between 2 and 3 .. the.
evening fall commenced. The lines representing this fall
the early morning rise are oblique, owing to the peculiar
in which the leaflets sleep, as already described. After.
leaflct was asleep at 6 pax., and whilst the glass filament hu
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perpendicularly down, the movement of its apex was traced
until 1080 vax.; and during this whole time it swayed from
 side to side, completing more than one ellipse,

Bauhinia (Tribe 15).— Fig. 156
The nyetitropic movements
of four species were alike,
and were highly peculiar.
A plant raised from seed
sent us from South Brazil
by Fritz Miller, was more
especially observed. The
leaves are large and deeply
notched at their ends. At
night the two halves rise
wp and close completely
together, like the opposite i
leaflets of many Legumi- i
nose.  With very young

plants the petioles rise con- E
‘siderably at the same time; /
one, which was inclined at /
noon 45° above the hori- /
20n, at night stood at 75°; /
i thus rose 80°; another
rose 84°. Whilst the two
halvesof the leaf are closing,
the midrib at first sinks
vertically downwards and
s bends back-
, 50 88 10 pass close
g one side of its own
dly inclined petiole;
e midrib being thus di-
ted towards the stem or

inches fro

~—
13 inch in length)

Figure reduced to ony

x of leaflet 5

ey, 1651740

lowing moruing. A

yetitropic movement of n terminal leaflot

petiole 3] inches long.

traced from 8.30 A, to ssme hour on foll

vertical glass. Main

of the original scale.

h the midrib formed
h the horizon was mea-
ured in one case at dif-
rent hours: at noon it stood horizontally; late in the even-

it depended vertically; then rose to the opposite side, and

Casswa floribunda ._circumutation and b,

&
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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 o 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.

Tumarindus 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 Hematoxylon (see former Fig. 158), but more striking
from the greater number of the leaflots.

Adenanthera, Prosopis, and. Neptunia (Tribe 20).—With Ade-
nanthera 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 pinnm them-
selves 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 rela-
tion 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 tho apex of the leaf; they thus be-
come neatly imbricated with their upper surfaces protected. The
four pinnzs also approach each other closely, and the whole leaf
is thus rendered very compact. The main petiolo sinks down=
wards during the day till late in the evening, and rises until
very early in the morning. The stem is continually cirenmmu-
tating 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 low temperature of 57°—59° .,
the stem of one described four small ellipses in the course of
12h. We shall immediately see that the main petiole is like=
wise continually circumnutating, as is each separate pinna
each separate leaflet. Therefore, if the movement of the ape
of any one leaflet were to be traced, the course described w
he compounded of the movements of four separate parts.
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A filament had been fixed on the previous evening, longi-
tudinally to the main petiole of a nearly fall-grown, highly-
sensitive leaf (four inches in length), the stem having been
seoured to a stick at its base; and a tracing was made on &
vertical glass in the hot-house nnder a high temperature. In
the figure given (Fig. 157), the

first dot was made at 8.30 A Br it
August 2nd, and the last at 7

»ason 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 837nm 24

day, it moved five times down-

wd- and ronr times upwards.
and descend-

tu lm- do not coincide, the

=

__—
=

== ) B
e — =

tion of one of the cir-

cumnutations. It should, how-

ever, bo observed that the pe-

tiole fell much lower down in

the evenings than could be

seen on the vertical glass or is
ted in the di

7 pax. on the 8rd (when

dot in Fig. 157 was

) the pot was carried into

-room, and the petiole was

o pmand 2

Mimosa_pudioa : circumnutation and

oyotiiopiomovenent of main pe-
tiole, traced during 84 b, 30 m.

tions 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 mmuhn,thephnhbmghpt
at o rather high temperature, viz, on the first occasion

77°—81° F., and the filament then described 2] cllipses in 69m.
On the second occasion, when the temperature was 81°—86° F,
it made rather more than 3 ellipses in 67 m. Therefore,
Fig. 167, though now sufficiently comple, wonld have been in-
comparably moro s0, if dots had been made on the glass every
2 or 8 minutes, instead of every hour or half-hour. Although
the main petiole is eontinually and rapidly deseribing small
ellipses during the day, yet after the great nocturnal rising
movement has commenced, if dots are made every 2 or 3
‘minutes, a5 was done for au hour between 9.30 and 1030 par
(temp. 84° F.), and the dots are then joined, an almost abso-
lutely straight line is the result.

To show that the movement of the petiole is in all proba-
bility 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 §0° F. The petiole fell from
8 A till 1015 Ao, it then rose a littlo in & somewhat zigzag
line, often remaining stationary, till 5 r.ar, when the great
evening full_commenced, which was continued till at least
10 »ae. By 7 A on the following morning it had risen to the
same level as on the previous morning, and then descended in-
a zigaag line. But from 10.80 Axx. till 415 pax. it remained
almost motionless, all power of movement being now lost. K
petiole, therefore, of this very old leaf, which must have
ceased growing, moved periodically ; but instead of eircume.
nutating several times during the day, it moved only twice'
down and twice up in the course of 24 h., with the ueendin;z
and descending lines not coineident. -

1t has already been stated that the pinnm move independently’
of the main petiole. The petiole of a leaf was fixed to a co
support, elose to the point whence the four pinnm diverge,

a short fine filament cemented longitudinally to one of the
terminal pinne, and a graduated semicircle was placed
beneath it. By looking vertically down, its angular or

MODIFIED CIRCUMNUTATION. Crar. VIL

7°; but not continuously in the sume direction, ns it mo
four times to ono side, and three times o the opposite
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in ono instance to the extent of 16°. This pinna, therefore,
ciroumnutated. Later in the evening the four pinnm approach
each other, and the one which was observed moved inwards
59 between noon and 645 par. Ten observations were made
in the course of 2h. 20 m. (at average intervals of 14 m.),
Dbetween 4.25 and 6.45 par.; and there was now, when the leaf
was going to sleep, no swaying from side to side, but a steady
ward movement, Here therefore there is in the evening the
sume conversion of a cireumnutating into a steady movement
in one direction, as in the case of the main petiole.

It hus also been stated that each separate leaflet eironm-
nutates. A pinna was cemented with shellac on the summit of
alittle stick driven firmly into the ground, immediately beneath
a pair of leaflots, 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 Fig. 158, On the
first day the leaflet sank down till 1130 Ax., and then rose
ill late in the cvening in a zigzag line, indicating circum-
nufation. 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,
iz., 62°—64° F.; had it been kept warmer, no doubt the move-
ments 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
Iateral movement in the evening is the result of the leaflets
bending towards the apes of the leaf when going to sleep.
Another leaflet was casually observed, and found to be con-
tinually 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
; g8 wero kept during two.days in the dark (temp. 57°—59°
), except when the circumnutation of their stems was occa-
sionally observed; and on the evening of the second day the
Jeaflots did not fully and properly go to sleep. The pot was
then placed for three days in a dark cupboard, under nearly the
temperature, and at the close of this period the leaflets

o signs of sleeping, and were only sligatly sensitive to
@ touch. On the following day the stem was ccmented 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, ex-
cepting that at each obscrvation, which lasted 3 or 4 minutes,

mn(/\

a0:z0"pan’

Fig, 158,

Fam.1s

matum

Mimnsa pudicn: cireumnutation and nyctitropic movement of a leafl
rith pinns, socured),traced on  vertial las, from 8 A, Sep 14
$0.9 A3, 16th.

they were illuminated by two candles. On the third day 1

leaflets still exhibited a vestige of sensitiveness when forcib

pressed, but in the evening they showed mo signs of
ir petioles contined to ci
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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
the first two nights (i.e. between 10 Par. and 7 A.M. next morn-
ing) 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 cirenmnutating movement of the apex
of u leaf which was observed, amounted o 4y 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 oceasion nearly  of an inch
in a vertical dircction in 15 m.; and on another occasion § of an
inch in 60 m.; but there was also some lateral movement.

Mimosa albida.*—The leaves of this plant, one of which is here
figured (Fig. 159) reduced to § of the natural size, present

Fig. 159,

Mimosa aibida : leaf seen from vertically above.

interesting peculiarities. It consists of a long petiole bearing
only two pinnm (here represented as rather more divergent
Mhmﬂ),eﬂehmthtwnp.mo“uﬂnm But the inner

* M. Thistleton Dyer informs xxx. p. 300) to

us that this Peruvian plant (which be“m.paduornnnyv
sent & us from Kew) ia con-  most commonly represents the
by Mr. Beutham (‘Trans.  sensitica 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 in
sizo, and both oceasionally disappear, or only one. Neverthe-
less, they are not in the least rudimentary in fanction, 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
leaflots at the base and between the pinnw are likewise much
shortened and obliquely truncated ; this fact was well seen in
some seedlings of M. puiica, in which the third leaf above the
cotyledons bora only two pinn, each with only 8 or 4 pairs of
leaflets, of which tho 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 termi-
nates in a little point, and on each side of this there is a pair
of minute, flattened, lancot-shaped. projections, hairy on their
margins, which drop off and disappear soon after the leaf is
fully developed. There can hardly be u doubt that these little
projections are the last and fagacions 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. 145 of an
inch, whilst the inner one is only $54 long. Now if the basal

of leaflets of the existing leaves were to become rudimen-
tary, we should expect that the rudiments would still exhibit
some trace of their present great inequality of size. The con-
clusion that the pinni of the parent-form of M. albida possessed
at least three pairs of leaflots, instead of, as at present, only two,
is supported by the strncture 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,
50 a8 to present its edge to the zenith, and comes into close
contact with its fellow. The pinnm also approach each other
closely, so that the four terminal leaflets come together.
large basal leaflets (with the little rudimentary ones in
with them) move inwards and forwards, so as to embrace
ontside of the united terminal leaflets, and thus all eight
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(the rudimentary ones included) form together a single vertical
packet. The two pinnm at the same time that they approach
each other sink downwards, and thus instead of extending hori-
zontally 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.
less, u 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 cireumnutating leaves, and this
was the sole peculiarity which it presented. The apex of
one of the torminal leaflets was seen under the microscope to
travel 2 of an inch in 3 minutes.

Mimosa marginata—The opposite leaflets rise upand 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 seale.

Sehrankia uncinata (Tribe 20).—A leaf consists of two or three
pairs of pinnie, each bearing many small leaflets. These, when
the plant is asleep, are directed forwards and become imbricated.
Mhe angle between the two terminal pinnm was diminished at
ight, in one case by 15°; and they sank almost vertically down-
wards. The hinder pairs of pinne likewise sink 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
pinnze, there is a marked difference between the nyctitropic
movements of the present plant and of Mimosa pudica. 1t
“should, however, be added that our specimen was not in a very

- vigorous condition. The pinnm of Schrankia aculeata also sink
night.

' deacia Furnesiana (Tribe 22).—The different appearance pre-
by a bush of this plant when asleep and awake is won-

The same leaf in the two states is shown.in the following

(Fig. 160). The leaflets move towards the apex of the

and become imbricated, and the pinu then look like bits
string. The following remarks and measurements
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do not fully apply to the small leaf here figured. The pinne
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 pinne of one specimen formed
togother an angle of 100° during the day, and at night of only
382, 50 each had moved 81° forwards. The penultimate pinnm
during the day formed together an anglo 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 pinnse 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 pinnm at
the seme time sink greatly, and sometimes hang almost perpen-
dicularly downwards. The main petiole, on the other band,
rises much: by 830 P, ono stood 34° higher than at noon,
and by 640 A, on the following morning it was still higher
by 10° shortly after this hour the diurnal sinking move-
ment 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 lophantha (Tribe 23).—The leaflets at night come into
contact with one another, and are directed towards the apex of
the pinna. The pinnm approach one another, but remain in the
same plane as during the day; and in this respeet they differ
much from those of the above Schrankia and Acacia. The main
petiole rises but little. The first-formed leaf above the coty-
ledons 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 iu the day-time.

Melaleuca ericafolia (Myrtacem).—According to Bouché (* Bot.
Zeit, 1874, p. 859) the leaves sloop at night, in nearly the samo
‘manner as those of certain species of Pimelia.

Enothera mollissima (Onagrarie).—According to Linnmus
(‘Somnus Plantarum), the leaves rise up vertically at night.

Passiflora gracilis (Passifloracte)—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 Aax. at 33°
above the horizon; and at 10.30 v, when the blade was verti-
cally dependent, at only 15°, so the petiole had fallen 18°. That
of the next older leaf fell only 7°. From 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 ap) when
oblique. On the first day (Oct. 12th) the leaf descended in &
7igzag line until late in the evening; and by 8.15 A, on the
13th had risen to nearly the same level as on the previous
momning. A new tracing was now begun (Fig. 161). The
leaf continued to rise until 8.50 A, then moved a little to the
right, and afterwards descended. Between 11 Ax. and 5 paw. it
circumnutated, and after the latter hour the great nocturnal
fall commenced. At 7.15 pax. it depended vertically, The
dotted line onght to have been prolonged much lower down in
the figure. By 6.50 A3, on the following morning (14th) the

A Tha Cammlete Wark of Charles Darwin Online:



384 MODIFIED CIRCUMNUTATION. Cuar. VIL

leaf had risen greatly, and continued to rise till 7.50 A, after
which hour ltmdmeendnd. Ihhouldbeohlernd uutthe]mn

a vary littlo to the left. In the evening (l4th) a mark was
placed behind the filament attached to the apex of the leaf, and
its movement was carefully traced from 5 p.. to 1015 par,

Fig. 161,

Passiffora gracilis : circumnutation lnd nyetitropic movement of leafy
on vertical glass, from 820 A3 Oct. 15th to 10 A 14¢h.
Figure reduced to two-thinds n!nﬂ(lul scale, :

Botween 5 and 7.15 pax. the leaf doscended in  straight line,
and at the latter hour it appeared vertically dependent. But
between 7.15 and 10.15 ».u. the line consisted of a succession
of steps, the cause of which we could not understand ; xt'nq,
however, manifest that the movement was no longer a 3
descending one.

orientalis

seedlings
raised in the middle of winter and kapt in the hot-house ;
flowered, but did not grow well, and their leaves never
any signs of sleep. The leaves on other seedlings raised in
were horizontal at noon (June 22nd), and depended at a.
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‘derable anglo beneath tho horizon at 10 pax. In the case of four
youngish leaves, which were from 2 o 2} inches in length,
these angles were found to be 50°, 56°, 60°, and 65°. At the
‘and of Angust, when the plants had grown to  height of 10to 11
inclies, the younger leaves were so much curved downwards at
night that they might truly be said o be asleep. This is one

Fig. 162,

ma e shoots with leves expanded during the da, and slesp
at night, Figures copied from photographs, and

« horpeclaswhich must be well illuminated during the day

Professor Pfeffer
‘species (8. Jorullensis ?) hang vertically down at night,
2c
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Tpomea cerulea and purpurea (Convolvulace). —The leaves on

very young plants, a foot or twoin height, aro depressed at night
to between 68° and 80°
beneath the horizo

On the following morn=
ing they again rise into
a horizontal position.

curved, either through
their entire length or in
the upper part alone;
and this apparently
canses the depression
of the blade. It scems
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 & morth-cast
window did not sleep.
Nicotiana  tabacum
(var. Virginian) and
glauca (Solanese).—The
young leaves of both

g awake and asleep (Fig.
Nicotiana tabacwn : cireumnutation andnyc- 169) gre given on p.
o titropie sovenest of It (W lncbes s gt 5 of e il
length), traced on a vertical glass, from one of the shoots,
$ p. July 10th tn &10 A3t 13th.  Apex from which the phof
of leaf 4 inches from glass. Temp. 17§~ graphs were taken, was

184° C. Figure reduced to one-half pocidentally bentto)
i le.
idy

side.
At the base of the petiole of . fabacum, on the outside, ther
45 a mass of cells, which are rather smaller than elsewhere, oz
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have 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 A. 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.., which is its normal course, but
rose during the remainder of the day; and this no doubt was
due toits being illuminated exclusively from above; for properly
the evening rise does not commence until 8 or 4 par. In the
figure as given on p. 336 (Fig. 163) the first dot was made at
8 pax.; and the tracing was continued for the following 65 h.
When the leaf pointed to the dot next above that marked 3 ..,
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 de ing lines do not coincide. On the
evening of the 11th the leaf did not descend quite so low as
usual, and it now zigzagged alittle. The diurnal sinking move-
ment had already commenced each morning by 7 An. The broken
lines at the top of the figure, representing the nocturnal vertical
‘position of the leaf, ought to be prolonged much higher up.
Mirabitis longifiora and jalapa (Nyctaginem).—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.
Polygemum avieulare (Polygones).—Professor Batalin informs
us that the young leaves rise up vertically at night, This is
ise the case, according to Linnmus, with soveral species
( and we oby asloep move-
ment of this kind in one member of the genus. Again, with
Clhenopodium album (Chenopodiess), the upper young leaves of
some seedlings, about 4 inches in height, were horizontal or
sub-horizontal during the day, and at 10 »ar, on March 7th
were quite, or almost quite, vertical. Other seedlings raised in
the greenhouse during the winter (Jan. 25th) were observed day
and night, and no difference could be perccived in the position
of their leaves. According to Bouché (‘ Bot. Zeitung, 1874,
P 859) the leaves of Limelia linoides and spectabilis (Thymeless)
‘sleep at night.

2¢2
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Euplorbia  jacquiviaflora (Euphorbincew). — Mr. Lynch
callod our attention to the fact that the young leaves of this
plant sleep by depending vertically. The third leaf from the
summit (March 11th) was inclined during the day 30° bencath
the horizon, aud at night hung vertically down, as did some of
the still younger leaves. It Tose up to its former level on the
following morning. The fourth and fifth leaves from the summit
stood horizontally dtiring the day, and sank down at night only
88°. 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
« pulvinus. Early on the morning of Juno Tth a filsment was
fixed longitudinally to n young leaf (the third from the summit,
and 2 inches in longth), 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 to 5 P, after which hour it was 50
much inclined downwards that the movement could no longer
bo traced; and during the latter part of each night, or early in
the morning, the leaf rose. Tt therefore circumnutated in o
very simple manner, making a singlo laxge ellipse every 24 b,
for the ascending and descending lines did not coincide. On
each successive moring it stood at o less height than on the
previous one,and this was probably due, partly o the i
age of the leaf, and partly to the illumination being in
for although the leaves are very slightly heliotropic, yet,
ing to Mr. Lynel's and onr own observations, their inclinati
during the day is determined by the intensity of the light.
the third day, by which time the extent of the descendin
movement had much decreased, the line traced was pl
much moro zigzag than on any previous day, and it appear
as if some of its powers of movement were thus expended. At
10 7.x.on June 7th, when the leaf depended vertically, its mo
‘ments were observed by h

MODIFIED CIRCUMNUTATION.

slightly from side to side, as well as upwards and downward
Phylianthus Niruri (Euphorbiacesm). —The leaflets of
plant sleep, as deseribed by Pfeffer,” in a remarkable man
apparently like those of Cassia, for they sink dowm
night and twist round, so that their lower surfaces are

* ¢ Dic Period. Beveg.) p. 159,
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outwards. They are farnished, as might have been expected
from this complex kind of movement, with a pulvinus,

GYMNOSPERMS.

Pinus Nordmanniana (Coniferm).—M. Chatin states* that the
leayes, which are horizontal during the day, rise up at night, so
as to assumo a position almost perpendicular to the branch from
vlunh they arise; we presume that he here refers to a horizontal
branch. He m‘ldl : “En méme temps, ce mouvement d’érection
est accompagné d'un mouvement de torsion imprimé i la partie
Dasilaire do I feuille, et ponvant sonvent parcourir un are do
90 degrés” As the lower surfaces of the leaves are white,
whilst the upper are dark green, the treo presents a widely
different appearance by day and night. The leaves on a small
tree in a pot did not exhibit with us any nyetitropic move-

We have seen in a former chapter that the leaves of
Pinus pinaster and Austriaca are continually circumnutating.

MoNOCOTYLEDONS,

- Thalia dealbata (Cannacesm).—The leaves of this plant sleep
w turning vertically upwards; they are furnished with a well-
amlgpod pulvinus. It is the only instance known to us of

very large leaf sleeping. The blade of a young leaf, which
nlu yet only 13 inches in length and 6} in breadth, formed
gwmm angle with its tall petiole of 121°, and at night stood
in a line with it, and so had risen 59°. The actual
ice travelled by the apex (as measured by an orthogonic
) of another large leaf, between 7.30 A.xx. and 10 p.yr., was.
inches. The circumnutation of two young and dwarfed
aves, arising amongst the taller leaves at the buse of the plant,
ma traced on o vertical glass during two days. On the first day
apex of one, and on the second day the apex of the other leaf,
eribed between 6.40 A and 4 px. two ellipses, the longer
of which were extended in very different directions from the
representing the great diurnal siuking and noctumal rising
ent.

wnta arundinarea (Cannaces).—The blades of the leaves,
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° af
night. The plant was placed at noon in the dark in the hot-
house, and_on the following day the movements of the leaves
were traced. Between 840 and 10.30 A.. they rose, and then
fell greatly till 137 ror. But by Seax. they had again risen a
little, and eontinued to rise daring the rest of the afternoon and
siight ; on the following morning they stood at the same level as
on the previous day. Darkness, therefore, during a day and o
half docs 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
ono 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 maner
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.) (Aroides).
—The leaves of this plant sloep by their blades sinking in the
ovening, so as to stand highly inclined, or even quite vertically.
with their tips pointing to the ground. They are not provided
witha pulvinus. The blade of one stood at noon 1° beneath the
horizon; at4.20 pax,, 20°; at 6 par, 43°; at7.20 par., 69°; andat
8.80 P, 68°; 80 it had now begun to rise ; at 10.15 P it stood
at 65° and on the following early morning at 11° beneath the
horizon. The ciroumnutation of another young leaf (with its
petiole only 8 inches, and the blade 4 inches in length), was
traced on & vertical glass during 48 b.; it was dimly illuminated
through a skylight, and this seemed to disturb the proper perio-
dicity of its movements, Nevertheless, the leaf fell greatly
during both afternoons, till either 7.10 Pa. or 9 Par., when it
roso a little and moved laterally. By an early hour on both
‘mornings, it had assumed its dinrnal 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 accord-
anco with the genoral rule with circumnutating organs. The
movements of the leaves of this plant are thus of the
simplo kind; and the tracing is not worth giving. We have
scen that in another genus of the Aroider, namely, Pistia,

MODIFIED CIRCUMNUTATION. Cuar. VIL

B The Complete Work of Charles Darwin Online



Ciav. VIL SLEEP OF LEAVES. 391
leaves rise so much at night that they may almost be said to

Strephium floribundum® (Gramines). — The oval leaves are
provided with a pulvinus, and are extended horizontally or
declined a littlo 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,

Strophium floriundum : culms with leaves during the day, and when asleep
atnight.  Figures reduced.

Horizontally extended leaves arising from mmuch inclined or
almost horizontal culms, move at night so that their tips
point towards the apex of the culm, with one lateral margin
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 blado always stands
‘vertically, whatever may be the position of the midrib or of the
leaf as a whole.
The cireumnutation of a young leaf (2°8 inches in length) was

250 v, and then rose so as to stand vertically at about 6 pax.,
descending again late in the night or in the very early morning,

A. Brongoiart first observed I Soc. Bot. do France,’ tom. vil.
that the leaves of this plant and 1860, p. 470.
of Marsilea sleop: seo * Bull. de
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On the second day the descending line zigzagged slightly. As
usual, the ascending and de-

Fig. 165.
il 2 scending lines did not coincide.
1) On another occasion, when the
! temperature was a little higher,
f 7., 24°-261° O, a leaf was

f
!
I
|

Strophium floribundum : circummu-
tation aud nyetitropic movement
of aleaf, traced from 8 A, June
26th to 8.45 A.M. 27th ; filament
fixed along the midrib. Apex of
leaf &} inches from the vertical
glnss; plant illuminated from
above. ~ Temp. 231°-24}° C.
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viz.,

observed 17 times between 850
A and 12,16 par.; it changed
ifs course by as much as a
rectangle six times in this in-
terval of 8 h. 2 m., and de-
scribed two i

and @ half. The leaf, therefore,
on this occasion circumnutated
rapidly and in @ complex
‘manner.

ar triangles

ACOTYLEDONS.
Marsilea quadrifoliata (Maz-

sileaces).—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 slecp, the two
terminal leaflets rise up, twist
half round and eome into con-
tact with one another (B), and
are afterwards embraced by
two lower leaflots (C); 5o that
the four leaflets with their lower
surfaces turned outwards form
a vertical packet. The curya-
ture of the summit of the petiole
of the leaf figured asleep, is
merely accidental. The
was brought into a room, wh
the temperature was only a little.
above 60° ., and the movement
of ane of the leaflets (the peti
having been secured) was
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during 24 h. (Fig. 167). Tbelu{fdlﬁmnd:eurl,ymmmg
till 1.50 p.ax., and then rose till 6 ».x., when it was asleep. A

A B. .
Marsitea quadrifoliata: A, Jenf during the day, seen from veticaly above
B, leaf beginning to go to sl eep seen lterally ; C, the same P
Figures roduced to one-half of natural
'Itﬂmllydapendnnﬁ glass filament was now fixed to one of the
and inner leafiets; and part of the tracing in !‘lg 167,
MGP.I..ahowlﬂmt it continued to sink, making one zigzag,
until 1040 par. At 645 A on the following morning, Ghelnlf
vu awaking, and the filament pointed above the vertical glass,

o Fig. 167.

& 35amst
LR

pm

leaflet
umd on vcn.!ul glass, during mrly 24 h, Figure reduced to two-
‘thirds of original scale.” Plant kept at rather too low a temperature.

by 8:25 A . it occupied the position shown in the figure.
diagram differs greatly in appearance from most of those

given; and this is due to the leaflet twisting and
laterally as it approaches and comes into contact with
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its fllow. The movement of another leaflet, when asleep,
was traced between 6 rat. and 1085 par, and it clearly cir-
cumnutated, for it continued for two hours to sink, then rose,
and then sank still lower than it was at 6 p.ar. It may be
soon in the preceding figur (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, to 3 p.x. at ahigh but varying temperature (viz., between
72°and 85°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 eryptogamie
ones known to sleep.

Summary and Concluding Remarks on the Nyetitropis
or Sleep of L That these
are in some manner of high importance to the plants
which exhibit them, few will dispute who have ob-
served 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 like-
wise 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
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through che same angle dowrmnrds ‘We have seen a
similar d in the nyeti of the
cotyledons in the genus Oxahs, 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 Tota-
ting 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 inter-
mediate 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 deacia
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 82 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 inereased 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 pro-
vided 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 deseribed 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 oceur on exactly opposite sides of the
pulyinus, any more than the increased growth which
causes the movements of leaves not furnished with
pulvini. When a pulyinus 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 respeet
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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 10 days, and on the
first evening after being released they rose up and
slept in the usual manner. Besides the long con-
tinuance of the movements when effected by the aid
of a pulvinus (and this appears to be the final cause

of its devel, a twisting at night, as
Pleffer has rcnmrked 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 oceurs quite independently of the fact whether or
not the cotyledons themselves sleep, or whether they
sleep in the same manner. But with Phascolus Row-
burghii 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 rhombifolia, only a few
inches ‘in height, the leaves did not sleep, though on
ruther older plants they rose up vertically at night.
On the other hand, the leaves on very young plants of
Oytisus fragrans slept in a conspicuous manner, whilst
on old and vigorous bushes kept in the greenhouse,
the leaves did not exhibit any plain nyetitropic move-
ment. In the genus Lotus the basal stipule-like
leaflets rise up vertically at night, and are pmvlderl
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 p]anm for the most complicated and the
simplest ny are d together
by the finest gradanom But owing to the causes spe-
cified in the beginning of this chapter, it is impossible
in some few cases to determine whether or not certain
movements should be called nyetitropic. Generally,
the position which the leaves occupy at night indi-
cates 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 t.hnpler, that
leaves lled to remain extended hori: 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 pro-
tection of their upper surfaces from radiation was in
all cases the final cause of their well-pronounced
nyetitropie 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 in 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.

some cases this may be the direct result of their
rising vertically ; but it is obviously for the pro-
tection 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 some-
times 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 pudica 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 pro-
tected, 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 nyetitropic movement of the blade is gene-
rally 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 th
younger leaves of Desmodium gyrans also rise up
tically at night. On the other hand, with Ampl
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carprea, 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. Gene-
tally, 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 Desmodiwm gyrans rose only 46°, whilst the young
ones rose up vertically ; that of a young leaf of Cassia
Horibunda rose 41° whilst that of an older leaf rose
only 12°, It is & more singular fact that the age of
the plant sometimes influences greatly the amount of
movement; thus with some young seedlings of a Bau-
hinia 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 mo 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 Phaseolew 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
tht 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 84°. These
several facts apparently indicate that the movements
2p
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of the petioles are not performed for any special pur-
pose; 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 posi-
tion 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. 871) of Cassia pubescens,
copied from photographs, he will see that the dia-
weter 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 Ozalis
Ortegesii.

We are led to an analogous conclusion with respect
to the movements of the secondary petioles of certain
pinnate leaves. The pinne of Mimosa pudica con-
verge at night; and thus the imbricated and closed
leaflets on each separate pinna are all brought elose
together into a single bundle, and mutually protect
one another, with a somewhat smaller surface e:
to radiation. With Albizzia lophantha the pinn
together in the same manner. Although the pi
of Acacia Farnesiana do mot converge mneh,
sink downwards. Those of Neptunia
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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 pinne 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 casés; and
tracings were made during the early part of the night
of the movements, in the case of Oxalis, Amphicarpeea,
two species of Erythrina, a Cassia, Passiflora, 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 contaet 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 descend-
ing lines do not coincide, except occasionally and by
accident for a short space; so that with many plants a

2p2
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single large ellipse is described during each twenty-four
hours.  Such ellipses are generally narrow and ver-
tically directed, for the amount of lateral movement is
small, That there is some lateral movement is shown
by the ding and d ding lines not

and occasionally, as with Desmodium gyrans and Thalia
dealbata, it was strongly marked. In the case of Meli-
lotus the ellipses described by the terminal leaflet
during the day are laterally extended, instead of ver-
tically, 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 lnwe me
which includes the 1 , are il
within the twenty-four hours. For msmnce, 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 deseribe 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: Owalis acetosella completed two
ellipses at the rate of 1 h. 25 m. for each ; Marsilea
quadrifoliata, at the rate of 2 h.; Trifolium subterraneum,
one in 3 h. 30 m.; and Araclis hypogeea, 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 hap-
pens 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 7. resupinatum two, and those
of T. subterranewm three in this time, Again, the
leaflets of Oralis Plumierii made a single ellipse; those
of 0. bupleurifolia, two; those of 0. Valdiviana, two or
three; and those of O. acetosella, 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 thronghout its whole course or
ouly during the morning or evening: Robinia 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 consider-
able 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 s shown in two parts of the diagram (Fig. 150)
of the of Desmodi yrans.  Strephi
Jloribundum, 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, de-
seribed three little ellipses in 67 m.; and the apex
of a leaflet crossed z}s of an inch in a second, or
012 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 Des-
modium 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 Dionea, as scen 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 Des-
modium, Erythrina and Amphicarpeea, 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

* ‘Die Periodischen Bewegungen der Blattorganc 1875, p. 80, 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 mode-
rately long time continue to circumnutate, yet the
periodicity of their movements is soon greatly dis-
turbed, 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 move-
ments 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 (Tropeolum,
Lupinus, &e.) 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 periodi-
city of their movements is to a certain extent in-

herited.* The strength of such inheritance differs
o » Poffer denles such inhert- ¢ Naohwirkung?” ar tho._after
‘eriod.  effects of light and darkness.

ance; he mdbu
v But we are unable o lollow hiis.

7 when prolonged. for
u day o two in' darkuess, fo

train of reasoning.
nﬂmhbemymmmfm
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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. 520).
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 ex-
ceptions; in several large genera including many
sleeping species (for instance, Oxalis), some do not
sleep.  One species of Melilotus sleeps like a Tri-
folium, and therefore very differently from its con-
geners; 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. Re-
turning to the list, the first point which strikes us, is
that there are many more genera amongst the Legu-
minosee (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 thau, for instance, the iu-
herited habit of winter and
summer wheat to grow best at
different seasons; for this hubit
is lost after o fow years, like the
‘movements of leaves in darkness
after a fow days. No doubt some

effeot must be produced on the
seeds by the long-continued culti-
vation of the parent-plants under
difterent climates, but no one pro-
bably would call his the * Naclic
wirkung” of the climates.

* Plefter, 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 Leguminose come the Mal-
vacewm, 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 Leguminose the tendency to sleep may have been
inherited from one or a few progenitors, and possibly
80 in the cohorts of the Malvales and Chenopodiales,
yet it is manifest that the tendency must have been
noquired by the several genera in the other families,
quite independently of one another. Hence the ques-
tion naturally arises, how has this been possible ?
and the answer, we cannot doubt, is that leaves owe
 their nyctitropic movements to their habit of cir-
cumnutating, —a habit common to all plants, and
everywhere ready for any beneficial development or
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 some-
times to a considerable extent, and that they describe
cither one or several ellipses in the course of twenty-
four hours; they are also so far affected by the alter-
mations 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 ny That the
of leaves and mtylednns 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
desecribed 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 inces-
santly circumnutating, we must conclude that a part
at least of the upward and downward movement of one
that nleeps, is due to ordmlry mrcnmnutanon anrl it
seems to rank the 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 pur-
pose, 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 deseribe two, three,
or more ellipses in the course of a day. Now, if &
plant of this kind were converted into one that slept,
one side of one of the several ellipses which each
leaf daily deseribes, would have to be greatly increased
in length in the evening, until the leaf stood ver-
tically, 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 in-
stance, at the diagram (Fig. 142, p. 851), representing
the nyetitropic movements of the terminal leaflet of
Trifolivm subterraneum, remembering that the curved
broken lines at the top onght 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. 103, p. 236) of the 3} ellipses
described in the course of 6 h. 35 m. by a leaf of
Lupinus speciosus, 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 deseribe several
ellipses in the daytime, and which travel in a strongly
zigzag line, often making in their course minute loops,
triangles, &e., 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 day-
time. This was observed with Desmodium gyrans and
Mimosa pudica. With this latter plant, moreover, the
pinnm converge in the evening by a steady move-
ment, 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 even-
ing, without being convinced that in the evening the
plant saves the expenditure of force by not moving
Iaterally, and that its whole energy is now expended

@ The Complete Work of Charles Darwin Online:



412 MODIFIED CIRCUMNUTATION.  Cuar. VIL

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 or
more fairly regular ellipses, zigzags much in the
evening, it appears as if energy was being expended,
50 that the great evening rise or fall might coin-
cide 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 oceupy
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 nyetitropic 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
may conclude that nyetitropism, or the sleep of leay
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is merely a modification of their ordi-
nary ci lated in its period
and amplitude by the alternations of light and dark=
ness. The object gained is the protection of the upper
surfaces of the leaves from radiation at night, often
eombined 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,
&e.—we have ordinary circumnutation modified to the
extreme extent known to us in any of the several great
elasses of modified circumnutation. On this view of
the origin of nyetitropism 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,

and

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 nlmll
recur in the following chapter on Heli
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
Graminew, which fold inwards the sides of their narrow
leaves, when these aes exposed to the sun and to a

d by Duval-Jouve.* We

have also obscr\‘ed the same phenomenon in Elymus
arenareus.

* + Annal. des Sc. Nat. (Bot.),” 1875, tom. i. pp. 526-329.
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There is another movement, which since the time
of Linnwus 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 mot 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 in-
cidentally 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, 1878, pp. 30-39.

@ The Combplete Work of Charles Darwin Online



g

Cuar. VIL FIRST-FORMED LEAVES. 415

the gorse, or Ulex, is not narrow and spinose like the
older leaves. On the other hand, with many Legumi-
nous plants, for instance, Cassia, Acacia lophantha, &e.,
the first leaf has essentially the same character as the
older 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 Pannonicum 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
or both sides, and some bearing a single additional
and perfect lateral leaflet. Here, then, we have the
Tare 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
Totates on its axis so as to present one lateral edge to
the zenith. Hence it sleeps like the terminal leaflet
of 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 eut
down and kept in pots during the winter in the green-
house, 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 Meli-
lotus. If young shoots rising from the ground may
B i seos e %

d as new ind king 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 embryological 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,
. 379), for it consists of two pinnw, 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
embryological, for they exist only during the youth of
the leaf, falling off and disappearing as soon as it is
fully grown.

With Desmodium 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 prin-
ciples 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 move-
‘ment of these little leaflets, not having been reduced
‘nearly so much as their bladeo—uhng the large
terminal leaflet as the standard of oompnnmn—glves
us probably the cause of their Y
power of gyration.
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CHAPTER VIIL
Moviwizp Otrcvnsvrarion: MoveseNTs EXCITED BY Licur.

Distinetion between heliotropism and the effeots of light on the perio-
dieity of the movements of leaves—Heliotropic movements of Beta,
Solanum, Zea, and Avena—Heliotropic movements towards an
obseure light in Apios, Brassica, Phalaris, Tropmolum, and Cassia
—Apheliotropic movements of tendrils of Bignonia—Of flower-
poduncles_of Cyclamen —Burying of the pods—Heliotropism
and modified forms of ps by
which one movement is converted into the other—Transversal-
beliotropismus or diaheliotropism, influonced by epinasty, the.
weight of the part and apogeotropism—Apogeotropism overcome
during the middle of the day by diahieliotropism—Eflects of the
weight of the blades of cotyledons—So-called dinmal sleep—Chloro-
phyll injured by intense light—Movements to ayoid intense light,

Sacns first clearly pointed out the important dif-

ference between the action of light in modifying the

periodic movements of leaves, and in causing them to
bend towards its source.®* The latter, or heliof
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 penodxclty
of the ci often i
some time in darkness, as we have seen in the lld
chapter ; whilst heliotropic bending ceases very quickly
when the light fails. Nevertheless, plants which have
ceased through long-continued darkness to move
riodically, if re-exposed to the light are still, accordi
to Suchs, heliotropic.
A or, a8 usually desi d, negative

* +Physclogle Veg? (Freach Trauslation), 1808, pp. £2, 517, &

B Tha Ca milata i o (ol anias i e it oozl



Cuar, VIIL. MOVEMENTS EXCITED BY LIGHT, 419

heliotropism, 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 sub-
elass of cases, namely, those of “Transversal-Helio-
tropismus " of Frank, which we will here call diahelio-
crulusm Parts of plants, under thm influence, place

lves more or less ly to the direction
whence the light proceeds, and are thus fully illumi-
nated. There is a fourth 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, con-
sist of modified circumnutation. We do not pretend to
say thatif a part of a plant, whilst still growing, did not
circumnutate—though such a supposition is most im-
probable—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 obvmnsly be much fluuhmed
by each part ci or bending ly
in 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 heliotropie, apheliotropic, &c.,
as the case may be. In the next chapter some obser-
vations on the sensitiveness of plants to light, their

250
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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
only a slightly oblique direction,
the course pursued is more or less
/ zigzag ; and as we have seen and

shall again see, such zigzag move-

/ ment results from the elongationor
Vi dmwmg out of the ellipses, loops,
&c., which the plant would have de-

seribed, if it had been illuminated

from above. On several oceasions

Bota vulgaris: mu.,.lm, . we were much struck with this fact,
tation of hypoeotyl, de- whilst observing the circumnuta-

L’SIK;“ .1.“;‘{.;1?1_.3%? tion of highly sensitive seedlings,

grizntal which were unintentionally illu-
5.30 v Directionofthe minated rather obliquely, or only

lighted taper by which i 3
i was illuiinkted, at successive intervals of time.

shown by a line jaining por ingtance, two young seedlings of
e "’“;,‘;f*,‘:’“‘;‘:};:i{‘:: Beta wilgaris were placed in the middle
e n.ml of the original ~of & room with north-east windows, and
were kept covered up, except during

m}. nbuervahon which lasted for only a minute or two; but the
sesult was that their hypocotyls bowed themselves to the ide,
whence some light occasionally entered, in lines which were

Fig. 168.
/
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only slightly zigzag. Although not a single ellipse was even
approximately formed, we inferred from the zigzag lines—and,
4 it proved, correctly—that their hypocotyls were cirenmnuta-
ting, for on the following day these samo seedlings were placed
in a complotely darkened room, and were observed each time by

the aid of & small wax taper held almost
directly above them, and their movements
were traced on a horizontal glass above;
and now their hypocotyls clearly circum-
nutated (Fig. 168, and Fig. 89, formerly
given, p. 52); yet they moved a short
distance towards the side where the taper
washeld up. If welook 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 ob-
viously have been the result.
Again, two seedlings of Solanum lyeo-
persioun were illuminated from above,
a little more ligh d
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 thei

triangles, as seen in Fig. 37 (p. 50), and
in another tracing not given. The sheath-
Tike eotyledons of Zea mays behaved, under
nearly similar circumstances, in a nearly
similar manner, as described in our first
chapter (p. 64), for they bowed themselves
during the whole day towards one side,
making, however, in their course some
ceonspicuous flexures. Before wo knew
how greatly ordinary cirenmnutation was

Fig. 169,

modified by a lateral light, some seedling oats, with rather old

therefore not highly sensitive cotyledons, were placed in
front of a north-cast window, towards which they bent all day in
astrongly zigzag course. On the following day they continued
to bend in the sume direction (Fig. 169), but zigzagged much

less. The sky, however, became between 12.40 and 235 par.
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overcast with extraordinarily dark thunder-clouds, and it was
interesting to note how plainly the cotyledons circumnutated
during this interval.

The foregoing observations are of some
value, from having been made when we were
ok stienitg o balofropismas and Shey 161
us to experiment on several kinds of seed-
lings, by exposing them to a dim Interal light,
50 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-cast window;
on cach side and over the pots black boards
were placed; in the rear the pots were open
to the diffused light of the room, which
had a second north-east and a north-west
window. By hanging up one or more blinds
before the window where theseedlings stood,
it was easy to dim the light, so that very
little more entered on this side than on the
opposite one, which received the diffused
light of the room. Late in the evening the
blinds were successively removed, and as the
plants hiad been subjected during the day to
a very obseure light, they continued to bend
towards the window later in the evening than
would otherwise have oceurred. - Most of the
scedlings were selected because they were
known to be highly sensitive to light, and
some because they were but little sensitive,
or had become so from having grown old.
The movements were traced in the usnal
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 howed towards the
light, the latter part of its course had to
be traced on a vertical glass, parallel to the
v\indow a.nd at right angles to the horizontal
glass
Apios gravedlens.—The h)’pocot)l bends ina few hours rectans

|
I
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gularly fowards a bright lateral light. In order to ascertain
Tow straight a course it would pursue when fairly well illumi-
nated on one side, seedlings were fizst placed before a south-west *
window on a cloudy and rainy morning; and the movement of
two hypocotyls were traced for 8 h., during which time they
became greatly bowed towards the light. One of these tracings
is given on p. 422 (Fig. 170), and the course may be seen to be
almost straight. But the amount of light on this occasion was
superfluons, for two seedlings wero 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 .., as the light waned,
the lines beeame distinctly zigzag. One of these eeedlings,
moreover, deseribed in the afternoon an ellipse of considerable
size, with its longer axis directed towards the window.

We now determined that the light should be made dim
enough, s0 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 815 to 10.50 Ax, the hypocotyls zigzagged or cirenm-
nutated near the same spot, as may be seen at A, in Fig. 171.
The towel, therefore, was removed at 10.50 A, 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 o
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. to 1248 par. it
bent from the window, and then retured in o nearly parallel
line; that is, it almost comploted between 1248 and 2 ror.
a narrow ellipse. Late in the ovening, as the light waned,
the hypocotyl ceased to bend towards the window, and cirenm-
nutated on a small seale round the same spot; during the night
it moved considerably backwazds, 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 (1050 )
when the towel was removed ; and it is in all essential respects
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. no doubt that the ordinary cireumnutating movement of the
hypocotyl
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the previons one. In these two cases there conld be

was modified and rendered heliotropic.

Fig. 171
559

A,

Apios grareolens : heliotropic movement and circumnutation of the hypos
cotyls of two seedlings towards a dim lateral light, traced on
glass during the day, The broken lines show_their return noe
goumen, Helght of hypocobylof A5, aul of B 95 faok Fgurs ol
to one-half of o ginn{

Drasica oleracoa.—The hypocoty! of th cabbage, when o
Jisturbed by o lnteral light, circumnutates in a complieated
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manner over nearly the same space, and a figure formerly given
is here reproduced (Fig. 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 n north-east window, protected by a linen and
muslin blind and by a towel. The sky was cloudy, and when-
ever the clouds grew a little lighter an additional muslin blind
was temporarily suspended. The light from the window was

Fig. 172,

Brassica oleracea : ordinary eircumnutating movement of the hypocotyl of
a seedling plant.

thus g0 much obscured that, judging by the unassisted eye, the

ings 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
on one side caused the hypocotyls, which in the morning had
stood upright, to bend at right angles towards the window,
50 that in the evening (after 423 v.x) their course had to be
traced on a vertical glass parallel to the window. Tt should be
stated that at 8.30 par, by which time the sky had become
darker, the towel was removed and replaced by an additional
muslin blind, which itself was removed at 4 r.ar, the other two
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blinds being left suspended. In Fig. 173 the course pursued,
between 8.9 At and 7.10 ., by one of the hypocotyls thus

Fig. 173,
b,

Brassica oleracea : heliotropic movement and circumnutation of a hypoce
Aoeasla’s very dis ateral Hightstracd during 11 bours on s

glhss in the morning, and on & ‘vertical glass in the evening.

Foduced to oae-third of the origiaal soule.

exposed is shown. It may be oblsrndthndmg('h ;

16 m. the hypocotyl moved obliquely from the light, and 1
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10 doubt, was due to its then circumnutating in this direction.
Similar eases were repeatedly observed, and a dim light rarely
or never produced any effect until from a quarter to three-
quarters of an hour had elapsed. After 5.15 pax, by which
time the light had become

obscure, the hypocotyl Fig. 174.

to  circumnutate -8,

about the same spot. The
contrast between the two
figures (172 and 178)
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.
172were at first more mag-
nified, and have been re-
duced 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

ance; but it did not hend
" quitesomuch towards the
light, and it ciroumm- S )

inly, Pleliris Cnarienso beliteapc movement
[ esther mors plainly. 0 O B O ty:

Pk:lnr:‘:! L.'anw-‘em-'c.— lndun‘: ¢:wnrdn|n ‘dull’hm.-l light, traced
s 15 AN, Sept.
16th to 7.45 A, 17th.  Figure reduced

m" '"‘;:"“::"'Jcﬁ”‘}:: to e thint of Cllgma e
trial, becanse they are very sensitivo to light and circtmnutate
‘well, as formerly shown (sce Fig. 49, p. 68). Although we felt
20 doubt about the result, some seedlings were first placed
before a south-west window on amoderately bright morning, and
the movements of one were traced. As is s0 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 2h. 30m. in an
almost straight line. The tracing has not been given, as it was
almost identical with that of Apios under similar circum-
stances (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 eax. it had retreated considerably from the
light, through the action of apogeotropism. ~After somo pre-
Iiminary trials for ascertaining the right degree of obseurity,
some seedlings were placed (Sept. 1646) batore & northon
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 & white card, pointing from the
window. In the evening, at 430, and again at 6 p.x., some of
the blinds were removed. In Fig. 174 we sce the course pursued
under these circumstances by a rather old and not very sensitive
cotyledon, 19 inch in height, which became much bowed,
but was never rectangularly bent towards the light. From
11 A, when the sky became rather duller, until 630 pa., the
sigzagging was conspicuous, and ovidently consisted of drawns
out ellipses. After 6.30 par. and during the night, it retveated
in a crooked line from the window. Another and younger seed-
ling moved during the same time much more quickly and to &
much greater distance, in an only slightly zigzag line towards
the light; by 11 Ax. it was bent almost rectangularly in this
direction, and now circumnutated about the same place.

Tropaolum majus—Some very young seedlings, bearing only
two leaves, and therefore ot as yet arrived ab 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 cither
nearly straight or lightly zigzag; and in this latter case we
see that a trace of circumnutation was retained even under the
influence of a moderately bright light. Twico 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 by
their junction wero nearly straight, or only very slightly zigzag,
as in’the other parts of the figures. After the epicotyls had
bowed themelves t tho full extent towards the light, llipesd
of considerable size were described in the usual manner.
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After having seen how the epicotyls moved towards a mode-
Tately bright light, seedlings were placed at 7.48 A.x. (Sept. Tth)
before a north-cast 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 eky varied in brightness, and the seedlings occasionally

Fig. 175,

eas5pm,

745"

Trope jius : heliotropic d ‘the epicoty]
of & young seedling towards a dull lateral light, traced on & horizontal
glass from 7.48 A to 10.40 Par, Figure reduced to one-half of the

. origind 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
blinds were taken away, one by one. The course pursued

by an epicotyl under these circumstances is shown in Fig. 175.

During the whole day, until 645 Pax., it plainly bowed itself

towards the light; and the tip moved over a considerable space.

After 645 .. it moved backwards, or from the window, till
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1040 pat, when the last dot was made. Here, then, we have
a distinot heliotropic movement, effected by means of six
elongated figures (which if dots had been made every few
‘minutes would have been more or less elliptic) directed towards
the light, with the apes of cach sue-
Fig. 176. cessive ellipse nearer to the window
than the provious one. Now, if the
Tight had been only a little brighter,
the epicotyl would have bowed itself
more to the light, as we may safely
conclude from the previous trials;
there would also have been less
Interal movement, and the ellipses or
otherfigures would e been drawn
out into a strongly marked zigzag
line, with probubly 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 direc-
tion of the light, and much less from
side to side.

Sachs states that the older inter-
nodes of this Tropwolum are aphe-
liotopic; we therefore placed @
plant, 11% inches high, in a box,
blackened within, but open on one
side in front of a north-cast window
Tropaolum majus; heliotropic without any blind. A filament was

movement md_nircumnull- fixed to the third internode from

tion of an old. u{lzrnmle to- the it I d

wards a lateral light, traced i eI 'Dn one plant, and to

on a horizontal glass from & the fourth internode of another.

. Nov. 2ud to 10,20 A. Theso internodes were cither mob

Mo dth, Broken lines show - g1 enough, or the light was not suf-

ficiently bright, to induce aphelio-
tropism, for both plants bent slowly towards, instead of from
the window during four days. The course, during two days of
the first-mentioned internode, is given in Fig. 176 ; and we se
that it either circumnutated on & small scale, or travelled in &
zigzag line towards the light. We have thought this case of
feuble 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 tora. — The cotyledons of this plant are extremely

semsitive to light, whilst the
tyls are much less
sensitive than those of most
other scodlings, as we had
often observed with surprise.
It seemed therefore worth
while to trace their move-
ments. They were e
o 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, an additional linen
blind was suspended. After
4 .. one blind and then the
other was removed. The
seedlings were protected on
each side and above, but were
open to the diffused light
of the room in the rear. Up-
right filaments were fixed to
the hypocotyls of two seed-
lings, which stood vertically
in the morning. The accom-
panying figure (Fig. 177)
shows the course pursued by
oneof them during twodays;
but it should be l;
noticed that during the

second day the seedlings were #m7%

Kept in darkness, and they C4ssa tora hellotroplo movement and

then  circumnutated round
nearly the same small spaee.
On the first day (Oct. Tth)
the hypocotyl moved from
8 Ax. to 1223 pax, toward

circumnutation of a hypocotyl (1.
foch 13 helght) traced on b hariran
glass from 8 A, to 10.10 P Oct.
Tth. Also its circumnutation in
darkness 7 A Oct. 8th to 7.45
At Oct. 9th,

the light in n zigzag line, then turned abruptly to the left
deseribed a small ellipse. Another irregular
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between 3 par. and about 530 eor.,

ipse was completed
the hypocotyl still bending towards the light. The hypocotyl

stationary; they dopend on apheliotropism for coming
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was straight and upright in the morn-
ing, but by 6 vt its upper half was
bowed towards the light, so that the
chord of the are thus formed stood at

window during the night, as shown by
the broken line, On the next day it
was kept in the dark (excepting when
cach observation was made by the aid
of a taper), and the course followed
from 7 A on the 8th to 745 aar. on
the 9th is here likewise shown. The
dm'mee between the two parts of the.
gure (177), namely, that described.
d\mng the daytime on the 7th, when
exposed to a rather dim lateral light,
and that on the Sth in darkness, is
striking. Thedifference 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 in
observing only two cases of aphelio-
tropism, for these are somewhat m
and the movements are
slow that they would have been vlu
troublesome to trace. '
Bignonia. capreolata.—No organ ul
any plant, as far as we have seen,
away so quickly from the light as @
the tendrils of this Bignonia. They
are also remarkable from
nufating much less regularly than
most other tendrils, often
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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 npwards; 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, and by
7.85 Axt. both tendrils felt the full influence of the light, for
they moved straight away from it until 9.20 A, when they
cireumnutated for a time, still moving, but only a little, from
the light (sco Fig. 178 of the left-hand tendril). After 3 P
they again moved rapidly away from tho 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 dircction. On the
following morning they again moved from the light and con-
verged, o that by the evening they had become interlocked,
still pointing from the light. The right-hand tendril, whilst
eonverging, zigzagged much more than the one figured. Both
tracings showed that the apheliotropic movement was a modi-
fied form of circumnutation.

Cyclamen Persicum.—Whilst this plantis 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. Wehave often
seen sancer-like depressions formed by the pods in damp sand
or sawdust ; and one pod (-3 of inch in dismeter) buried itself
in sawdust for threc-quarters of its length.t We shall have
oceasion hereafter to consider the object gained by this burying
process. The peduncles can change the direction of their cur-
vature, for if a pot, with plants having their peduncles already
bowed downwards, be placed horizoutally, they slowly bend
at right angles to their former direetion towards the centro of

earth. Wo therefore at first attributed the movement to
geotropism ; but a pot which had lain horizontally with the pods

* *Tho Movements and Habits tanic Garden,’ Canto, ii. p. 126),
of Climbing Plants, 1875, p. 97 the pods forcibly penctrate the
The peduncles of “several earth. See also Grenier and
ofher specics of Cyclamen twist  Godron, *Flore de France,' tom. ii.
Mhemselves into o spire, and ac-  p, 459,
eurding o Eemas Darwin (* Bo-

2r
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all pointing to the ground, was reversed, being still kept hori-
zontal, 5o that the pods now pointed directly upwards; it was
then placed in a dark cupboard, but the pods still pointed up-
wardsafter 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 the
others after an additional day or two. Another plant, in a pot
which had always stood upright, was left in the dark cupboard
for sixdays; it bore peduncles, and only one became within this

Fig. 179,

Cyclamen Persioum.
greatly magnified (xbout Jliioa ’), traced on a Tt glm kom
1 2.t Feb. 18th to 8 Ax. 2

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. We
aro thus Jed to infer that the downward curvature is due o
apheliotropism ; though more trials ought to have been made.

Tn order to observe the nature of this movement, a peduncle
Tearing a large pod which had reached and rested on fhe
ground, was lifted a little up and secured to a stick. A filament
was fixed across the pod with a mark beneath, and its moye-
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ment, greatly magnified, was traced on a horizontal glass during
67h. The plant was illuminated during the day from above. A
copy of the tracing is given on p. 434 (Fig. 179); and there can
be no doubt that the descending movement is one of modified
cireumnutation, but on an extremely small scale. The observa-
tion was ropeated 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 cireles in 24 h.
Considering the great length and thinness of the peduncles
and the lightness of the pods, we may conclude that they
wonld not be able to excavate sancer-like depressions in sand
or sawdust, or bury themselves in moss, &., unless they were
aided by their continued rocking or circumnutating movo-
‘ment.

Relation between Cireumnutation 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 cirenmnutation 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 Tropmolum
(Fig. 175) the stem or epicotyl obviously cireumnu-
tated 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 succes-
sive elongated figure or ellipse standing nearer to
the light than the previous one. In the case of
Cassin (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 o
window protected by blinds. In both these cases,
2r2
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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 idered as one of ci

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 move-
ment 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—irstly, 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 de-
seribed neaver 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 bis paper, Uchor ortho  thelle; ( Arbeiten doa Bol Tosk
trope und plagiotrope Planzen-  in Wirzburg,’ Band ii. Heft ii.
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The result is that the course is rendered more or less
sigig and unequal in rate. Lastly, when the light
is very bright all lateral movement is lost ; and the
wholo energy of the plant is expended in rendenng
the ili and rapid in
one direction nlune, namely, towards the light.
The common view seems to be that heliotropism is
a quite distinct kind of movement from circumnuta-
non. and it may be urged that in the foregomg
we see pism merely bined with,
or superimposed on, circumnutation. But if so, it must
be assumed that a bright lateral light completely
stops 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 still-
continued circumnutation. It must further be assumed
that it is only a lateral light which has this extraor-
dinary power of stopping circumnutation, for we know
that the several plants above experimented on, and
all the others which were observed by us whilst grow-
ing, continue to cifcumnutate, however bright the light
may be, if it comes from above. Nor should it be
forgotten that in the life of each plant, circumnuta-~
tion 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

1579, Sachs boa discusmod the  the organs of plants sand it
‘mavner in which geotroy respoct to the ¢ the
heliotropism aro affocted by i et

ferences. in the angles st which

@ The Complete Work of Charles Darwin Online



438 MODIFIED CIRCUMNUTATION.  Cuar. VIIL

movement of circumnutation which gives rise to, or is
d into, heli ism and apheli i On
this view we need not assume ngmnst all annlugy 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 pos-
sible gradation, between a straight course towards a
lateral light and a course consisting of a series of loops
or ellipses, becomes perfectly intelligible, l‘umlly,
the into heli or
pheliotrop is clusely logous to what talkes place
with sleeping plants, which during the daytime de-
seribe 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 regu-
lating 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 aphe-
liotropic movements, it is a difference in the intensity
of the light on the two sides of the plant.
Transversal-heliotropismus (of Frank *) or Diahelio-
tropsin.—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 almple instance can be given

*  Die natiirlicho Wagereohte  Frage iiber Transvorsal-Geo-und
Iklrhlunz von  Pflanzentheilen, Hehmmplnmu." ‘Bot. Zeitung,
See also sime interesting 1873, p. 17 et seq. :

arietes by the same suthor, * Zur

@ The Complete Wark of Charles Darwin Online




Caar, VIIL DIAHELIOTROPISM. 439

of diaheliotropism than that offered by many seed-
lings, the cotyledons of which are extended hori-
zontally. 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, how-
ever, 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 ex-
posed 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 in-
duce 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 move-
ment 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 hori-
zontal 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 Vries, 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 trans-
versely 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.

*  Avbelten des Bot. Instituts in Wirzburg,’ Heft, ii. 1672, PP
223-277.
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above conditions of illumination. All these

evidently depend in some manmer on the obliquity of
the light, but cannot be called heliotropie, as this
implies bending towards the light; whereas the coty-
ledon nearest to the light bends in an opposed direc-
tion or d ls, and both place tl as nearly
us possible ut right angles to the light. The move-
ment, therefore, deserves a distinet name. As coty-
ledons 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, dia-
heliotropism must be considered as a modified form of
cirecumnutation. 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 oseillating
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 dia-
heliotropic position, in direct opposition to heliotro-
pism. This return into their diurnal position, which
often requires an angular movement of 90°, is analo-
gous to the 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 posi-
tions of those leaves or cotyledons which oscillate
largely up and down during the day; and yet they
zecover their horizontal or diaheliotropic position.

We may theref lude that diaheliotrop

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 subject.
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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 alter-
nations of light and darkness. In the case of diahelio-
tropism, 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 circumnu-
tation 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 hori-
zontal 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 8°, or even of 10° or 20°, can be of
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any service to the plant, so as to have been specially
u:qmrod 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 dmly
alternations of light and darkness. Do Vries states in
the paper before referred to, that most petioles and
midribs are ap pic;* and apog pism would
account for the above rising movement, which is com-
mon toso many widely distinet species, if we suppose it
to be conquered by djaheh'utmpism 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 sen-
sitiveness to gravitation and on their power of resist-
ing 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 dif-
ferent. 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 indireetly, 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

+ Asording 1o Frunk (Die

chtung von
Pllanzentheilen,” 1870. 46) the
oot leaves of many plants, kopt
In darkneas,rise up an. oven be-

u-a-m. thoots. (Bee Rouwen:
T e .

il p. 32) These movements
indieate apogeotropism ; but when

organs have boon Tong kept in the
dark, the amouut of water and of
‘mincral mattor whioh they con-
tain is so much altered, and their

regular growth is so much dis-
fusbed, that ftIa perbape rash fo
infer from their nmnwn whlt.

Godlowis Dot
hihn;, ¢ Kb i 15755
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the action of ap ism was quite eliminated
Nevertheless, they did not tise nearly so much at
night, as when subjected to apogeotropism. Is it
not possible, or even probable, that leaves and coty-
ledons, 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 Legu-
minous 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 al ions 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 distinet cases of their sinking
a little in the evening, and rising again in the morn-
ing,—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 Kraus
attributes this to epinasty in conjunction with the
nbsmptmn of water. Whenever epinastic gtowf.h is
uguruns, it might conquer diaheliotropism in the
evening, at which time it would be of no import-
ance to the plant to keep its leaves horizontal
The cotyledons of Anoda Wrightii, of one variety of
Gossypium, and of several species of Ipomeea, remain
horizontal in the evening whilst they are very young;
as they grow a little older they curve a little down-
wards, 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 Tpomaea, it was proved
that the downward movement did not depend on the
weight of the cotyledons; but from the fact of the move-
ment 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 d ining that the modification of the cireum-
nutating movement should be in a downward direction.
The so-called Diurnal Sleep of Leaves, or Parahelio-
tropism.—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
y 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 objee
gained from those properly called nyctitropic; and in
some cases the position occupied during the day is the
reverse of that during the night.

Tt has long been known* that when the sun shines brightly
ou the leaflets of Robinia, they rise up and present their edges
1o the light; whilst their position at night is vortically down-
wards, We have observed the same movement, when the
sun shone brightly on the leaflets of an Australinn Acacia.
Those of Amphicarpaa monoica turned their edges to the sun;
and an analogous movement of the little almost rudimentary
basal leaflets of Mimosa albida was on one oceasion go rapid that
it could be distinetly scen through a lens, The elongated, uni-
foliate, first leaves of Phaseolus Roxburghii 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 2h. to

* Pfoffer gives the names and dates of several ancieat writers in his
*Dio Periodischen Bewegungen, 1873, p. 62
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2 bright sun, they stood at 56° above the horizon; they were
then protected from the rays of the sun, but were left well
illuminated from above, and after 30 m. they had fallen 40°, for
they now stood at only 16° above the horizon. Some young
plants of Plascolus Hernandesii had been exposed to the same
bright sunlight, and their broad, unifoliate, first leaves now
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° without
rising, so as fo present their edges to the sun. The leaflets on
the same leaf sometimes behaved in these two different manners,
Dut always with the result of being less intensely illuminated.
These plants were then protected from the sun, and were looked
at after 13h; and now all the leaves and leaflots had re-
assumed their ordinary sub-horizontal positions. The copper-
coloured cotylodons of some seedlings of Cassia mimosoides were
horizontal in the morning, but after the sun had shone on
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
soems to act, as if it were a tonch.

From Prof. Wiesner's interesting ohservations, it is probable
that the above movements have been acquired for a special

urpose. The chlorophyll in leaves is often injured by too
intense a light, and Prof. Wiesner* believes that it is protected
Dby 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 then
receive much less light. He experimented on the young leaflets
of Robinia, 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 to
suffer from the light in the course of two days.

In the cases above given, the leaflets move either upwards.

MODIFIED CIRCUMNUTATION.  Cuar. VIIL

* ‘Die Niturlichen Einrich-
tungen zum Schutze des Chloro-
E\.,ug &e., 1876, Pringsheim
a3 mmmly observed under the

destruction of
ehlosophil in & fow rinutes by

the sction of concentrated light
from the s, in the presence of
oxygen. See, also, Stahl on the
protection of vhlorophyll o
intense light, i *Bot. Zeitung?
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or twist laterally, 50 as to place their edges in the direation 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 fre-
quently be observed with the leaflets of Averrioa bilimbi (a
member of the Oxalidi); 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 leaflot rapidly descended under these circumstances; and the
movement may be seen closely to resemblo that (Fig. 133) by

Fig. 180.

Averrhon 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 nssumed its nocturnal position. Tt is an interesting
fact in relation to our present subject that, as Prof. Batalin
informs us in a letter, dated Febrary, 1579, the leaflets of
Osalis acetosella 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
#wo 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 Robinia,
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
fnﬂyaxposedmthemnhme, we did not ascertain
whether p always isted of modi-
fled circumnntation ; 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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CHAPTER IX.

SENSITIVENESS OF PLANTS 70 LIGHT: ITS TRANSMITTED E¥FECTS.

Uses of heli i d climbing plants not heliotropic
—Same organ heliutropic at one age and not at another—Extra-
dinary ol light—Th light do
not correspond with its intensity— Effects of previous illumination
—Time required for the action of light—After-efficts of light—
Apogeotropiem acts s soon as light fnils—Accuracy with which
plants bend to the light—This dependent on the illumination of
ane whole side of the part—Localised sensitiveness to light and its
transmitted eflects—Cotyledons of Phalaris, manner of bending—
Results of the exclusion of light from their tips—Effects trans-
mitted beneath the surface of the ground—Lateral fllumination of
tho tip dctermines the direotion of th curvaturo of the base—Coty-
ledons of Avena, curvature of basal part due to the illumination of
upper purt—Similar results with the hypocotyls of Brassica and
Beta—Radioles of Sinap iotropie, dus to the
their tips—Concluding remarks and summary of chapter—Means
by which circumnutation has been converted into heliotropism or
B 5

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 coty-
ledons of some Graminez, for instance, those of Pha-
laris, 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 ex-
tremely 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¢
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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 deccmposes (,a.rbomc acld exhlhltﬂ hardly a
trace of h of
many other aeedlmgs pmb:\bly aid them in like
manner in emerging from the ground; for apogeo-
tropism 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 Dionzea, 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 decom- ‘
posing 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 F. Kurlz( Ver-  tonia_Californiva are st
handl. des Bot. Vereins der Pro-  apheliotropic. We failed to
viz Brandenburg? Bd. £, 1878) _ this movement in & plant
the leaves or pitehers of Darling-  we a short time.
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and of Smilaz aspera ; and the stems of some plants
which climb by rootlets, as those of the Ivy and Tecoma
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
1o signs of any such movement in those of Mutisia
cematis.

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 in-
vestigation, for it implies that heliotropism can be
readily eliminated. When twining plants are exposed
to a lateral light, their stems go on revolving or cir-
cumnutating about the same spot, without any evident
deflection towards the light; but we thonght that
we might detect some trace of heliotropism by com-
paring 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 Tpomaa
cerulea 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 till a little after
2 p. on June 17th. After a few observations we
concluded that we could safely estimate the time

* Sowe crroneous statements  number of observations, for we did
are nofortunately given on this zot then know at how unequal
in “The Movements and o rate the stems and teudrils of
of Climbing Plants,' 1575, ~climbing plants sometimes travel
12, 28,82, 40,0 53, Conclusions  in diffrent parts of the same re-
were drawn from an insufficient tion. s
26
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taken by each semicircle, within a limit of error of at
most 5 minutes. Although the rate of movement in
different parts of the same revolution varied greatly,
yet 22 semicircles to the light were completed, each
on an average in 7395 minutes; and 22 semicircles
from the light each in 735 minutes. It may, there-
fore, 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. In
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, deseribed
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
icircle to the light iderably less time, than the
average. Thus with all 7 plants, taken together, the
mean time of the first semicirele in the morning from
the light, was 768 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 semi-
circle to the light was only 631, instead of T
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 expo-
sure, 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 resulf
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if not accidental, appears to indicate that the shoots
retain a trace of an original apheliotropic tendency.
With Lonicera brachypoda the semicircles from and to
the light differed considerably in time; for 5 semi-
circles from the light required on a mean 2024
minutes, and 4 to the light, 2295 minutes; but the
shoot moved very irregularly, and under these circum-
stances 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 Ipomeea
cerulea and purpurea are extremely heliotropie, 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 (Hedera helix) are
slightly heliotropic; whereas the stems of plants grown
to a fow inches in height become so strongly aphelio-
tropic, that they bend at right angles away from the
light. Nevertheless, some young plants which had
Dbehaved in this manner early in the summer again
became distinetly 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 Tropaolum magus ave highly heliotropie, 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
the older stems, or their becoming apheliotropic,
connected with their habit of climbing.

- Most seedling plants are strongly heliotropic, and
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it is mo 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 circum-
nutate largely and rapidly ; and as heliotropism econ-
sists 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 ecircumnutate slowly and to a sn.all
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
cireumnutate 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 helio-
tropic, 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. With
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 in |
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
east 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 com-
pletely 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 weis all plainly, though
slightly, curved towards the lamp. Now, at this dis-
tance 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 wateh, 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 dis-
tinguish. On another oceasion even n 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 cir-
cular 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 encumbered
ground. A pot with seedlings of Phalaris was covered

e oy ¢ Wirkung moved to a light
des Liokites auf Schwirmsporen,;  which only just sufficed to allow
1678, p. 52), that the spores of  middle-sized type to be read.
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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 oceasion 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 seraped 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 trans-
parent 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 (01 mm.) in breadth and -016 inch (04 mm.) in
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 coty-
ledons were at the same time treated similarly, ex-
cepting 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 oompnmnvely 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
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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 coty-

ledons of Phalaris were to light, we endeavoured to
trace their circumnutation in darkness by the aid of
a small 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 conrse 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 coty-
ledons 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 tra-
velled 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 Solanwm lycopersi We at first attributed this
xesult to the after-effects of the light on each oceasion;
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 con-
tinuous 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
i 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.
by

~©® iBita. der k. Akad. der ‘Wissensch.” (Vienna), Jan, 1880, p. 12.
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After 8 h. 40 m. the chords of their ares 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
ln.mp, before which they were left for 4 h. As light

in a ical mtm, the dli in the
2nd pot received ith, those in the 3rd pot th,
those in the 4th ;/;th, those in the 5th ;% th, and those
in the 6th +{5th of the light received by theseedlings in
the first or nearest pot. Therefore it might have been:
expected that there would have been an immense differ-
ence 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. Tn 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 propurtmn 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 eurvature 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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exc.as of superfluous light, for the cotyledons became
but little and slowly curved even in the nearest pot.
Close to the Gth pot, at the distance of 20 feet from
the lamp, the light allowed us just to distinguish
a dot 856 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 eurvature of the eotyledons 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 nyectitropic and periodic
movements of plants. Of two pots containing seedlings
of Phalaris which had germinated in durkness, 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 morn-
ing (27th), at 10.30 Aat., 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 wes done as quickly as pos-
sible, and the cotyled were then held
with respect to the light, so that their curvature could
not have been thus increased or diminished. After
80 m. the seedlings which had previously been kept
in darkness, were perhaps, and after 70 m. were cer-
ly, curved, though very slightly, towards the
dow. 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
m certainly a little curved towards the light. At
iis 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 illu-
minated only 7°. Nor did this difference diminish
during two additional hours, As a check, the seed-
lings in both pots were then placed in complete dark-
ness for two hours, in order that apogeotropism shonld
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 pre-
viously 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 ares 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 have been previously illu-
minated. 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 de-
ereasing 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 lamyp their tips were all curved rectangularly
towards it in 2 h. 20 m. The hypocotyls of Solanum
Tycopersicum had bent in the moming at right angles
towards anorth-east window. At 1 r.r. (Oct. 21st) the
pot was turned round, so that the seedlings now pointed
from the light, but by 5 par. 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 observa-

tions are worth giving. Pots with seedlings were
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placed under a microscope provided with an eye-piece
micrometer, of which each division equalled - th of an
meh (0:051 mm.) ; and they were at first illuminated
by light from a paraffin lamp passing through a sola-
tion of bichromate of potassium, which does not induce
heliotropism. Thus the direction in which the coty-
ledons were circumnutating could be observed inde-
pendently of any action from the light ; and they could
be made, by turning round the pots, to cireumnutate
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 indepen-
dently of the action of the light, gave an element of
uncertainty to the results, After the solution had
been removed, five seedlings which were circumnutat-
ing transversely to the line of light, began to move
towards it, in 6, 4, T4, 6, and 9 minutes. In one of
these cases, the apex of the cotyledon crossed five
of the divisions of the micrometer (i.e. yf5th of an
inch, or 0254 mm.) towards the light in 8 m. Of two
seedlings which were moving directly from the light at
the time when the solution was removed, one began to.
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; it
crossed at one time 5 divisions of the micrometer
(0254 mm.) in 2 m. 30 s. In all these cases, the
movement towards the light was extremely unequal in
rate, and the cotyledons often remained almost -
tionary for some minutes, and two of them ref J
alittle. Another seedling which was ecircumnutati
transversely to the line of light, moved towards lt i
4 m. after the solution was removed ; it then
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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 an.
before u north-cast window, being protected on all
other sides from the light; and the movement of a
coty edon was traced on a horizontal glass. It cir-
cumnutated about the same space for the first 24 m.,
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 seed-
lings often, and thus exposing them, though momen-
Aarily, to the light. This same seedling was now kept
in the dark, until 2.18 ra, by which time it had
reacquired through apogeotropism its original upright
‘position, when it was again exposed to the light from
a clonded sky. By 3 pa. it had moved a very short
distance towards the light, but during the next 45 m.
travelled quickly towards it. After this exposure of
Lh. 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
& very small limit of error. It was then placed in
the dark, and it now moved backwards, so that after
~1h. 7 m. it stood close to where it had started from at
2.18 pa. These observations show that the coty-
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 the
cireumnutation of various kinds of seedlings exposed
to a lateral light, we repeatedly observed that late in
the evening, as the light waned, they moved from it.
This fact is shown in some of the diagrams given in
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 light
failed.  Accordingly, two pots of seedling Phalaris
and one pot of seedling Brassica were exposed for 8 h.
before a parafiin 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 apo-

pism, and if they p d any tendency to
stmwhten themselyes or to bend in opposition to their
former heliotropic curvature, this would be exhibited,
for it would be opposed at first very slightly by apogeo-
tropism. 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 heliotropie
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 may
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therefore conclude that the bending back of plants
from a light, when this becomes obscure or is extin-
guished, is wholly due to apogeotropism.*

In our various experiments we were often struck
with the accuracy with which seedlings pointed to a
light althongh of small size. To test this, many sced-
lings of Phalaris, which had germinated in darkness in
a yery 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 nmow 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 cylin-
drical, 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
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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 may
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 there-
fore 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
depends on the illumination of one whole side or on
the obscuration of the whole opposite side, and not on
u narrow longitudinal zone in the line of the light
being affected, was shown by the effects of painting
longitudinally with Indian ink one side of five coty-
ledons 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 ina direct line towards the window,
they were deflected from the window and towards the
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 the
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 de-
flected from the line of the window, towards the
unpainted side, by the following angles, 447, 44°, 5%,
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 oppo-
site 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
i 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.

Tt should have been premised that painting with

dian ink does not injure plants, at least within
several hours; and it could injure them only by stop-
ping 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, althongh the
coatings mow consisted of dry crusts of gum and
gelatine. Moreover, if the seedlings which were painted
Iongitudinally with Indian ink had been injured on
the peinted side, the opposite side would have gone
on growing, and they would consequently have become
bowed towards the painted side ; whereas the cnrvature
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 longi-
tudinally 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
2m2
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with a mixture of oil and lamp-black, and were then
exposed hefore 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 curya-
ture differed from that caused by light, which ulti-
mately becomes abrupt mear the ground. These
seedlings did not afterwards die, but were much injured
and grew badly.

LoCALISED SENSITIVENESS To LIGHT, AND ITS
TRANSMITTED EFFECTS.

Phalaris Canariensis—Whilst observing the accu-
racy 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 deter-
mined 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 vpper
part reverse its curvature and straighten itself, as
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soon as the upper convex surface of the bowed-
down portion received more light than the lower
concave surface. The position ultimately assumed by
young and upright cotyledons, exposed to light enter-
ing 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

i e e

Phalaris Canariensis : cotyledons after exposure in a box open on one side
in front of a south-west window during 8 h. Curvature towards the
light nccurately 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 curva-
ture of the lower part; but any such effect was shown in several
ways to be quite insignificant. When little caps of tin-foil
(hereatter to be deseribed) 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 inereased.
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 coty-
ledons 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 ot bend when exposed fo & lnteral light; and it
ocourred 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 gmdually travelling down the cotyledons, so_that
unless the upper part first became bent, the lower conld ot
bend, however much it might be stimulated. It 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 littlo glass tubes (not blackened), which prevented,
as far as we conld judge, their bending. Novertheless, as the
part within the tabe 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 secdlings
in the same pots; and this may perhaps be accounted for by
some elight degreo of injury having been caused by a consider-
able surface having been smeared with shellac. It 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 curvatare 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. In another
set of 7 cotyledons, the tips were cut off for a length of only
about -05 of an inch (127 mm.) and these became bowed towards
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a lateral light, but not nearly so much as the many other seed-
lings in the same pots. This latter case shows that cutting off
the tips does ot by itself injure the plants so seriously as to
prevent heliotropism; but we thought at the time, that sach
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
ot interfere in the least with their bending vertically upwards,
through the action of apogeotropism, like unmutilated speci-
mens. It is therefore extremelyi that the i
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
tolight; the whole lower part being left fully exposed before o
south-west window or s bright paraffin lanp.  Some of the caps
were mado 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 conld be

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 somo cotyledons with transparent and others with opaque
tubes ; and thus our experiments could be controlled. Tt should
be kept in mind that young cotyledons wero selected for trial,
and that these when not interfered with become bowed down
10 the ground towards the light.

We will begin with the gluss-tubes. The summits of nine
cotyledons, differing somewhat in height, were enclosed for
ather 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 8h. All of them became strongly curved
towards the light, in the same degree as the many other freo
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, throngh
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 re-
‘markable contrast in appearance with the many other seedlings
in the same pots to which nothing had been dome. The
blackened tubes were then removed from 10 of these seedlings,
and they were now exposed before a lamp for 8h.: 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 scedlings; 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,

@ The Complete Wark of Charles Darwin Online




Cuar. IX.  TRANSMITTED EFFECTS OF LIGHT. 473

in which the upper 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
ot 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 beeame greatly bowed towards the
ight.

We will now turn to the trials with caps made of very thin
tin-foil. These were placed 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. 80 m. and 7 h. 45 m,
which sufficed to cause all the other seedlings in the same pots
0 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
eaps were too heavy or the plants themeelves were in a weak
condition; and these three cases may be excluded. There
are left for consideration 21 cotyledons; of theso 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 freo scedlings in the same pots. As tho glass-tubes, when
unpainted, did not prevent the cotyledons from
greatly bowed, it cannot be supposed that the caps of very
thin tin-foil did so, except through the exclusion of the light.
o prove that the plants had not been iujured, 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,

As caps between “15 and -2 of an inch in depth were thus
proved to be highly efficicnt 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 froe 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 mot 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
o 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
scedlings 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
cofyledons 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 seale, 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 mea-
sured) 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
liftle to affect any plant. A layer ‘1 of an inch in thickness was
quiteimpermeable to light, as judged by the eye aided by the tube.
It may be worth adding that the layer, when dried, remained
equally impermenble 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
4 micrometer) were from ‘02 to <03 of an ineh 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
toa depth of about -1 of an inch, where no light could enter,
The chords of the short buried ares formed in four cases angles
“of 11° 18, 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 wero similarly
freated, but were exposed to a rather obscure lateral light.
After some hours, a bowed cotyledon, *8 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 *08 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 deter-
mined 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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erack 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 lteral light, and they then press so firmly aguinst 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 eurvature towards the lamp or
other source of the light. It may be added, that the use of fine
moist sand, which yields easily fo pressure, was indispensable
in the above experiments; for seedlings raised in common soil,
not kept especially damp, and exposed for 9h. 30 m. to a strong
Iteral 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 01 and
-02 inch (25 and *51 mm.). Cotyledons with their upper
halves enclosed in such tubes were placed before & south-swest
window, in such a position, that the scraped stripes did not
directly face the window, but obliquely to one side. The seed-
Lings were left exposed for 8 b, 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 defermined 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
it; one pointed at an angle of only 1% 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 wonld
e 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. 1t is therefore
certain that a little weak light striking the upper 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.

Tn confirmation of the above results, the effect of thickly
painting with Indian ink one side of the upper part of three coty-
ledons of Phalaris, fora 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 o 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,
althongh the wholo 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 simultancous
stimulation of the lower part by light greatly favours, or is
almost necessary, for its well-marked curvature; but our experi-
ments were not conclusive, owing to the difieulty 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 wo
will give the results as briefly as possible, They are somewhat
less conclusive than in the case of Phalaris, and this may
‘possibly beaccounted for by the sensitive zone varying in exten-
sion, in a species so long cultivated and variable as the common
Ost. 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, althongh their lower parts
were fully exposed to the light all the time; two were very slightly,
and one considerably, bowed towardsit. Capsonly *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 uext trial was made with short lengths of thin and
fairly transparent quills; for glass-tubes of sufficient dismeter
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
50 as to be impermeable to light; of these, 7 did not be-
come at all inclined towards the light, but 3 of them were
slightly bent move or less transversely with respect to the line
of light, and these might perhaps have been altogether ex-
cluded; one slono was slightly bowed towards the light,
Painted quills, ‘25 inch inlength, were placed over the summits
of 4 other cotyledons; of these, ono alone remained upright,
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 ‘23 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 scedlings. 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,
50 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
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the free scedlings. 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 ines the curyature 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 & prodigy to find five free
seedlings standing vertically after an exposure for several hours
to & lnteral light.

The cotyledons of Avena, like those of Phalaris, when growing
in soft, damp, fine sand, leave an open crescentric furrow on the
shiaded 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 hypocotyl of the cabbage, when illuminated
by a lateral light, determines' the curvature of the lower half.
It is necessary to experimentise on young scedlings about half
an inch or rather loss in height, for when grown fo 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
of 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
@ control experiment, the sume 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
ouly moderately curved. Twenty other young hypocotyls had
the skin round their upper halves painted, whilst their lower
halves were left quite uncovered. These scodlings were then
exposed, generally for between 7 and 8 h., in a hox blackened
within and open in front, either before a south-west window or
& parafiin lamp. This exposure was amply sufficient, as was
shown by the strongly-marked heliotropism of all the free seed-
lings in the same pots; nevertheless, some were left exposed
fo the light for o wuch longer time. Of the 20 hypocotyls
thus treated, 14 remained quite upright, and 6 became slightly
bowed 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 hypo-
cotyl. Alfogether 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 deseribing in detail. Six young seed-
lings were selected, the hypocotyls of which were nearly *45 inch,
excepting one, which was 6 inch in height, measured from the
bases of their petioles to the ground. Their npper halves,
judged as accnrately 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
u 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
heing very slightly inclined to the light whereas all the many
free scedlings 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. 85m.; and now the contrast
between the two sets was wonderfully great; for the free seed-
lings 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
budly 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 ouly *3 inch, that s, from less than a third to a fourth
or fifth of their total heights. They wero 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, 8 moderately,
and 2 almost as much as the unprotected seedlings. Neverthe-
less, 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 wero exposed
during 9 h. before a parafiin 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 up; 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 conld not
be 80 casily 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
“1ineh, in a fourth case of 11, and in a fifth of *15 inch. The
chords of the ares 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 curvatnre of the hypocotyls certainly extended down to a
depth where 1o light could enter; and the curvature must
have been caused by an influence transmitted from the upper
illaminated part.

The lower halves of five young hypocotyls were surrounded by
unpainted gold-beaters’ skin, and these, after an exposnre of 8h,
before a parafin lamp, all became as much bowed to the light
us the froo seedlings. The lower halves of 10 other young
hypocotyls, similarly surrounded with the skin, wero thickly
painted with Indian ink; their upper and unprotected halves
became well curved to the light, but their lower and protected
Talves 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 is
not sufficient to cause the lower part to bend, unless it be at
the same time illuminated ; but there remains the doubt, as in

21
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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
Dasal 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. Four 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 band=
ages in two other cases were only *1 inch in breadth, and both
of these hiypocotyls became bowed, though one ouly slightly,
towards the light. The free seedlings in the same pots were
all fairly well curved towards the light; and during the follow-
ing 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
Talves of 7 hypocotyls were surrounded with painted gold-
beaters’ skin ; of these 4 remained upright, and 8 became a little
curved to the light: at the same time 4 other sedlings sur-
rounded with unpainted skin, as well as the free ones in the
same pots, all became howed 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 gravi-
tation, and as a cousequence 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

* Sachs, * Physiologic Végétale, 1868, p. 4.
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generally oceurred, 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
8-91. 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 i ic. There was a i 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
10 be apheliotropic, 2 were still apheliotropie, and 1 was doubt-
ful. In September, 39 cauterised radicles were exposed to &
northern light, being kept at a proper temperature; and now
23 continued to be apheliotropic in the normal manner, and
only 16 fuiled to bend from the light. Looking at the aggregate
results at Doth periods, there can be mo doubt that the de-
struction 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, et enough may
be absorbed to destroy the power of movement in the upper
part; but this snggestion must be rejected, for we have seen
and shall again see, that cauterising one side of the tip of varions
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
contact and to other irritants, and, as will be shown in the
eleventh chapter, to gravitation.
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CoNcLUDING REMARES AND SUMMARY OF CHAPTER.

We do not know whether it is a general rule with
seedling plants that the illumination of the upper
part determines the curyature of the lower part. But
as this occwred in the four species examined by us,
belonging to such distinet families as the Gramine,
Crucifere, and Chenopodez, it is probably of common
occurrence, It can hardly fail to be of service to seed-
lings, 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 be-
tween 11 and 27 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 un-
covered 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
Tropwolum majus and Ranunculus fiearia ; 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 trans-
mission 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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Iately such movements were believed to result simply
from inereumd gmwth on the shnded side. At present
it is * that d light in-
ereases 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 inereased growth.
But Pfeffer has shown that a difference in the tur-
gescence 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 move-
ment is thus caused without being followed by in-
creased growth on the more turgescent sidef 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 circum-
stances 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 illominated,

* Emil Godlewski has given 63, 125, &, Frank has also
(Bot. Zeitung, 1879, Nos. 6-9) insisted (Die Naturliche _wi-
an excellent account (p. 120) of gerechte Richtung von Pilan-
e prosnt sate of th question, senthlen” 1870, . ) on the
Seo also Vines in * Arbeiten des  important part which the pulvini
Bot. Iust. in thulg, 1878, B of the leaflets of compound leaves
i, pp. 114-147. Hugo do Vries  play in placing tho Jeaflots m &
Baa rocontly publisbed a still  proper posttion with respoet
more Impomnl: articls on this Bight. This holds , especially

+*Bot. Zeitung, Dee.19th  with tho lenves of climbing plunts,
1879,

+ “Die Periodischen Bewegun-  of positions, ill-adapted for the
gen der Blattorgane, 1875, pp. 7,  sction of the light.
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but obliquely towards one side where only a little
light entered. These results seem to imply the pre-
sence 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 Dionsea
likewise transmits a stimulus, without itself bending ;
as does the stem of Mimosa.

Light exerts a powerful influence on most vege-
table 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. We
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 aérial roots, according to Wiesner ;t 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, ‘Uber das  Heft 1880, p. 521. °
Wachsthum negativ _heliotropi- Sitzb, der k. Akad. der Wis
soher Wurzeln’: *Arbeiten des  sensch’ (Vienna), 1880, p. 12,
Bot. Tnst. in Wiirzburg, B. ii,,
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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 trans-
mitted 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 curva-
ture; it was indeed hardly possible to perceive any
difference in the curvature of some seedlings of Phalaris
exposed to a light, which, thongh 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 moming, did not move
50 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 contradieted by the foregoing
experiments on seedlings and by all apheliotropic

* Sachslins mnde some striking  See his paper ¢ Ucber orthotrope
Tomarks 1o the samo efat with und plagiotrope Planssathells’

o the virious etimoli ¢ Arh.des Bol. It in Warsburg.
Lo it moramment 1a piduie 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 tendeney
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 non-
climbing progenitors possessed. Moreover, with Ipo-
meea, and probably all other twiners, the stem of the
young plant, before it hegins to twine, is highly helio-
tropic, 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 heliotropie, whilst

those of the same plants

* Strasburger has shown in his
inferesting work (Wirkung_ des
Lichtes . . . anf Schwirmsporen,’
1878), that the movement of the
At of various_lowly

plants o a Interal liglit
{2 utneniod by, ther stage of

when grown a little older

theligit. Some individuals, moro-
over, appear to o indifferent to
the Jight; and those of
species bebave very di
The

L

brighter. the light,
straighter is their course, They
oxhibit alzo for & short timo fivd

thn

fo whieh ey
o degroe of illumination ua
\vlmh they have been raised, e
otlier inknown cauies; o tat

o b o o

Teets of light. Tn gll these
respects they sc.oniblo 1l higher
See, also, Stahl, ¢ Ucber

-erscheinungen
Sehwirmsporen® Verh. d. phys.-
mel, Geselalallt i Wirzburs,
B.x
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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 erawl 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 move-
ments, 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 adapta-
tion. Similarly, we are léd 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 coty-
ledons, it places them—the more important organs—in
the best position to be fully illuminated. The hypo-
cotyl may therefore be said to saerifice itself for the
good of the cotyledons, or rather of the whole plant.
But if it be prevented from bending, as must some-
times occur with seedlings springing up in an en-
tangled mass of vegetation, the cotyledons themselves
bend so as to face the light ; the one farthest off rising

* Francls Darwin, :Onthe Hy- - actions Linn. Soe. seiesi. voL. &
groseopic Mechunism, &c.,* Trans-  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 Graminew, and
their power of transmitting its effects to the lower
part, 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 Leguminosa 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 & 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 ns mado remarksto  tracted from B, Lxxvii, (1878).
nearly the samo effect with respeet  Sith. der k. Akad. der Wissenscl,
to leaves: *Dic undulirende Nu-  Wien.

tation der Tnternodien, p. G, ex-

@ The Complete Work of Charles Darwin Cnline:




Crar, IX. SUMMARY OF CHAPTER. 491

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 be-
lieving 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 move-
ments 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 inereased 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
lllumlmmon of the two sides of the plant, and this

as in the fc ing cases, the difi
tion 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 helio-
tropic might also be rendered apheliotropic by the
preservation of the individuals which tended to cir-
cumnutate (ﬁhongh the cause of this and most other
k ) in a direction more or less
opposed to tlmt whence the light proceeded. In like
manner a plant might be rendered diaheliotropic.
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‘ CHAPTER X.
Movrrrp O t EXCITED BY

Beana ot i isus—Verl B
Gradual conversion of the movement of eircumnutation into apogeo-
tropism in Rubus, Lilium, Phalaris, Avena, and Bra-sica—A pogeo-
tropism retarded by hthohwplm—Eﬂ'ml«l by the m of jumu
% palvit of f A of O3 G
remarks on -]rgwfmwm—G«-tnmxm—Mnunwnh o! radicles—
Burying of seed-capsules—Use o process—Tri

Conclusion.

Our ubject in the present chnpter is to shuw that
mo-
dified forms of cucunmnmtmn thmmaly ﬁne fila-
ments 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 circumnu-
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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 when the stems were horizontal and at right
angles to the force. Plants, also, were selected which
were but feebly geotropic or apogeotropie, 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 apo-
geotropism had a great amount of work to do before
the stem was rendered upright; and in this case
ordinary circumnutation was often not wholly oblite-
rated. Another plan was to observe in the evening
plants which during the day had become greatly
curved heliotropically ; for their stems under the gra-
dually waning light veryslowly became upright through
the action of apogeotropism ; and in thu case modified

N 1

was well di: 5

Apoyeotropism—Plants were selected for obscrvation 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 s to become perpen-
dicular; and the line traced by joining the dots successively
made on a glass-plate, is generally almost straight. For in-
stance, a young Cytisus fragrans, 12 inches in height, was placed
50 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 oceurred with most of the other plants observed,
though, as they were of course circumnutating, the short down-
ward lines were often oblique, After three-quarters of an hour
the stem began to curve upwards, quickly during the first two
hours, but much more slowly during the afternoon and night,
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and on the following day.
o little, and circnmnutated
during the following day ; but it
also moved a short distance to
the right, which was caused by
a little light having been ac-
cidentally 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 cireum-
nutating. The sole remarkable
feature in the figure here given
i 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 cireumnutate in a
direction opposite to apogeo-
tropism,

The herbaceous stem of a
Verbena melindres (2) laid hori-
zontally, rose in 7 h. so much
that it could no longer be
ohserved 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

APOGEOTROPISM.
During the second night it fell

495

Fig. 182,

/ ot
/

to rise, but now
slightly, On the following day
it stood upright, and circum-
nutated regulurly, as shown in
Fig. 82, given in the fourth
chapter. The stems of several
other plants which vere hlghly

ment of stem from 10° beneath to
60° above horizon, traced on ver-
tical glass, from 850 A March
12th 010,30 ».;. 18th.  The sub-
sequent circumnutating movement
is likewise shown up to 6.45 A,
on the 15th, Nocturnal course
sepresented, as wsual, by  brokes
line. ¥ mag-

sensitive to
2D in almost stralght lines, and

et and u-d., ol
thirds of original scale,
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then suddenly began to circumnutate. A partially etiolated
Fig. 185

MODIFIED CIROUMNUTATION. Crar. Xo

and somewhat old hypocotyl
of a seedling cabbage (2¢
inches in height) was so
sensitive that when placed
at an angle of only 23° from
the perpendieular, it became
vertical in 33 minutes. As
it could mnot have been
strongly acted upon by
apogeotropism in the above
slightly inelined position,
we expected that it would
have cireumnutated, or at
least have moved in a zig-
zag course.  Accordingly,
dots were made every 3
minutes; but, when these
were joined, the line was
nearly straight. After this
hypocotyl had become up-
right it still moved onwards
for half an hour in the same
general direction, but in a
zigzag manner, During the
succeeding 9 h. it eireum-
nutated regularly, and de-'
scribed 3 large ellipses. In.
this case apogeotropism,
although acting at a very
unfavourable angle, quite

159 pan.

i overcame the ordinary eir-
1 cumnutating movement.
4 The hypocotyls of Beta
e & wilgaris are highly sensitive
am.25%

to apogeotropism. One was

placed 50 as to project 197
beneath the horizon; it fell
at first a very little (see
Fig. 188), no doubt owing
3,8 t. 28th to 8.40 A, 29th. 1 g
mgur‘e‘:-ls::-dum-mwﬁ original 10 its weight; but as it was
scale, circumnutating the line was

Beta_ vulgaris: apogeotropic movement
b sioetrl oo 19 binenth horizen
toa vertical position, with subsequent

circumnatation, traced on  vertical
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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 pax.)
stood upright. It continued for 55 m. to move in the same
general dircetion beyond the perpendicular, but in a zigzag
course. Tt returned also in a zigzag line, and then circumnu-
tated regularly, describing three largo cllipses 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 live, owing to the position of the vertical
and horizontal glass-plates. Another and somewhat old hypo-
cotyl was placed so as to stand at only 81° from the perpen-
dieular, in which position apogeotropism acted on it with little
force, and its conrse accordingly was slightly zigz

The sheath-like cotyledons of Plaliris Canariensis are ex-
tremely sensitive to apogeotropism. One was placed &0 as to
Project 40° beneath the horizon. Although it was rather old
and 1°8 inch in height, it became vertical in 4 h. 80 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 pro-
trude, are but slightly apogeotropic, though thoy still continue
to circumnutate. One at this stage of development was placed
horizontally, and did not become upright even after 13h., and its
course was slightly zigzag. So, again, a rather old hypocotyl
of Cassia tora (1} inch in height) required 28 h. to become up-
right, and its course was distinetly zigzag; whilst younger hypo-
cotyls 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 ehapters, that we bave a modified form of circumnu-
tation; but when the course is straight, there is no evidence
of eireumnutation, and any one might maintain that this latter
movement lad been replaced by one of a wholly distinct kind.
This view scems the more probable when (s sometimes
oceurred with the hypocotyls of Brassiea and Beta, the stems of
Cucnrbita, and the cotyledons of Phalaris) the part in question,
after bending upin a straight course, suddenly begins to circum-
nutate to the full extent and in the usual manner. A fairly
good instance of a sudden change of this kind—that s, from a
nearly straight upward movement to one of circunimutation—
is shown in Fig. 183; but more striking instances were occa-
sionally observed with Beta, Brassica, and Phalaris.

We will now describe a few cases in which it may be

2K
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MODIFIED CIRCUMNUTATION. Crar. X
seen how gradually ci i

Fig. 184

Figure reduced to one-half of the original sesle,

Rubus idas (hybrid): apogeotropic movement of stom, raced on a vertical glass during 3 days and 3 nights, from
10.40 A March 18¢h to 8 A, 21st.

tropism, under circumstances to be specified
in each instance.

Rubus idaus (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 vigoronsly, 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
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
less power, its course during 154 h. was clearly
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 circum-
nutated, for it moved during this day 3 times
up and 3 times down, 4 times to the left and
4 to the right. But the course was so complex
that it conld hardly be traced on the glass,
‘We can, however, see that the successively
formed irregular ellipses rose higher and
higher. Apogeotropism continued to act on
the fourth morning, as the stem was still
rising, though it now stood only 23° from the
perpendicnlar. In this disgram the several
stages may be followed by which an almost
rectilinear, upward, apogeotropic course first
becomes zigzag, and then changes into &
cireumnutating movement, with most of the
successively formed, irregular ellipses directed

upwards. 3
Lifium auratum.—A plant 23 inches in height was placed
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horizontally, and the upper part of the stem rose 58° in 46 1,
in the manner shown in the accom-
panying diagram (Fig. 185). We here
seo that during the whole of the
second day of 15} h., the stem plainly
circumnutated whilst bending upwards
through apogeotropism. It had still
to rise considerably, for when the last
dot in the figure was made, it stood
89° from an upright position.

Plalaris Canariensis—A cotyledon
of this plant (18 inch in height) has
already been described as rising in
41,30 m. from 40° beneath the hori-
zon into a vertical position, passing
throngh an angle of 130° in @ nearly
straight line, and then abruptly be-
ginning to circumnutate. Another
somewhat old cotyledon of the same
height (but from which a true leaf
had not yet protruded), was similarly

Fig. 185.

" 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.w.

it was highly inclined, and now apo-

geotropism acted on it with much less

power than before, and it began to

zigrag. At4.15 . (ie.in 7 h. from

the commencement) it stood vertically,

and afterwards continued to cireum-

mutate in the usual manner about the

same spot. Here then we have a

graduated change from a straight up-

ward apogeotropic course into cireum- Lifium awratum:  apogeo-

nutation, instead of an abrupt change, ~ tropic movement of stem,

as in the former case. T
Avena sativa,—The sheath-like coty- nights, from 10,40 Az,

ledons, whilst young, are strongly apo- March 18th to

tropic; and some which wereplaced  20th | Figure reduced 2

at 45° beneath tho horizon rose 90° in  gege O ‘e original

7 or 8 h. in lines almost absolutely 3

straight, An oldish cotyledon, from which the first leaf began to

2x2
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Fig. 186, protrude whilst the fol-
lowing observations were
being made, was placed
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 44 h. it
rose in a line not far from
straight; during the next
6} h. it circumnutated,
that is, it descended and
again ascended in &
strongly marked zigzag
\ course; it then resumed
\ its upward movement in
\ & moderately straight line,
and, with time allowed,

A 10 doubt would have be-

como upright. In this

case, after the first 43 h.,

\ ordinary  eircumnutation

almost ~completely con-
quered for  time apogeo-

tropism.

Brassica oleracea.—The
hypocotyls of several
young seedlings placed
horizontally, rose up ver-
tically in {he course of 6
or 7 h. in nearly straight
lines. A seedling which
had grown in darkness to
a height of 2t inches, and
was therefore rather old

S was placed so that the
Plalaris Canariausis : apogeotropic move- hypocotyl projected at be-

1, traced on & vertieal tyeen 30° and 40° beneath
i hoiaemtal gheh rom 0.10 43 Sept. ghe' Borigon, 'The' uppeR
It . 20th. Figure here re- % cuirved
“dieed to cae Aith of ariginal eale. . Part alone became
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upwards, and rose during the first 8h. 10 m, in a nearly straight

line (Fig. 187); but it was not
possible to trace the upward move-
ment on the vertical glass for the
first 1 h. 10 m., so that the nearly
straight line in the diagram ought
to have been much longer. During
the next 11 h. the hypocotyl eircum-
nutated, describing irregularfigures,
each of which rose a little above
the one previously formed. During
the night and following early morn-
ing it continued to rise in a zigzag
course, 50 that apogeotropism was
still acting. At the close of our ob-
servations, after 23 h. (represented
by the highest dot in the diagram)
the hypocotyl- was still 32° from
the perpendicular. There can be
little doubt that it would wulti-
mately have become upright by
describing an additional number
of irregular ellipses, one above the
other,

Apogeotropism retarded by Helio-
tropism.— When the stem of any
plant bends during the day towards
a lateral light, the movement is
opposed by apogeotropism; but as
the light gradually wanes in the
evening the latter power slowly

Fig. 187.

s

gnins the upper hand, and draws Brassica

the stem back into a vertical
position. Hero then we have a
oo opportunity for observing how
apogeotropism acts when very
nearly balanced by an opposing
force.  For instance, the plumule
of Tropaolum majus (seo former
Fig. 175) moved towards the dim
evening light in a slightly zigzag
line w

oleracea : apogeotropic
movement of hypocotyl, traced
on ves glags, from 9.20
A.llﬁ Sept. 12th to E.SO{AAI.
18th. The upper part of the
figure is more magnified than
the lowar past. 1fthe whola

tra

" peight' line would

n.ni..ummlonm Figure
ro reduced to

oy origioa sealt.

mtil 645 par., it then returned on its course until
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1040 pax, during which time it zigzagged and deseribed an
ellipse of considerable size. The hypocotyl of Brassica dleracea
(see former Fig. 173) moved in a straight line to the light until
515 pr, 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 observa-
tions were made after 7.10 P, but during the night it re-
covered its vertical position. A hypocotyl of Cassia tora moved
in the evening in a somewhat zigzag line towards the failing
light until 6 P, and was now bowed 20° from the perpendic
cular; it then returned on its course, making beforo 10.30 Pt
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 effcted by the aid of joints or pulvini,
—Movements of this kind are well known fo occur in the
Graminew, 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 fo continue circumnutating for
long period, after the adjoining parts have ceased fo grow. We
therefore wished to ascertain whether this was the case with
the Gramines; for if so, the upward curvature of their stems,
when extended horizontally or laid prostrate, would be explained
in with _our 1
results from modified circumnutation. ~ After these joints have
curved upwards, they are fixed in their new position by in
growth along their lower sides.

Lolium perenne—A young stem, 7 inches in height, consist-
ing of 8 internodes, with the flower-head mot yet protruded,
was selected for observation. A long and very thin glass fila-
ment was cemented horizontally to the stem close above the
second joint, 3 inches above the ground. This joint was subse-
quently proved {o be in an active condition, as its lower side
swelled much through the action of apogeotropism (in the
manner deseribed by De Vries) after the haulm had been
fastened down for 24 . in a horizontal position. The pot was

* This structure lias been re-  die Aufrichtung des gelagerten
contly deseribed by De Vries in  Getreides, in * Landwirthschft-
an interesting article, ‘Ueber liche Jahrbiicher, 1880, p. 478, i
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50 placed that the snd of the filament stood l-enollh the ﬂ-muh
abject glass of & with an eye-piece

division of which equalled 5} of an inch. The end of th fl fila-
ment was repeatedly observed during 6 h., and was seen to be
in constant movement; and it crossed 5 (Hvilionu of the micro-
meter (yly ineh) in 2 h. Occasionally it moved forwards by
jerks, some of which were 1y inch in length, and then slowly
Tetreated a little, afterwards again jerking forwards. These
oscillations were exactly like those described under Brassica
and Dionwa, but they occurred only occasionally. We may
therefore this old joint was
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 cirenmnutating. The extremity of the filament,
which ym)oded about 50° above the horizon, was often observed
during 24 b. in the same manner as in the last case. Whenever
looked at, it was always in movement, and it crossed 80 divisions
of the micrometer (4} inch) in 84 h.; but it sometimes moved
at a quicker rate, for at one time it crossed 5 divisions in 14 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 semicireular 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
a5 much as gy 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 bo 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

ropism 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
ave expanded, both kinds of peduncles eircumnutate about the
same spot, as we have seen (Fig. 91) in the fourth chapter.
But soon after the flowers have begun to wither the sub-

@ The Complete Work of Chardes Darwin Online



504 MODIFIED CIRCUMNUTATION. Cuar. X.

peduncles bend downwards, and this is due to epinasty; for
on two oceasions when pots were laid horizontally, the sub-
peduncles 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
bave directed themselves to the centre of the earth. A main
peduncle was secured to a stick in an upright position, and one
of the upright sub-peduncles which had been observed circum-
nutating 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 b. pointed a little beneath the horizon.
A new fignre was now begun (A, Fig. 188), and the sub-peduncle
was traced descending in a zigzag line from 7.20 ».. on the 19th
to 9 ax. on the 22nd. It mow 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

in ifs new position; but it continued slowly to swing, like &
pendulum, from side to side, that is, in a plane at right angles
to that in which it had descended. This circumnutating move-
ment was observed from 9 .. on 22ud to 9 A.x. 24th, as shown
at B in the diagram. We were not able to observe this
ticular 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.

The upward movement (C, Fig. 188) is effected in part by the
whole sub-peduncle rising in the same manner as it had pre-
viously descended through epinasty—namely, at the joint where
uited 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 hiyponasty. ~Besides
this movement at the joint, there is another of 4 very different
kind, for the sub-peduncle becomes upwardly bent in the middle

If the sub-pedunclo happens st the time to be inclined
much downwards, the npward curvature is so great that the
whole forms a hook. The upper end bearing the capsule, thus
always places itself upright, and as this vccurs 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 hypo-
nasty, but to apogeotropism.

Fig. 188

e i

ts of fower-peduncle,

traced on cal glass :
yctoiedim ooy dmmmmlﬂol et depend-
ing vertcally ; G, ssoquet t upward t, due

and hyponasty com
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In order to trace this upward movement, a filament was fixed
o a sub-peduncle hearing a capsule nearly ripe, which was
beginning to bend upwards by the two means just described. Tts
course was traced (see 0, Fig. 188) during 58 h,, by which time
it hind become nearly upright. The course is seen to be strongly

zigzag, together with some little loops. We may therefore con-
clude that the movement consists of modified circumnutation.

‘The several species of Oxalis probably profit in the following
manner by their sub-peduncles first bending downwards and
then upwards. They are known fo scatter their seeds by the
bursting of the capsule; the walls of which are so extremely
thin, like silver paper, that they would easily bo permeated by
rain, But as soon as the potals 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 d 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 sceds are ripe, so a8
Jiob to interfere with their dispersal. In the case of Owalis
acetosella, the capsules are said sometimes to hury themselves
under loose leaves or moss on the ground, but this cannot oceur
with those of 0. carnost, a8 the woody stem is too high.

Uzalis ucetosella.—The peduncles are furnished with a joint in

Fig-189,

Oaals aretosela: course pnrlnm‘l by the upper part of a paduscl, whilst
rising, traced from 11 AN, June Ist to 9 A, 3rd.  Figure here re-
e o one-balf of the rigina sl

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. orrmosa.
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. carnoss. When the pod is nearly ripe, the upper part
straightens itsolf and becomes erect ; and this is due to hypo-
masty or apogeotropism, or both combined, and not to helio-
tropism, for it oconrred in darkness. The short, hooked part of
the pedunclo of a cleistogamic flower, bearing a pod nearly ripe,
was obscrved in the dark during three days. The apex of the
pod at first pointed perpendicularly down, but in the course of
threo days rose 90°, so that it now projected horizontally. The
course during the two latter days is shown in Fig. 159; and
it may be seen how greatly the peduncle, whilst rising, circum-
nutated. The lines of chief movement were at right angles
1o the plane of the originally hooked part. The tracing was
ot continued any longer; but after two additional days, the
poduncle with ifs capsule had become straight and stood

upright.

Concluding Remarks on Apogeotropism.—When apo-
geotropism 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 up\mrd 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 gmuty, in an analogous mauner..as
ocewrred with heliotrop in 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 grada-
tion in the nature of the movement, and more especially
from all growing parts, which alone (except when pul-
¥ini are present) are acted on by apogeotropism, con-
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tinually cireumnutating, 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 apogeo-
tmp}sm, 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 cirenmnutates. 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 lated effects of ap 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 hypocoty]s in 3h. 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 87m.,
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 dif-
ferent 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.
30m. On the other hand, the stem of a herbaceous
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Verbena rose 90° in about 24 h. ; that of Rubus 67,
in 70h.; that of Cytisus 70°, in 72h.; that of a young
American Oak only 87, in 72 h. The stem of a
young Cyperus 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 iti to gravitation, and q y of
movement, in different parts of the same organ, is that
offered by the petioles of the cotyledons of Ipomwa
leptophylla. The basal part for a short length where
united to the undeveloped hypocotyl and radicle is
strongly geotropie, 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 d s, for the sake of ging in the
form of an arch from the ground; it subsequently
straightens itself, and is then again acted on by apo-
geotropism.

A branch of Cueurbita ovifera, placed horizontally,
moved upwards during 7 h. in a straight line, until it
stood at 40° above the horizon; it then began to cir-
cumnutate, 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 and 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 Cucurbitaceons
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 circummutate in any plain manner;
but as soon as they had become horizontal they re-
d to revolve P ly.* The tendrils
of Passiflora gracilis ave 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, deseribing 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 circum-
nutated during the remaining 8 h. of observation.

A part or organ which whilst young is extremely
sensitive to apogeotropism ceases to be so as it grows:
old; and it is kable, as showing the ind,
of t.lus iti and of the ci ing move-
ment, 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 \lpv\ul‘ds during 24 h. whilst extended
h lly ; yet 1 all the time over
a small space. Tho hypocotyl of a young saed]mg
of Cassia tora, similarly placed, became vertical in
12h.; that of an older aeedliug, 1} inch in height,

Yor details see *The Movements and Hubits of Olimbing Plants
1&.5, p.131,
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became s0 in 28h.; and that of another still older
one, 1} inch in height, remained horizontal during
two days, but 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 direc-
tion, in order to straighten itself and to stand ver-
tically; 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 apogeo-
tropism 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 ecircum-
nutating 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.
Conseq , 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 themselyes upwards as effectually as the un-
mutilated specimens in the same pots, showing that
sensitiveness to gravitation is not confined to their tips.

GEOTROPISM.

This movement is directly the reverse of apogeo-
tropism. Many organs bend downwards through epi-
nasty or apheliotropism or from their own weight ; but
we have met with very few cases of a downward move-
ment in sub-aérial organs due to geotropism. We
shall, however, give one good instance in the following
section, in the case of Trifolium subterraneum, and
probably in that of Arachis hypogma.

On the other hand, all roots which penetrate the
gmund (mclmhng the modlﬁed root-like petioles of

g hylla) ave guided in their
downward course by geotmplsm, and so are many
aérial 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
deseribed. 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, cireum-
nutated ; and how another (Fig. 2) which was at first
pluced in an inclined position bowed itself downwards
in azigzag 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 geotropism, it moved in an
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almost straight course. A radicle of Cucurbita, directed
upwards (Fig. 26), also zigzagged at first, and de-
seribed 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
ion between ci ion and g pi
was afforded by the radieles of Phaseolus, Vicia, and
Quercus, and in a less degree by those of Zea and
Alsculus (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 distinetly
serpentine tracks.

The Burying of Seed-capsules: Trifolium The
flower-heads of this plant are remarkable from producing only
8 or 4 perfect flowers, which are situated exteriorly. Al 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 divi-
sions of the calyx, are developed on their summits. As soon as
the perfect flowers wither they bend downwards, supposing the
pedunclo to stand upright, and they then elosely surround its
upper part. This movement is due to epinasty, as is likewise
the case with the flowers of 7. repens, The imperfect central
flowers ultimately follow, one after the other, the same conrse.
Whilst the perfect flowers are 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 us soon as the flowers
begin fo wither the downward curvature of the wholo peduncle
commences. As this latter movement occurred in complete
darkness, and with peduneles arising from upright and from
dependent branches, it cannot be due to apheliotropism or to
epinasty, but must be attributed to geotropism. Ninetcen

* “Hist. Phys. des Pluntes ' Europe;’ tom. {i. 1841, p. 106.
2L
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upright flower-heads, arising from branches in all sorts of posi-
hqns, on plants growing in a warm greenhouse, were marked

ith thread, and after 24 h. six of them were vertically depen-
dunt these therefore had travelled through 180° in this time.
Ten were extended sub-horizontally, and these had moved
through about $0°. Three very young peduncles had as yet
moved only a little downwards, but after an additional 24h.
wero greatly inclined.

At the time when the flower-heads reach the ground, the
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 sur-
round 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 deseribed. The flower-heads are able to bury themselves in
common garden mould, and easily in sand or in fine sifted
cinders packed rather closely. The depth to which they pene-
trated, measured from the surface to the base of the head, was
between 1 and 4 inch, but in one case rather above 0'6 inch.
With a plant kept in the house, a head partly buried itself in
sand in 6h.: after 8 days only the tips of the reflexed calyces
were visible, and ater 6 days the whole had disappeared. But
with plants growing out of doors we believe, from casual obser-
vations, 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, and
become bleached. They gradually curve, one after the other,
upwards or towards the peduncle, in the same manmer as
did the perfeet flowers at first. In thus moving, the long claws.
on their summits carry with them some earth. Hence a flower-
head which has been buried for a sufficient time, forms a rather
largo ball, consisting of the aborted flowers, separated from one
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 the.
power of absorption; for when placed in a weak solution of
carbonate of ammonn (2 gr. to 1 oz of water) their proﬁ»
‘plasmic cont became and
displayed the nmml slow movements. This clover generally
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grows in dry soil, but whether the power of ahsorption 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 them-
salves, yield seeds; whereas the buried ones never fuiled, as far
us we observed, to produce as many sceds as there had been
perfeet flowers.

We will now consider the movements of the peduncle whilst

Fig. 190,

.25
Trifolivn subterrancum : downward movement of peduncle from 19° heneath

the horizon to a uearly vertically dependent. position, tra
11t July 220d to the morning of 25th, - Glass flament fixed
. transversely ucross peduncle, at base of fower-h
curving down to the ground. We have seen in Chap. IV,
Fig. 92, p. 225, that an upright young flower-head circumns
tated conspicuously; and that this movement continued after
the peduncle had begun to bend downwards. The same
peduncle was observed when inclined at an angle of 19° above
the horizon, aud it circumnutated during two days. Another
212
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which was already curved 36° beneath the horizon, was observed
from 11 Aar. July 22ud to the 27th, by which latter date it
had become vertically dependent. Its course during the first
12 h. is shown in Fig. 190, and its position on the threo
succeeding mornings until the 25th,
Fig. 101, when it was nearly vertical. During
the first day the peduncle clearly
cireumnutated, for it moved 4 times
down and 3 times up; and on each
succeeding day, as it sank downwards,
the same movement continued, but
was _only occasionally observed and
' was less strongly marked. It should
e raneums cir- b stated that these peduncles were
et ot observed under & double kylight in
peduncle, whilst the flower- the house, and that they generally
head was burying itself in poveq downwards very much more
sand, with the reflexed tips X
of the calyx still visible; Slowly than those on plants growing
traced from 8 axt. July out of doors or in the greenhouse.
20th to 9 Ax. on 27th  Tho movement of another vertically
Vemly noross peduncle, dependent peduncle with the flower-
tep Chrienly head standing half an inch above the
ground, was traced, and again when
it first touched the ground; in both cases irregular ellipses
were described every 4 or 5 h. A peduncle on a plant which
had been brought into the house,
Fig. 102. moved from an upright into a ver-

A tically dependent position in a
<V

\?>- single day; and here the course

during the first 12 h. was nearly

straight, but with a few well-marked

Trifoliun subterraneum : moye- Zig7ags which betrayed the essential

‘ment of sume peduncle, with nature of the movement. Lastly,

flower-head completely buried the cireumnutation of a peduncle

:mem.h lhe.md;tmced from was traced during 51 h. whilst in

AM.t07.15 P on July 29th. oy 3

the act of burying itself obliquely

in a little heap of sand. After it had buried itself to sucha

depth that the tips of the sepals were alone visible, the above

fignre (Fig. 191) was traced during 25 h. When the flower-

head had completely disappeared beneath the sand, another

tracing was made during 11h. 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 he 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
floxible branches, it is incredible that an objiet 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 o flower-head has penetrated the
ground to a small depth, another and efficient agency comes into
play; the central rigid aborted flowers, cach terminating in five
long claws, curve up towards the peduncle; and in doing so
can hardly fuil to drag the head down to o greater depth, sided
as this action is by the circumnutating movement, which con-
tinues after tho flower-head has completely buried itsclf. The
aborted flowers thus act something like the hands of the mole,
which force the earth backwards and the body forwards.

1t is well known that the seed-capsules of various widely
distinet plants cither bury themselves in the ground, or are
produced from imperfect flowers developed beneath the surface.
Besides the present case, two other well-marked instances will
e immediately given. It is probable that one chief good thus
guined is the protection of the seeds from animals which prey on
them. In the case of 7. subterrancum, the seeds are not only
concealed by being buried, but are likewise protected by being
closely surronnded by the rigid, aborted flowers. We may the
more confidently infer that protection is here aimed at, becanse
the seeds of several species in this same genus ave protected in
other ways;* namely, by the swelling and closure of the calyx,
or by the persistence and bending down of the standard-petal, &e.
But the most curious instance is that of 7. globosum, in which
the upper flowers are sterile, as in 7. sublerraneum, but are here
doveloped into lrge brushes of hairs which envelop and protect
the seed-bearing flowers. Nevertheless, in all these cases the
capsules, with their seeds, may profit, as Mz, T. Thiselton Dyer
has remarked, by their being kept somewhat damp; and the
advantage of such dampness perhaps throws light on the pre-
sance of the absorbent hairs on the buried flower-heads of 7. sul
terrancum.  According to Mr. Bentham, as quoted by Mr. Dyer,

* Vancher, * Hist. Phys. des $ Seo his interesting article in
Pluntes ’Europe,” tom. ii. p. 110, *Nature,” April 4th, 1878, p. 446.
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the prostrate habit of Hlianthemum prostratum “ brings the
capsules in contact with the surface of the ground, postpones
their maturity, and so favowrs the seeds attaining a lurger size.”
The capsules of Cyclamen and of Oaalis ucetoslla are only occa
sionally buried, and this only beneath dead leaves or moss. I
it be an advantage fo a plant that its capsules should be kept
damp and cool by being laid on the gronnd, 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.

Aracis Jypogea—The flowers which bury themselves, Tise
from stiff branches a fow inches above the ground, and stand
upright. After they have fallen off, the gynophore, that is the
part which supports the ovarium, grows to u great length, even
to 8 or 4 inches, and bends perpendicularly downwards. It
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 tho ground penstrates it, in
one case observed by us to a depth of 1 inch, and in another
to 07 inch. It fhero becomes developed into a large pod.
Flowers which are seated 00 high on the plant for the gyno-
‘phore to reach the ground are ssid* never to produce pods.

The movement of & young gynophore, rather under an inch
in length and vertically dependent, was traced during 46 h. by
means of a glass filument (with sights) fixed transversely a
little above the apex. It plainly circumnutated (Fig. 198)
whilst increasing in length and growing downwards. It was
then raised up, 8o us to be extended almost horizontally, and
the terminal part curved itself downwards, following a nearly
straight course during 12 b, but with one attempt to cirenm-
nutate, as shown in Fig. 194. After 24 h. it had become nearly
vertical.  Whether tlm exciting cause of the downward move-
ment is as not 5 but
probably it is not nphelmtmpxsm, e gynophores grew
straight down towards the ground, whilst the light in the hot-
Touse entered from one side as well as from above. Another
and older gynophore, the apex of which had nearly reached the
sround, was observed during 3 days in the same manner as the
first-mentioned short one; and it was found to be always circum-
nutating. During the first 34 h. it described a figure which

* “Gard. Clironicle;” 1857, p. 566.
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ropresented four ellipses. Lastly, a long gynophore, the apex of
‘which had buried itself to the deythnhmthd!miuh,m

Fig. 104,
Fig, 199,
»

Arachis hypogen: eircum- Arachis : down-
Dutation of vertieally ‘ward movement of same
dependent young gyno- oung graophore, after

phore, traced on a ver- horizon-
cal laas feom 10 Ak allyjEveadon s vetionl
July it to 8 o Ang. rom 8.30 A to
ud. s . Aug. 2ad.

pulled up and extended horizontally: it quickly began to curve
downwards in a zigzag line; but on the fol day the ter-
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minal bleached portion was a lttle shrivelled. As the gyno-
phores aro rigid and arise from stiff branches, and as they
terminate in sharp smooth points, it is probable that they conld
penctrate the ground by the mere force of growth. But this
aotion must be aided by the circumnutating movement, for fine
sand, kept moist, was pressed close round the apex of a gyno-
phore 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 fonnd at &
depth of rather above half an inch developed into  small, white,
oval pod.

Amphicarpeea monvica.—This plant produces long thin shoots,
which twine round o support and of course cirumnutate.
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 theso, terminating in &
minute bud, was observed fo bury itself in sand to @ depth of
02 inch in 24 h. It was lifted up and fixed in an inclined
position about 25° bencath the horizon, being feebly illuminated
from above. In this position it described two vertical ellipses
in 241, but on the following day, when brought into the honse,
it eircumnutated only a very little round the same spot. Other
branches were seen to penetrate the ground, and were after-
wards 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 cireum-
uutation aids these delicate branches in entering the ground we
do not know; but the reflexed 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 appear-
ance. Asa Gray says® that it is the imperfect flowers on the
creeping branches near the base of the plant which produce the
subterrancan pods; these flowers, therefore, must bury them-
sclves like those of Arachis. But it may be suspected that the
branches which were seen by us to penctrate the ground also
produce subterrancan flowers and pods.

DIAGEOTROPISM.

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, “ -2 pism,” or di pism, 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 re-
mark that the position of the secondary radicles of
various plants, which extend horizontally or are a
little inclined downwards, would probably be con-
sidered by Frank as due to transverse-geotropism.
As it has been shown in Chap. L that the secondary
radicles of Cucurbita made serpentine tracks on a
smoked glass-plate, they clearly ecircumnutated,
and there can hardly be a doubt that this holds
good with other secondary radicles. It seems there-
fore highly probable that they place themselves in
their diageotropic position by means of modified
eircumnutation,

Finally, we may conclude that the three kinds of
movement which have now been described and which
are excited by gravitation, consist of modified circum-
nutation. 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. Weare therefore led to infer that both

pic, apogeotropic, and diageotropi ,
the purpose of which we can generally understand,

* Elfving has lately described  execllent instance of such move-
{Arbeiten des Bot. [nstituts in  ments in the thizomes of certain
Wirzburg,” . ii. 1850, p. 459)an  plaats,
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hnvebeenuqmmdfnttha udunhgeol the phntby
the of the

circumnutation,  This, lmwever, implies that gnvlp
tation produces some effect on\‘.heyo\mghm
sufficient to serve as a guide to the plant,

SRS L E w5
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CHAPTER XI.

Locavisen ™ AND 18
Errecrs.

General considerations—Vicia fiuba, effects of amputating the tips of
the radicles—Regeneration of the tips—Eflects of a short exposure
of the tips to geotropie uction and their subsequent amputation—
Eifects of amputating the tips obliquely—Effeets of cauterismg the
tips—Efficts of greuse on the tips—Pisun sativam, tips of mdicles
conterised transversely, and on their upper and lower sides—
Phaseolus, cauterisation and grease on the tips—Gossypium—
Oucurbita, tips cauterised travsversely, and on 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.

Crestensir 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 them-
selves 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

* ¢ Abwariskriimmung der Wurzel,” Inaug. Dissert. Breslau, 1871,
P29,
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vegetative point) of the tips of the radicles of the
bean (Vicia faba), and placed them horizontally or
vertically in damp air, earth, and water, with the
result that they became bowed in all sorts of direc-
tions.® He therefore disbelieved in Ciesielski’s con-
clusions. DBut as we have seen with several plants
that the tip of the radicle is sensitive to contact and
to other irritants, and that it transmits some influence
to the upper growing part causing it to bend, there
seemed to us to be mo a priori improbability in
Ciesielski’s statements. We therefore determined to
repeat his experiments, and to try others on several
species by different methods.

Vicia fuba.—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 & direotion as accu-
rately transverso as could be done, to different lengths, m

from the apex of the Toot-cap, and which will be specified in
ench case. Light was always excluded. We had previously
tried hundreds of unmutilated radicles under similar circum-
stances, and found that every one that was healthy became
plainly geotropic in under 12h. In the case of four radicles
which had their tips cut off for a length of 1 mm., new root-
caps and new vegetative points were re-formed after an interval
of 8 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 oceurred within a some-
what shorter time. Therefore, radicles having ﬂmu- ﬁp
amputated should bo observed in from 12 to 48 h.

operation.

Four radicles wero extended horizontally with their lower
surfaces touching the water, and with their tips cut off for &
length of only 05 mm.: after 23 h. threo of them were still
horizontal; after 47 h. one of the three becamo fairly geotropies
and aftor 70 b. the other two showed a trace of this action. The
fourth radicle was vertically geotropic after 23h.; but by an

* ¢ Arbeiten des Bot. Instituts in Wilrzburg,’ Heft. iii. 1873, p. 482,
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accident the root-cap alone and not the vegetative point was
found to have been amputated ; o 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 22-93 h,, four
of them were still horiz ntal, and one was slightly geotropic;
after 45 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 mamer, for it
was inclined upwards at an angle of 63° above the horizon.

TFourteen radicles were extended horizontally at a little height
over the water with their tips cut off for a longth of 16 mm.;
after 12 h. all were horizontal, whilst five coutrol or standard
specimens in the same jar were all bent greatly downwards.
After 241 several of the amputated radicles remained hori-
zontal, 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 wntil 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 rato of growth of the different parts of radicles with
amputated tips was the same as with unmutilated ones. Alto-
gether twenty-nine radicles were operated on in the manner
above described, and of these ouly a few showed any geotropic
eurvature within 24 h.; whereas radicles with unmutilated tips
always became, a3 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
ot seem any reason why it should not have boen acted on by
geotropism, unless its curvature depended on some influence
teansmitted from the tip. And we have clear evidence of such
transmission in Ciesiclski’s experiments, which we repeated and
extended in the following mauner.

Beans wero embedded in friable peat with the hilam down-
wards, and after their radicles had grown perpendicularly down
for & length of from ¥ to 1 inch, sixteen were sclocted 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 Lh. 87 m. The tips were then cut
Off transversely for & length of 15 mm., and immediately after-
wards they were embedded vertically in the peat. Tn 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 theso radicles being now
destituto of their sensitive tips, would not be prevented by
geotropism from curving in any direction. The result was that
of the sixteen vertically embedded mdicles, 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. 80 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 b 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 in-
stance, § mm., measured from the cut-off end. Of the twelve
bowed radicles five became permanently bent into a right angle;
the other seven were at first much less bent, and their curvature
generally decreased after 24 b, but did not wholly disappear.
This decrense of eurvature would naturally follow, if an ex-
posure of only 1 h. 57 m. to geotropism, served to modify the
turgescence of the cells, but ot their subsequent growih 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 ; and.
it should be remarked that this regeneration occurred slower in
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 they
now became bowed vertically downwards. An acourate draw-
ing (Fig. 195) is given on the opposite page of one of these five
radicles, reduced fo half the natural size.

We next tried whether a shorter exposure to geotropism
would suffico to produce an after-cffoct. Seven radicles were
extended horizontally for an hour, instead of 1 h. 87 m. as in the
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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
Frkflo e exposed for
1 h. 87 m,, for many of the latter
were plainly ourved in 6h. Tho
eurvature of one of these four
radicles almost disappeared after \
20 h. In the second, the cur-
vature increased during two days
and then decreased. The third
radiclo became permanently bent,
80 that its terminal part made an
angle of about 45° with its original
vertical direction. The fourth
radicle became horizontal. Theso
two latter radicles continued
during two more days to grow
in the peat in the same dircctions, ¢

Fig. 105,

that is, at an angle of 45° be-
neath the horizon and horizon-
tally. By the fourth morning new
tips had been re-formed, and now
geotropism was able to act on
them again, and they becamo
bent perpendicularly downwards,
as in the case of the
five radicles described in the
Inst paragraph and as is shown in
the figure (Fig. 195) here given.

Vicia faba : radicle, roctangularly
bent at A, after the amputation
of the tip, due to the previous
influence of geatropism. L, side

on
. A, point of chief cur-
vature of ‘the radicle, w
Vanding vertially dovnwards.
B, point of chief carvature after
the regeneration of the tip, when
geotropism again acted.  C, re-
generated tip.,

Lastly, five other radicles were similarly treated, but were ex-
posed to geotropism during only 45 m. After 8 h. 30 m. only
one was doubtfully affected; after 24 h. two were just per-
ceptibly 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 curyature was due to the action
of geotropism during the horizontal position of the radicle, was
shown after 4 days, when a now tip had been reformed, for it

then grew perpendicularly downwards. We learn from this
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casa that when the tips are amputated after an exposure to geo-
tropism 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 well-
‘pronounced curvature.

In the previously given experiments on 29 horizontally ex-
tended radicles with their tips amputated, only one grew irre-
gularly 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
50, 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 nsual result. As
horizontally extended radicles with amputated tips are some-
times acted on slightly by geotropism within a short time, and
are often acted on plainly after one or two days, we thought
that this infloence might possibly prevent disordered growth,
though it was not able to induce immediate curvature. There-
fore 18 radicles, of which 6 had their tips amputated trans-
versely for a length of 15 mm., and the other 7 for a length of

only 05 mm., were suspended vertically in damp air, in Which
on they would not be affected by geotropism; but they
xhibited no great irregularity of growth, whilst observed
during 4 to 6 days. We next thought that if care were not
taken in cutting off the tips transversely, one side of the stump
might be irritated more than the other, either at first or sub-
sequently during the regeneration of the tip, and that this
might cause the radiclo to bend to one side. It has also been
shown in Chapter IIL. that if a thin slice be cut off one side
of the tip of the radicle, this causes the radiclo to bend from
the sliced side. Accordingly, 30 radicles, with tips amputated
for o length of 145 mm., were allowed to grow perpendicularly
downwards inte water. Twenty of them were amputated at an
angle of 20° with a line transverse to their longitudinal axes;
and such stumps appeared only moderately oblique. The
remaining ten radicles were amputated at an angle of about
45°. Under these circumstances no less than 19 out of the 80
became much distorted in the course of 2 or 3 days. Eleven
other radicles were similarly treated, excepting that only 1 mm.
(including in this and all other cases the root-cap) was ampu=
tated ; and of these only one grew much, and two others slightly
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distorted; so that this amonnt of oblique amputation was not
sufficient. Out of the above 80 radicles, only one or two showed
in the first 24 h. any distortion, but this became plain in the
19 cases on he second day, and still more conspicuous at the
elose of the third day, by which time new tips had been partially
or completely regenerated. When therefore a new tip is re-
formed on an oblique stump, it probably is developed sooner on
one side than on the other: and this in some mamner excites
the adjoining part to bend to oue side. Hence it seems probable
that Sachs unintentionally amputated the radicles on which he
experimented, not strictly iu a transverse direction.

This explanation of the occasional irregular growth of radicles
with amputated tips, is supported by the results of eauterising
their tips; for often a greater length on one side than on the
other was unavoidably injured or killed. It should be re-
marked 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 wis wonderfully great. The controls had
grown straight downwards, with the exception of the normal
curvature, which we have called Sachs' curvature. Of the
97 cauterised radicles, 15 had become extremely distorted; 6 of
them grew upwards and formed hoops, so that their tips some-
times came into contact with the bean above; 5 grew dut
rectangnlarly 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 com-
monly, as far as we could judge, as those suspended vertically;
for this oceurred with only 5 out of 19 radicles thus treated.

Instead of cutting off the tips, as in the first set of experi-
ments, we next tried the effects of touching horizontally ex-
tended radicles with eanstic in the manner just described. But

€ 2 M
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some_preliminary remarks must first be made. It may be ob-
jected that the canstic would injnre the radicles and prevent them
from bending; but ample evidence was given in Chapter TTT-
that touching the tips of vertically suspended radicles with
canstic on one side, does mot stop their bending; on the
contrary, it canses them to bend from the touched side. We
also tried fonching both the upper and the lower sides of the
tips of some radicles of the bean, extended horizonfally in damp
friable earth. The tips of three were touched with caustic on
their upper sides, and this would aid their geotropic bending;
the tips of three were touched on their lower sides, which
would tend to counteract the bending downwards; and three
wre left as controls. Affer 24 h. an independent observer was
asked to pick out of the nine radicles, the two which were most
and the two which were least bent; he sclected as the latter,
two of those which had been tonched on their lower sides, and
as the most bent, two of those which had been touched on the
upper side. Hereafter analogous and more striking experiments
with Pésum sativum and Cucurbita ovifera will be given. W

may therefore safely conclude that the mere application of
caustic to the tip does not prevent the radicles from bending.

Tn the following experiments, the tips of young horizontally
extended radicles were just touched with a stick of dry caustio;
and this was held transversely, so that the tip might be cau-
terised all Tound 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 than
under a high temperature; and we thought that the same rule
might apply to geotropism. In one exceptional trial, nine
radicles (which were rather too old, for they had grown to a
length of from 3 to 5 cmn.), were extended horizontally in damp
friable earth, affer their tips had been cauterised, and were
kept b too high a tewperature, viz., of 68°F., or 20° C. The
Tesult in consoquence was not so striking as in the subsequent
cases; for althongh when after 9 h. 40 m. six of them were
examined, these did not exhibit any geotropic bending, yet after
24h., when all nine were examined, only two remained hori-
zontal, 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 canterised radicles at 10 mm. from the tips, which includes.
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the whole growing portion; and after the 24 b this part had
a mean length of 37 mm., so that it had increased to more
than 3 times its original length; but it should be remembered
that these beans had been exposed to a rather high temperature,

Nincteen 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
eaustic for 6 or 7 seconds, which was a longer application_ than
usnal. After 23 h. 80 m. (temp. 55°-36° F.) these three radicles,

Fig. 196.
D E F.

A

Vi fobas state of rdices which had been extended Morsontlly for
i o B G tpe tonched with caustic ; D, By F. tips uacauie-
iﬂu cles reduced to one-half seale, but by an acident

0 Haace Wt o oo 5 bl dogree.

B.

A, B,C (Fig. 196), were still horizontal, whilst the three control
specimens had become within 8 h. slightly geotropic, and
strongly so (D, B, F) in231h. 30m. A dot had been made on
all six radicles at 10 mm. from their tips, when first placed
horizontally. ~ After the 23 h. 30, this terminal past, originally
10 mm. in length, had increased in the cauterised specimens to
a mean length of 17-3 mm., and to 157 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 con-
trol or uncauterised radicles, therefore, had actually grown less
2x2
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than the canterised; 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 nuknown causes.
Tho 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 actnally touched
by the canstic, was succeeded by a yellowish zone, due probably
to the absorption of some of the caustic; in A, both zones
together were 11 mm. in length, and 1°4 mm. in diometer at the
buse of the yellowish zone; in B, the length of both was only
0°7 mim., and the diameter 0°7 wm.; in C, the length was 08
mm., and the diameter 1-2 mm.

Threo other radicles, the tips of which had been touched with
canstic 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 in
this interval to a mean length of 24*5 mm., and of the controls
toa mean of 26mm. A scction of one of the cauterised tips
showed that tho blackened part was 0°5 mm. in length, of which
0°2mm. extended into the vegetative point; and a faint dis-
coloration could be detected even to 1-6mm. from the apex of
the root-cap.

In another lot of six radicles (temp. 55°-57° F.) the three
control specimens were plainy geotropic in 83 h.; and after 24 h.
the mean length of their ferminal 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 scconds, and the result was that the black marks were ex-
tremely minute, Therefore, caustic was again apphed, after
8) b, during which time no geotropic action had ocourred.

When the specimens were re-examined after an additional

interval of 15} h., one was horizontal and the other two showed,
to our surprise, a trace of geotropism which in one of them
soon afterwards became strongly marked; but in this latter
specimen the discoloured tip was only § mm. in length. The
growing part of these three radicles increased in 24 h. from
10 mm. to an average of 16-5 mm.

Tt would be superfluous to deseribe in detail the behaviour
of the 10 remaining canterised radicles. The
control specimens all became geotropic in 8 h. Of the cauterised,
6 were first looked at after 8 1., and one alone showed a trace
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of geotropism ; 4 were first looked at after 14h., and one alone
of these was slightly geotropic. After 23-24 b, 5 of the 10 were
still horizontal, 4 slightly, and 1 decidedly, geotropic. After
48h. some of them beeame strongly geotropic. The cauterised
radicles increased greatly in length, but the measurements are
not worth giving.

Asfive 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. After24 h. they showed no trace of geotropism ; whereas
the eight corresponding control specimens, which had like-
wiso 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 geotro-
pism. Nevertheless, they continued to grow rapidly; four were
measured 24 h. after being reversed, aud they had in this time
inereased in longth between 8 and 11mm.; the other four were
measured 48 h. after being roversed, and these had increased by
20, 18, 23, and 28 mm.

In coming to a conelusion with respect fo the effccts of cauter-
ising the tips of theso radicles, we should bear in mind,
firstly, that horizontally extended control radicles were always
acted on by geotropism, and became somewhat bowed down-
wards in § or 9 h. ; secondly, that the chicf seat of the ourvature
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
1mm. in length; fourthly, that the greater number of the cau-
terised radicles, although subjected to the fall influence of
geotropism during the whole time, remained horizontal for 24 h,,
and somo for twice as long; and that those which did become
bowed were 5o only in a slight degree; fifthly, that the can-
terised radicles continued to grow almost, and sometimes quite,
as well as the uninjured ones along the part which bends most.
And Iastly, that & touch on the tip with caustic, if on one side,
far from preventing curvature, actually induces it. Bearing all
these facts in mind, we must infer that nnder normal conditions
the geotropic curvature of the oot is due to an infiuence trans-
mitted from the apex to the adjoining part where the bending
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takes place; and that when the tip of the root is cauterised it is
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. When the
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, the
cotyledons thus treated became bowed towards the greased side.
This same matter quickly killed the delicate hypocotyls and
young leaves of certain plants, The grease which we employed
was made by mixing lamp-black and olive oil to such a con-
sistence that it could be lnid on in a thick layer. The tips of
five radicles of the bean were coated with it for a length of
3mm., and to our surprise this part increased in length in 28 h.
to 7-1mm.; the thick lnyer of grease being curiously drawn
out. It thus could not have checked rmuch, if at all, the growth
of the terminal part of the radicle. With respect to geotropism,
the tips of seven horizontally extended radicles wero coated for
a length of 2 mm., and after 24 h. no clear difference could be
perceived between their downward curvature and that of an
equal number of control specimens. The tips of 33 other radicles
were coated on different occasions for a length of 3 mm.; and
they were compared with the controls after 8., 24 1, and 48 h.
On one occasion, after 24h., there was very little difference in
curvature between the greased and control specimens; but
generally the difference was unmistakable, those with greased
tips Deing considerably less curved downwards. The whole
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 17-7mum.; whilst the corresponding
part of the controls had increased to 208 mm. It appears there-
fore, that although the tip itself, when greased, continues to
grow, yet the growth of the whole radicle is somewhat checked,
and that the geotropio curvature of the upper part, which was
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
caustic. These tips were measured in two cases, and found to
be blackened for s 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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theapex. After 24 h., and again after 82 h. from the commence-
ment, four of the canterised radicles were still horizontal, but
ono was plainly geotropie, being inclined at 45° beneath the
horizon. The five controls were somewhat geotropic after 7 I
20m., and after 24 h. were all strongly geotropic; being inclined
at the following angles beneath the horizon, viz., 59°, 60°, 65°,
577, and 48°. 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 layer of dump
friable peat-carth; and before being extended their tips were
touched with dry caustic on the upper side. Ten other rudicles
similarly placed were touched on the lower sido; and this would
tend to make them bend from the canterised side; and therefore,
as now placed, upwards, o in opposition to geotropism. Lastly,
ten uncanterised radicles were extended horizontally us controls.
After 24 h. all the latter were geotropie; and the ten with their
tips cauterised on the upper side were equally geotropic; aud
we believe that they beeame curved downwards before the con-
trols. The ten which had been canterised on the lower side
presented a widely different appenrance: 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 geotropie; Nos.5
and 6 were strictly horizontal ; and the four remaining ones were
bowed upwards, in opposition to geotropism. In these four
eases the radius of the upward curvatures (according to Sachs’
eyclometer) was 5 mm., 10 mm., 30 mm., and 70mm. This cur-
vature was distinet long before the 24h. had elapsed, namely,
after 8 b 45 m. from the time when the lower sides of the tips
wore touched with the canstic.

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 geo-
tropic 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 geotropisi than in the case of Ficiu fiba,
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that is to say, rather more than Gmm. as measured from the apex
of the root-cap. Nine other radicles were similarly extended,
three in damp peat and six in damp i, and dry caustic was
hold transversely to their tips during 4 or b seconds. Three of
their tips were afterwards examined : in (1) a length of 068 mm.
was discoloured, of which the basal 0-136 mm. was yellow, the
apieal part being black; in (2) the discoloration was 065 mm.
in length, of which tho basal 0+04mm. was yellow ; in (3) the dis-
coloration was 06 mm. in length, of which the basal 013 mm.
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 became
slightly geotropic, being now inclined at 10° beneath the horizon ;
the eight others remained horizontal, though one was curved &
little laterally.

The terminal part (10 mm. in length) of the six cauterised
radicles in the damp air, had more than doubled in length in
the 24 ., for this part was now on an average 20°7 mm. long.
The increase in length within the same time was greater in
the control specimens, for the terminal part had grown on an
average from 10 mm, to 266 mm. But as the canterised
radicles had more than doubled their length in the 24 h., it is
manifest that they had not been seriously injured by the
caustic. We may here add that when experimenting on the
effects of touching one side of he tip with caustic, too much
was applied at first, and the whole tip (but we believe not more
than 1 mm. in length) of six horizontally extended radicles was
killed, and these continued for two or three days to grow out
horizontally.

Many trials were made, by coating the tips of horizontally
extended radicles with the before described thick grease. The
gootropic curvature of 12 radicles, which were thus coated for
# length of 2 mm., was delayed during the first 8 or 9 b, but
after 24 h. was nearly as great as that of the control speci-
mens. The tips of nine radicles were coated for & length of 3 mm.,
and after 7 b. 10 m. these stood at an average angle of 80°
beneath the horizon, whilst the controls stood at an average of
54°, After 24 h. the two lots differed but little in their degres
of curvature. In some other trials, however, there was a fairly
well-marked difforence after 24 h. between those with greased
tips and the controls. The terminal part of eight control speci-
mens inereased in 24 h. from 10 mm. to a mean length of
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243 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 wus not much
injured; for several radicles which had been greased for a
length of 2 mm. continued to grow during soven days, and were
then only a little shorter than the controls. The appearance
presented by these radicles after the soven days was very
curious, for the black grease had been drawn out into the finest
Jongitudinal striw, with dots and reticulations, which covered
their surfaces for a length of from 26 to 44 mm., or of 1 to
17 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.

Gosypium herbaceum.—The talicles 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 3 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 geo-
tropie if kept in damp air; nor did we succeed well in our
experiments, until the gelunnnhng seeds were placed in peat
and kept at a Secondly, th
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 bypocotyl 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 docs 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.
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all were strongly geotropic, most of them pointing perpen-
dicularly 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 o as the
Teast geotropie of the foregoing specimens; four remained hori-
zontal; and three were eurved upwards in opposition to geo-
tropism. After 19 h. the three which were slightly geotropic
Tad become strongly so. Of the four horizontal radicles, one
alone showed a trace of geotropism; of the three up-enrved
radicles, one retained this curvature, and the other two had
Tecome 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 canterised and blackened for a length never
exceeding 4 mm., together with eight control specimens, wero
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 canterised specimens exhibited a trace of this action.
After 8 h. 85 m., there was the same difference between the
two sets, but rather more strongly marked. By this time butl
sets had increased greatly in length. The controls, however,
never became much more curved downwards; and after 24 b,
there was no great difference between the two sets in their
degreo of curvature.

Eight young radicles of nearly equal length (average +36 ineh)
were placed beneath and on peat-earth, and were exposed to a
temp. of 75°-76° F. Their tips had been touched transversely
with caustie, and five of them were blackened for a length of
about 05 mm., whilst the other three were only just visibly dis-
coloured. Tn the same bos there were 15 control radicles, mostly
about 36 inch in length, but some rather longer and older, and
therefore less sensitive. After 5 h., the 15 control radicles were
all more or less geotropie : 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 with
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 strietly hori-
zontal. After 24 h. 40 m. the three with only slightly discoloured
tips were bent down rectangularly; the other five were not in
ho lenst affected, but soveral of them had grown rather tor-
tuously, though still in a horizontal plane. The cight canterised
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 1o plain diference in length between the five well cau-
terised radicles which remained horizontal, and the three with
slightly cauterised tips which had become abruptly bent down.
A fow of the control radicles were measured after 25 h., and
they were on an average only a little longer than the cauterised,
viz,, 219 inches. We thus sce that killing the extreme tip of
the radicle of this plant for a length of about 05 mmm., 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 geo-
tropic bending and growth of which have just been deseribed,
there were six radicles, about ‘6 inch in length, extended hori-
zontally, from which the tips had been cut off in & 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 tortuons
as thoso 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 mrys.—The tips of several radicles, extended horizontally
in damp uir, were dried with blotting-paper and then touched
in the first trial during 2 or 3 seconds with dry eaustic; but
this was too long a contact, for the tips were blackened for u
length of rather above 1 mm. They showed no signs of geo-
tropism after an interval of 9 h., and were then thrown away.
In a second trial the tips of three radicles were touched for o
shorter time, and were blackened for a length of from 05 to
075 mm. : they all remained horizontal for 4 h., but after 8 h.
30 m. one of them, in which the blackened tip was only 05 mm.
in length, was inclined at 21° beneath the horizon. Six con-
trol radicles all became slightly geotropic in 4 h., and strongly
50 after 8 h. 80 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. o a mean length of 13 mm.; and in the controls
10 143 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 on an
average 76 mm. in length. After 4 b 10 m. none were bent;
after 5 h. 45 m., and again after 23 h. 80 m., they still remained
horizontal, excepting one which was now inclined 20° beneath
the horizon. The terminal part, 10 mm. in length, had in-
creased greatly in length during the 23 . 30 m., viz, to an
average of 26 mm. Four control radicles became slightly geo-
tropic after the 4 h. 10 m., and plainly so after the 5 h. 45 m.
Their mean length after the 23 h. 80 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.

Coneluding Remarks—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 15 mm. (about %;th 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 Vieia fuba, 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 9h. Tt
should be borne in mind that the mere act of eutting
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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
infl of pi 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 Vieia 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 uncanterised tips were
observed at the same time and under similar cireum-
stances, 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 cau-
terised ; 12 remained horizontal during 23-24 h.;
6 became slightly and 1 strongly geotropic. Eight of
these radicles were afterwards reversed, and again
touched with caustic, and nome of them became geo-
tropic 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
mudtiflorus, 15 radicles were cauterised, and 8 re-
mained horizontal for 24 h.; whereas all the controls
were plainly geotropic in 8 h. 30 m. - Of 5 canterised
radicles of Gossypium herb s ined horizontal
for 23 h. and 1 became slightly geotropic; 6 control
radicles were distinctly geotropic in 7 h. 45 m. Five
radicles of Cucurbita ovifera remained horizontal in
peat-carth 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
fora length of 3 mm. This mater, 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 1o 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
inaday. 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, nlthough exposed at right ungles
to the full infl I we must
that the tip alone is sensm\t- to this power, and trans-
mits 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 curva-
ture; 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 nga\m acted on by gwtmpxsm, and paw
they curved th
To see anything of the abuve kind in the animal
kingdom, we should have to suppose that an animal
whilst lying down determined to rise up in some par-
ticular 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 predeter-
wmined 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 Leguminose, Malvaces,
Cucurbitacese and Graminewm, we may infer that this
character is common to the roots of most seedli
plants. 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 deter-
mine 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
eﬂ'e(,ted by the v\hol« growi ing part bemg sensmve to
or by an

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 in
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 beanng on
the theory of P Authors seem

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 trans-
mits 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.
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CHAPTER XII.
Soaorary axp CoscLupis Resans.

Nature of the eircumnutating movement—History of a germinating
seed —The mdiclo first protrudes and cireumnutates—lts tip
highly sonsitive—Emergonco of the hypocotyl or of the epicatyl
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 3

Io Rdiaeky and Jiypo M
plant i ts—M excited by light and
gravitation ised sensitiveness — Resemblance between the
movements of plnnh and animals—The tip of the radicle acts like

o braj

Ir 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. 3
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In some cases, as with the hypocotyls of Brassica,
the leaves of Diona and the joints of the Gramines,
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 appa-
rently 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 pheno-
menon is a remarkable one. The whole hypocotyl
of a cabbage or the whole leaf of a Dionza could not
jerk forwards unless a very large number of cells on
one side were simultaneously affected. Are we to sup-
pose 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 micro-
seopically minute earthquake in the plant; or do the
cells on one side suddenly become turgescent in an
intermittent manner; each forward movement thus
c&used being opposed b) the elasticity of the tissues ?
in the
llfe 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;
80 that the ordinary circumnutating movement is
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modified, and the part bends either to or from the
exciting cause ; or it may occupy a new position, as
in the so-called sleep of leaves. The influence which
modifies ci ion may be 1 from one

to another. Tnnate or constitutional changes,
mdependent.ly of any external B.gen(,y, uftnn modxfy

periods
of the life of the plant. As cm.umnutntlun is uni-
versally present, we can understand how it is that
movements of the same kind have been developed in
the most distinet 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 sce, 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 con-
sider the part which the various movements play in
the life-history of the plant. The first change is the
protruslrm of the radicle, wlm,h hegms at once to

This diately modi-
fied by the attraction of gruvnty and rendered geo-
tropic. The radicle, therefore, supposing the seed to
be lying on the surface, quickly bends downwards, fol-
lowing a more or less spiral course, as was seen on the
smoked glass-plates. Sensitiveness to gravitation re-
sides in the tip; and it is the tip which transmits
some influence to the adjoining parts, causing them
to bend. As soon as the tip, protected by the root-
cap, 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 sur
face 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 ob-
jeets 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 lique-
faction 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 elosest contact with the particles in the soil, by
which means they can absorb the layer of water sur-
rounding 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 con-
tinually 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 card-
like 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 y}5th of a grain (0-33 mg.) ; it is
therefore more sensitive than the most delicate ten-
dril, namely, that of Passiflora gracilis, which was barely
acted on by a bit of wire weighing ,1;th of a grain. But
this degree of sensitiveness is as nothing compared with
that of the glands of Drosera, for these are excited by
particles weighing only rgigy of a grain. The sensi-
tiveness 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 caunterised 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 oceur.

After a radicle has been deflected by some obstacle,
geotropism direots the tip again to grow perpendicu-
larly 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 o 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 over the edge of any
obstacle in the ground, will through the action of geo-
tropism 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.

Radicles are also sensitive to air which contains
more moisture on one side than the other, and the
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-aérial 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 move-
ment 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

Karl Richter, who has in Wien,’ 1879, p. 149), states that
:-lpenndlyntended to this subject  apheliotropism does not aid ra-
(K. Akad. der Wissenschaften ~dicles in penetrating the ground.
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armngement 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 down-
wards, 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 con-
dition 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 ption of a former ck 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 seed-
coats; but if the cotyledons are hypogean, it is the
epicotyl which breaks forth. These organs are at first
invariably atched, 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 com-
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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 cotyledon-
petioles.  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 arehed.

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 explana-
tion. But as both legs of the arch grow, their power
of breaking through the ground will be much in-
creased as long as the tip remains within the seed-
coats 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 Graminew the summit of the
straight, sheath-like cotyledon is developed into a
hard sharp crest, which evidently serves for breaking
through the earth. With dlcotyledoni the arching of
the epicotyl or hypocotyl often appears as if it merely
resulted from the manuer 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 cer
tainly was not so in several cases, in which the arch-
ing 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
part.

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 in-
herited, 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 conse-
quent movement of the radiele) which was first
observed by Sachs, and which we have often had to
refer to as Sachs’ curvature.

The seveml foregumg arched organs are continually

ing to even
before they hreak through tlw 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 upwards 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 inually striving to ci 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 crnck in the soil, or thrungh an enmngled
mass of Ty
itself can direct the seedl.mg only blm(lly upv\m-d&
Hence probably it is that sensitiveness {o light resides
in the tip of the cotyledons of the Graminew, and in
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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 Cucurbitacem 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 oceurs in Mimosa pudica and some
other plants. Before the cotyledons are fully ex-
panded and have diverged, the hypocotyl generally
straightens itself by increased growth along the con-
cave 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 extraordi-
nary manner of germination of Megarrhiza Californica,
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Ipomaa leptophylla and pandurata, and of Quercus
wvirens, is connected with the burying of the tuber-like
roots, which at an early age are stonked with nutri-
ment; 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, Gra-
dations of structure are always interesting, and Asa
Gray informs us that with Ipomea 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 nutritious
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 carth; sometimes (it is
said) until even the cotyledons are buried. The hypo-
cotyl 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 sen-
sitiveness, 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 con-
tinually 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 deserib-
ing small ellipses ; as is each petiole, sub-petiole, and
leaflet. The latter, as well as ordinary leaves, gene-
rally move up and down in nearly the same vertical
plane, so that they describe very narTow ellipses.
The fl are likewise i y circum-
mlmtmg If we could look beneath the gruund 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 sur-
rounding 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 de\eloped mw long runners or
stolons. Th 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 cireumnutation in a

modified form, as the sonrce of several great classes of

The dification may be d ined
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 straighten-
ing 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
d | , but by a ion of small
ellipses, or by zigzag lines,—that is, by a cireum-
nutating 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

plitude of the ci ing is im-
mensely increased, evidently to favour the stem catch-
ing 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.
Flower-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 nyetitropic move-
ments of leaves are determined by the daily alterna-
tions 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, indepen-
dently 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 noc-
turnal 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 hori-
zontally 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 heen rendered motionless.
In some species the petioles rise up greatly at night,
and the pinne 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 o 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
&mphmde, and in its greater rapidity late in the
evening and early on the following morning. ~Unless
this movement is admitted to be one of circumnu-
tation, 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
cither upwards or downwards. In this position it con-
tinues to circumnutate until the following morning,
when it reassumes its former position. These move-
ments, when a pulvinus is present, are often comphi-
cated by the rotation of the leaf or leaflet; and such
rotation on a small scale b during onhnary cir-

The many d showing the move-
ments of sleeping and non-sleeping leaves and coty-
20
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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 alterna-
tions of day and night. But there is frequently a
distinct trace of periodicity in the ci
movements of non-sleeping leaves and cotyledons.
The fact that nyctitropic movements oceur in species
distributed in many families throughout the whole
vascular series, is intelligible, if they result from the

dification of the uni Ily present 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, appa-
rently for the sake of checking evaporation. Some-
thing of the same kind occurs with certain Gramines.
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 tawrica 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 Desmo-
dium gyrans, the absence of small lateral leaflets on
very young plants, makes us suspect that the imme-
diate progenitor of this species did not possess lateral
leaflets, and that their appearance in an almost rudi-
mentary condition at a hat more ad d age
is the result of reversion to a trifoliate predecessor.
However this may be, the rapid circumnutating or
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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 heliotropie movement
manifestly results from the modification of ordinary

ion; and every gradation between the two
movements could be followed. When the light was
dim, and only a very little brlghter onons side than
on the other, the of a
of ellipses, directed towards the hghz, 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 alvays

is 1 along one side,
and is wenkened or quite arrested along the other
sides. I is ly followed by

increased gruwth 5o 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
Pleffer has shown, towards the light ; and here growth
does not come into play any more than in the ordinary

circumnutating movements of pulvini.
202
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Heliotropism prevails widely throughout the vege-
table 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
\u(]l cllmhmg and insectivorous plants.

Ap are ively rare in
a well-marked degree, pting with
In the two cases investigated by us, the
certainly consisted of modnﬁed 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 cer-
tainly consisted in one case of modified circumnuta-
tion ; and so it probably is in all cases, for the leaves
of all the species described circummutate in a con-
spicuous manner. This movement has hitherto been
observed only with leaflets provided with pulyini, 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 iti of certain seedli to
light, as shown in our ninth chapter, is highly remark-
able. The cotyledons of Phalaris became eurved
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 obscura-
tion 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 re-
ceived, 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 pre-
viously been exposed to daylight. We have seen
several analogous cases with the nyetitropie move-
ments 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
«obseure 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 three-
quarters 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 illumina-
tions 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 ex-
citement 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, &e., 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. Itis an interest-
ing 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 them-
selves 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 apogeotropie and geotropic, and probably
diageotropic movements, are all modified forms of
cireumnutation,

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 lee(lllngs which,
as we know, ei; rapidly, are emi sensi-
tive; and we have seen the hypoeotyl of Beta bending
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upwards through 109° in 8 h. 8 m. The after-effects
of apogeotropism last for above half an hour; and
horizontally-laid hypocotyls are sometimes thus ear-
ried 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 oonﬁned
to the tip, which its an infl to the adjoi
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 14 h., and their tips were
then amputated. Within this time no trace of curva-
ture 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 ocemrred had the radicle
remained horizontal and been still acted on by geo-
tropism. 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 down-
wards.

It has now been shown that the following important
classes of movement all arise from modified circum-
nutation, 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 nyetitropic or sleep movements of leaves and
cotyledons,—and the two immense classes of move-
ment 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, do not directly
cause the movement ; they merely lead to a tempo-

increase or dimi of those
changes in the turgescence of the cells “which are
already in progress. In what manner, light, gravita-
tion, &e., 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 indi-
viduals. But if such bending were injurious, the
tendency would be eliminated unless it was over-
poweringly 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 ecircumnutation, 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 Bricke
has shown that this movement results from a different
state of turgescence in the cells from that which
occurs during sleep ; and as sleep-moyements are cer-
tainly due to modified circumnutation, those from a
touch can hardly be thus due. The back of a leaf of
Drosera rotundifolia 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
10 cireumnutating movement, yet after being mo-
mentarily touched with a bit of raw meat, its basal
part began to curve in 23 seconds. This ecurving
movement therefore could not have resulted from
modified eircumnutation. 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
cireumnutating, the induced curvature was so similar
to the movement caused by geotropism, that we can
hardly doubt that it is due to modified circumnu-
tation. A flower of a Mahonia was cemented to a
stick, and the stamens exhibited no signs of circum-
nutation 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

Seo the remarks in Frank's 91, &.), on natural selection fn
Dio wagershts kishtang von  sonnoohion with geropim, helio
(1870, pp. 90,
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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, circum-
nutating 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 cir-
cumnutation, as with the several classes of movement
deseribed 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
canse movement, we do not know. But a touch acts in
this manner so often, and on such widely distinet plants,
that the tendency seems to be a very general one; and
if beneficial, it might be increased to any extent. In
other cases, a touch produces a very different effect,
as with Nitella, 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 Vitacem, Cucurbitacem, and Bignoniacesw, in
which slight pressure causes a cellular outgrowth.

Finally, it is impossible not to be struck with the

bl between the foregoing of
plants and many of the actions performed uncon-
sciously by the lower animalst With plants an

* For the evidence on this pp. 178, 174
head, see the ‘ Movements and + Sachs remarks to nearly the
Habits of Climbing Plants,’ 1875, same effect: “ Dass sich die le-
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astonishingly small stimulus suffices; and even with
allied plants one may be highly sensitive to the
slightest continued pressure, and another highly sensi-
tive toa 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 speclﬁeﬂ But the most striking resemblance is
the localisation of their iti , and the t;
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 beheve that there is no structure in plu.nts more

derful, as far as its fu tha

the tip of the radicle. If the t1p 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
objeet, by which it is simultaneously pressed on oppo-
site 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, Plansensubetanz derdrt  lioh, wio dio vershiodonn Sinpos-
innerlich difforenzirt, dass cin- merven des Thiere’ (- Arbeiten
selne  Theilo. mit ‘specifischen  dos Bot. Tnst.in Wirsbarg, B
Energien ausgeristet sind, shn. ii. 1879, p. 252).
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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 oradvan-
tage 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 accord-
ance with its importance for the life of the plant.
The eourse 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
heing seated within the anterior end of the body,
receiving impressi from the gans, and
directing the several movements.
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hypoeotyl, 37
— sleep of leaves, 344, 397
apogeotropic movement of
" stdm, 191496

D.

Dablia, circumnutation of young

Teaves, 244-9:

Dulea_alopecuroider, lendts. de-
pressed at night, 85

Durkness, il of, on e wird
ment of leaves, 407

Darlingtonia Californica, its leaves
or pllchu;nl:phelmtmp!c, 450, 7.

urnip, ‘movems
cLunhmg pl)\nm. 266. 271; the
heliotropic movement of the ten-
drils of Bignonia capreolata, 433;
revolution of eclimbing  plants,
431 on the curling of n fendrl,

Erumns, on the peduncles of
Cyel.nmuns 433
francis, on the radicle of
Sumpu alla, 486 on Hygroso-
pic sceds, 489,
Datwra  stram
movement ol'mtylm‘lunn, 208
Delpino, on cotyledons of Cheero-
phyllum and Corydalis, 96, 7.
Delplinium nudicade, mode:
brealking through the ground, 80
——, contluent petioles of two coty-
Tedons, 553
Desmodivn, gyrans, wosement; of
leatlets, 957, n.
—, position of leaves at night,
2
— tleep of leaves, not of ooty
ledons, 3
e nyoti-
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579

DEssODIUN.
tropic movement of leaves, 858—
560

Desmodium gyrans, movement of
lateral Xmﬂull. 361
—Jerking of et 352
o movement of peti-
aln'l. 100 40‘
—, diumieter of plant at night,

—— lateral movement of leaves,
404

, zigzg movement of apex of
" leat, 405
—, Shapo of lnteral leadlet, 416
—— veapertilic  n.
Deutsa graoii, circumtation of

cod by wpinnsty, 439
by weiglt and - apogeo tropistn,

Duyal-Jouye, on the movements of
Bryophylium calyoinum, 257; of
the narrow leaves of the Grami-
e, 41§

Dyer. 3. Thiselton, on the leves

of Crotal  on Cassia flori-
fundd, 969, -, on tho absorbont
hairs on the buried flower-heads
of Trifolium subterraneum, 517

Echeveria_stolonifera, ciroumnuta-

of leaf,

woactus viridescens, its rudi-
ledons, 97

s lobata, movements of

266
o “Poetiopian. of teudrl,

Dianthus caryophylius,
kil o b P ynllng]ut, Elfviog, T, on tho rhisamos. of
Sparjaniun ramonn, 199 on
wide- ‘movément in the
Iy spread among, d.mm. of some plants, 521
Dioncea, owllhlory ‘movements of leaves closed
leaves, 261, 271 m.:,- s
Dionaza muscipula. circumnutation Eeichiaratiiint
lea, 289, on’ the @

dyonn expanding
240 ¥ Skpaw

—, closure of the lobes and cir-
gmnnhtinn of a fall-grown leaf,

oscillations of, 242-244
Diurial sleep. 419

——, of the fentatles,
—. sensitivenoss of - tentacles,
201
——, shapo of leaves, 414
= lur’:: not heliotropie, 450
s circumnutate largely,

454
——. sensitiveness of 570

3 5. 267
Ej Inmi or manner.
ﬂmﬁhgm the

the ground

73
undor the form afan areh, 568

Brythrinacafra leop of leaves,
7
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EUPHORBIA.

Euphorbia_jaoquinaslora, nyctic
tropic movement of leaves, 388

F.

Flabault, M., on_the rupture of
seed-coats, 102-104, 106
circumnutation  of,

Fm(q ria Rosacea, circumnutation
of stolon, 214-218
Frank, Dr.

mpism
stolongot quunn, 415 perlodia
and_nyctitropio movements of
leaves, 284; on the root-leaves
of planis kept in darkness, 443
ou pulvini, 485; on natural

selection
reotropisi
B0
—, on_Transversal-Heliotropis-
mus, 41
Fuchsia, ciroumnutation of stem,
205, 206

in _connection with

heliotropism, &e.,

G.

Gazania ringens, circumnutation
of stem, 208

Genern, containing slecping plants,
520,

Gentmpnm, 5; effect of, on tho
primary mdwle. 196; the reverse
am, 512 effct on
e Fioe of redicion, o4
Geranivum cinereun, f
ressii,
Thericum, nocturnal movement
L olagtyladn, 208
jchardsoni, 304
— mbund:/‘ahum. nosturmal move-
‘ment of cotyledon, 804, 812
— subeanescens,
Germinating seed, Listory of a,
548

GTMNOSPERNS,
Githago segetum, coumnutaton of
hypocotyl, 21, 10
—, burying ) hypocot
3, ellings fely ll{nmmnmd.,
124, 128

— sleep of cotylodan, 202
leaves, 3

Glasiium_Tuteum, sircumnutation
of young leaves, 228

Gleditschia, sleep of leaves, 368

Glycine hispide, vertical sinking of
Leaflets, 366

| Glyeyrrhiza, leaflets depressed at
A. B, tho terms Telio-

night, 855
Godlewskl, Emil, on the turge-
scence of the cells, 485
Gooseberry, effect of radiation, 284
Gossypium ' (var. Nankin cotton),

ciroumnutation  of  hypocotyl,

22
—— movement of cotyledon, 22, 25
leep of cotyle-

iliense, nocturual move-
ment of leaves, 334

——, sleep of cotyledons, 303

—" herbaceum, ~ sensitiveness of
apex of radicle, 168

es cauterised  trans-

7

—— maritimum, nocturnal move
‘ment of leaves, 324

Gravitation, movements oxcited by,

(‘ny, Ass, on Delphinium mudt
m.mla n Megarrhiza Cali
Jorn ¢ movements in.
o, frtting Fronds of  Aeploium
trichomanss, 237 on, the Amphic

carpeea mon . 3305 o

rease, effect
their tips, 182,185
ressner, Dr. H., on the cotyledons
of Cyelamen Persicum, 46, T
on hypocotyl of the same, 96
Gymmosperms, 389
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HABERLANDT.

H

Haberlundt, Dr, on tho protube-

unce ou the Lypocotyl of Allium,
; the importance of the arch

i  seedling plants, 87 sub-
aerial and subterrancan_cotyle-
dons, 110, n.;
cotyl, 55
Hawatozylon Campeclianum, noc-
turnal movement of leaves, 868,
369

Hedera heliz, circumnutation of
stew, 201

Hedysarum _coronarium, nocturnal
‘movements of leaves, 356

Helianthemum ratum, geotro-
pic movement of flower-heads,

the arched hypo-

Helianthus wnsus, ciounmatation

of hypocotyl, 45

= n:hmg of hiypocotyl,

ot vt o coty-

Todon, 305

Holiotropism, 5; uses of, 440, &
ied form of circumnutation,

S0

Helleborus niger, mode of breaking
through the ground,

Hensen, Prof, on roots in worm-
burrows, 72

Henslow, Rev. G., on the coty-
ledons of Fhalaris Canariensis,

Hofmeister, on the curious move-
‘ment of Spirogyra, 3, 259, n.; of
the leaves of Pistia llmlwttl»
255; m cnryledoui at night, 297;
of pet

B Bntain on the movements
" of the cabbage, 2

Hooker, SirJ., on e ffot o light
on the pitehers of Sarracenia,
4 0

ypocotyl, 5; manner of break-
mg g through the ground, 77;
amerges, under the form of

Hypocotyls and Epicotyls, circum-

TPONEA.

nutation and ofher movements
when arched,98; power of siraight-
cuing thomaelyes, 100; rupture
of the sced-conts, 102-106; illus-
tration of, 106; (umlmnuhmnll
when erect, 107; when in dark,

Hyponasty, 6, 267

T
Togrisunbellta, wovement,of ste,

iumnation, ffct of, on the sleep
of leaves,

Tnatoplyllam, vel Clisia (sp.?),
movement of leaves, 255

Tndigofors. tinetorit, lootets de-
ressed at night, 554

Tnheritance in plants, 407, 491

Insectivorous and clmbing plants
not heliotropic, 450 ; influence of
light on, 483

Tpomeea hona noz, arching of hypo-
cotyl, 90

e unclurnul position. of coty-
ledons,

— coriea_vel Pharbitis nil,
circummutation  of ings,

47
—, movement of cotyledons, 47—
49, 109
— nocturnal movements of coty-
ledons, 805
—, sleep of leaves, 386
— sensitiveness to light, 451
the hypoootyledonous stems
hehohoplc, 453
position of coty-
lons at night, 506, 512
tophylla, mode of breaking
throvgh the ground, 59,
—, arching of the petioles of the
cotyledons,
—, difference in sensitivencss to
gravitation in different parts,
509

— extraordinary manmer of ger-
‘mination, 357
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ouEs. Lorus.

Tpomas pandurse mauoasof ger | 903, dicstylodos;320.253, o
""““‘m""‘“"(‘iu Pharbitis his- rwz u Imnpmtun
— o cir -

i i | - Toor e ot night,

cotyledons, 505, 812

204; ngcﬁtmpm or -l!ep move-

of
it e, 701
exbryelogy P i

diurnal sleep, 4
sleep of eotyledons,

il o cotylednu of Ranun-
Try, its stoms \mmm.;.», 51

K.

erner on the bending down of pe-
duncles, 414

Klinostat,” the, an. instrament de-

vised by b7 S ohs to climinate geo-

tropism,
Kray D Dr.Carl, on the undergronnd
of Triticun repens, 189;
e Caseane sativa, 250, 807,
3z on the movements of leaves,

L

Lactuea_seariola, sleep of cotyle-
dons, 305
genaria vulgaris, cireumnutation
of soedlings, 42

—, of cotyledous, 43

——, cotylédons vertical at night,

Lathrea  squamaria, of
breaking through i round,
——, quantity of water secreted,

85, 86, 1.
Lathyrus  nissolia, ciroumnuta-

tion of stem of young seedling,

83
—p e described by, 207,
Leaves, circumnutation of, 226-

$08; sloeping species, 340
Le Maont and Decaisne, 67
idium _sativum, slecp of cotyle-
, 502

Light, movements excited by s
563 ; influence on most.
tissues, 486 ; acts on yl-lntlldl
the nervous system of animals,

Litium auratun, ciroumutatio of
m, 2
e tropic movement of
stom, 408, 49
Linnwns, *Somnus  Plantarnm,"
250; on plants sleeping, 5203
on lhu "loaves of Side cliiong
8245 on (Bnothera mollissima,
Linum Berendier, nocturnal move-
ment of cotyledons, 208
—— usitatissimum, circumnutation
of stem, 203
Lelium perenneyJoints affecte by
apogeotropism, 502
lnm«mbmdypmiﬂ.hmhngvfﬂll
tip, 21
Sy m\..a-mm o light, 433
Loomis, Mr., on the movements in
the l‘mmng "tonds of dsplenium

new, 257
Lalm rm’ltan effect of radiation
on leaves, 202
—— Cretious, leaves awake and
354

— Gelelii, nocturnnl movement
of cotyledans, 308
g lalets providod with pulvin,
— ambzu, movements of
ledons, 109 i
L utvind a, 115
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Lotus Jacobeus,
night, 116, 121,

— development of pulvini, 122

—— sleep of eotyledons, 308, 313

— n)otllm]lw movement  of
Teaves.

movements at
24

— major, s p of leaves, 353
—oPergrinu, movement of lea
lets,
Lurmlarm s onlgarls, lscamnntation
of fro
I/upmu. 310
—— albifrons, sleep of leayes, 344
gy, Hartwegi, sloop of leaves,
1

—— luteus, cireumnutation of eoty-
ledons, 38, 110
ot of darkness, 124

Lupinus, position of leaves when
asleep,

—, different positions of leaves at
night, 343

——, varied movements of leaves

sleep of leaves, 343
— mutabilis, sleep of leaves,
313

—— nanus, sleep of leaves, 343
—— pilasus, sleep of leaves, 340,

341
gl phlos sleep of leaves,
sleep of leaves by

pob
dny and night, 342
— position of petioles at night,

——, movements of petioles, 401
R st of

Lyneh, M. R, bn Pachira aqua-
ion, 98, w1 !1 ‘movements of

Averrhoa, 33

%

Maranta._arundinacea, nyetitropic
‘movement of leaves, 389-391
— after much agitation bt
-leap, 819

MELILOTUS,

Marwitia. quadrifliats, effct of 1a-
diation ut night,
—. ciren

trpio movement aflcnﬂuts, Soa

I e
Mmm, on radiation at night,

Blnst.en, Dr. Muxwell, on the lead-
ing slioots of the Conifers, 211
Maurondia semperforen, iroumare

tation of peduncle, 2

3 jo maculata, hocturnal posi-
tion of leaves, 345

—— mariua, icaves awake and
asleep, 344

Mechan, Mr., on the effect of an
ZEeidiun o Portulaca oleracea,

mjmm Californica, mode of
Draking throngh th ground,

tion, 83, 55
Melalisca orionfolia,oop of enves;

Melilotus, sleep of leaves, 345
—— alba, sleep of leaves, BAT
carulea, sleep of leaves, 347
—— dentata, effect of radiation at
night, 295
—— elegans, sleep of lenves, 347
—— gracilis, sleep of leaves, 347
—— inesta, slep of leaves, 347
luliog loavesexposed at
night, 20
—sleep o loaves, 34
romhisa, e exposed at
Taight,

iy

S liep oflnaves, 347

— messanensis, sloop of leaves on
full-grown and young plants,
348, 416

—— oficinalis, effct of exposure of
leaves at night, 200, 2¢

— noeturnal movement of leaves,
346, 34

— circumnutation of leaves, 318

— movement of petioles, 401
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MELILOTS. NEPTUNIA,
elilotus parviflora, sleep of leaves, | Mimosa albida, civeumnutation and
T nyctitropic movement of pinne,
ipierreana, leaves exposed | 402
at night, 201, 206

. .m., of leaves, 34
R e e e,

347
— suasolens, leaves exposed at
night, 201
— sleep ot Teaves,
— suleata, !]tep of u-m. 847
— Taurica, leaves exposed at
i
of leaves, 341, 415
n!ctho.l.l nl observation,
Mimosa albida, cot)lo]unl vertieal
at night, 116
—— ot sensitive to contact, 127
= ""“P of cotyledons, 508
—, rudimenf lots, 864
o nynhtmp(c ‘movements of
—_— dmmnnuun of the main
_ petiolo of young e
forsion, or rotution of leaves
T and leaflets, 400
——, first true lea, 416
——, effect of bright sunshine on
il lestot, 443
—— marginata, ||ychtrn|nu move-
ments of leafets,
— pudica, ey coty-
ledons, 105
——, rupture of the secd-conts,
105
—, circumnutation of eotyledons,
100

—, pulvini of, 113, 115
cotyledons vertical ut night,
b

—, hardly sensitive fo contact,

gt of expomuro st aight,
2

—, nocturnal movement of leaves,

——, slecp of cotyledons, 508

— circumnuiation and_nyeti-
tropls movement of main ‘petiole,

L leatiets, 578

PRr R SRS PPV pers )

- number of elipss domribod
in van ti
gl j’%ngm sunshine on

Mirabilis jalapa and longiflora,
movements of cotyle-

dons, 507
——, “nyotitropio movement of

heliotropism
s oms, and iwiting phnu,
L
Momentum-liko movement, the ae-
cumulated cffeots of apogeo-
e,
Monocotyledons, sleep of leaves,

on ‘movemen
lhmmnl of Sparmannia and
us, 226
Miller, Fritz, on Cassia tora, $4;
ou’the circemmstation of Linems
wsitatissimum, 208; movements
of tho fower-stems of n Alisma,

Bk cemati s movemact sl
leaes, 246
——, leaves not heliotropic, 451

Natural seleotion in _conneotion
with nntlup-m ieliotropism,

jwm molle, circumnutation
‘Stvery young frond, 68

e frond, g
—m.hgln movemont of fronds,

Neptunia oleracea, sensitiveness to
mn itact, 128
wotitropio movement of loaf-
lah, 37‘i
——, of pinns, 402

of Charles Darwin Online



INDEX.

NIOOTIANA.

Nicotiana_glauca, slecp of lea
et P wves,
g Cicumnutation of leaves,
Nobbe, on of the seed-
oot ina .:ﬁmor Martynia,
 prostrata, nmvemﬂnt of seed-

llngu i tho dark,

et oD sl
Nyctitrpic. movement of leave,
Nyelltmplm or sloop of leaves,

jon' with radia.
; Sh0 ahpoet gatned by I,

0.

Observation, methods of, 6
 mollissima,sloep of leaves,
888
ntia basilaris, conjoint oirenm
S hypt;:gl and coty-
ledon, 44
s ullc\nmng of the hypocotyl,

—, ciroumnutation of hypoeotyl
" whou ereet, 107
, burying of, 109
m":“'y seedling, circumnutation

of, 510
Oreliis py yramidatia complox marve-

St of poitie, 4
b m\mmnuhhnnnf

Ttionat mght, 357, 288,
ciroumnutation and nyeti-
e::,iw movement in - full-grown
B niton of st whin

——, mte of circumnutation of

—., ciroumnutation of peduncle,
506

o P Crwialaka

oxALIS.

Ozalis acetosella,

‘ocesionally bmm,
— artic

‘ments urm,um.

st

move-

m) sensitiva, To-
ity o movement of otyledans
luring the day,
O vt of 113
—, cotyledons ‘vertical at night,
1186, 118
— bupleurifolia, ciroumnutation
of foliaocous petiole, 528
——, nyctitropic movement of fer-
minal leaflet, 320
—— carnosa, eircumnutation of
flower-stem, 228
——, opinastic movements of flower-
stem, 504
effict of exposure ot night,

ndm-,us
i of coty-

1
—-.22 dwuldpmmt of pulvinus,
1

— effect of dull light, 124
—, experiments on leaves at night,
288
oribunda, pulyinus of coty-
Ma’f....m = %
—, nocturnal movement, 118,
307, 813
= Jfragrans, slecp of leaves,
Spemmtation of
leaves,
plaat at nigm.
=4 nmmm-n‘medb bright
‘sunshine, 417 e
—th“-n,llecpnllnvu,m

T

S e o€ o
ledous, 23,

move emm of m?il.\dnnl, )
mdunmxh

llOWel' -stems, 22
— sleep of m,n
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INDEX.

OXALIS,

Ozalis rosea, pulvinus of, us
e m-unem

118, 507
—— offeot of dull light, 124
oy Mon-seulive. colyledons
— sensitica, movement of coty-
lodons, 109, 127, 128
—ireamintation of fower-sem,

at

nooturnal movement of coty-
jﬂnl. 307, 312

loep of fleaves
gymuu. at night. gty thvy

—— Valdiviana, conjoint uhcnm-
‘nutation of cotyledons and b

it of co-

e
otyledons risng vmmuy at
Toehty 114, 115, 117, 198
—— non-sensitive cotylodans, 127
—— nocturnal movement of coty-
Tedon, 307, 812
sleep of Iraves and not of co-
tyledons, 815
—, movements of leaves, 827

Pachira_aquatica, wnequal cotyle-
lons, 93, n,
P/lmmllum Tlittorale, movement. of

Paraheliotropism, or diurnal sleep
of leaves, 445

Panifora gracilis, circunnutation
and nyetitropic movement  of
leaves, 593, 884

tropic movement of

ton

, sensitiveness of tendrils, 550
Pahrvml(um sonale, circeumnutation
of stem, 203

—, and downward_movement of
young leaf, 252, 233, 269

Ptioles, the, rising of, beneficial to
plunt at night, 4

Petunia violaced, downward move-

A The Crmnlete Work of Chades Darwin Online

PHASEOLS.
ment and cirenmnutation of very

By leaf, 248, 249, 2
&rv on the

urgeseence
; on pulvini of lea

ua. 117; ‘sleep movements

leaves, 280, 283, 28} noctarnal
rising'of leaves of Malva, 824;
movements of kaflots {n_ Desmo:
diwm_gyrans, n Phyllan-
i Nivurt, 588, influence of &
pulvinus on Teaves, 395; periodic.

%z—

‘movemen ping _leaves,
407, 408; movements of petals,
ot susablne o

light on_parts provided it pul-
i,

Phataris Canariensin movements of
_ oM scodlings, 62

iotropic mov
‘cumnutation of cotyiedon towards
& dim lateral light, 427
—, sensitiveness of cotyledon to
light, 455
—, effect of exclusion of light
from tips of cotylodons, 436 5.

—., manner of bending.
ugh:& 407 e
——, effects of paint with
iy
— transmitted effocts of lighty

469
5 lerl. llumivation o i,

ement of the
e catyledons, 107
—, chunge from n straight e

ward apogeotropio course to
cnmnnmum,

—; Spogeottopio. movement. of
mvlodn

Phascolus Hmnmhm, nocturnal
‘movement of leaves and leallel,

—— caracalla, 93
ooturnal movement of leaves,

i posk

2 etk ot gt bl

Tleatlets, 446
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PHASEOLUS, quEnovs.
Phascolus multiflorus, movement of imbing, circamnutation of,
rdicles 20 lnnvmm.ntn of, 559
——, of young radicle, anture, circummutation of,
,el‘hypowlyl o1, W

ts of

1667
——, to moist air, 181
— conterisation and grease on
the tips, 5:
—, nocturnal movement of leaves,
368

—, nyetitropi movement of the
first unifoliate leaves, 397
—— Rosurghii, effect of bright
sunshine on first leaves, 445
— sulgoris 98
=, flocp of s
— vertical smkm- ofloalts at

Phylanthus Nirurd, slosp of leat-
lets, 5

— " linoides,
387

Plocerens Houlei, rudimentary
cotyledons, 97

Pimelia spectabilis, sleep of leaves,
387

sleep of leaves,

Pincers, wooden, through which
the mdicle of & bean was allowed
to grow, 75

Pipus ausiriaen, dirsumnutation of
leaves, 251, 232

——  Nordmanniana, uyetitropic
‘movement of Jeaves,

= pinoutan iirenmnilaion s of
hypocotyl, 5

—_ mnvemam of two. opposite
cotyledons,

= cironmmtatin of young leef,
250, 2 l
—, epinastic downward move-
“acu of young Jeof, 270,
Pigia,_stratioles, movement of
leaves,
Pisum m(wum. sensitiveness of

sensitiveness to  light,
449; hygroscopic movements of,
489

Pliny on fhe sleep
plants, 28

BoadapiCnmttsdissniasith
of stem, 208, 209

Poinciana Gillot, sl of laves,

Po lygmmm aviculare, oavesvetical
ot night,

L sinking of the
Toaves ot nigih, 818

Pontederia (&p: %), circumnutation
of leaves

hygmmelrwll. cirenm-

on_anl nyetitropic mov

monts of petile of leat, 33

——, cffect of watering, 336-388
—. lealots closed during the day,

Portulaca oleracea, offect of Hei-
dium on, 189

Primulu. Sinensis, conjoint circum-
nutation of hypocotyl and eofy-

pledon, 45, 45
singelicm on tho ijury to cloro-
phyll, 44

Prosopis, nychhupm movements of
B! 874

‘acaulis, nocturnal move-

uence o
movements of cotyledons, 318;
affwt on nyotitropio movements,

Quercus (American sp.), ciroumnu-
tation of young stem, 53, 54
—— robur, movement of radicles,
54, 55
——, sensitiveness of apex of
76
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QUERCUS.

uércus virens, manmer of germina-
tion, 83, 557

R.

Radiation_at night, effect of, on

leaves, 284-286

Radicles, manner in which they
‘penetrato the ground, 6977 ; cir-
cumnutation of, 69; experiments
with split sticks, 74; with

wooden pincers, 75 ; sensitiveness
of apex to contact and ofher irri-
tants, 120; of Vicia faba, 132-
5

sensitivences of "tip " to, moist

180; with greased tips,
effect of killing or injuring.
the primary radicle, 187-191;
ceurvature of,
moisture, 198

by
tipalone scnmﬂve

ondary, sensitiveness of
"5 tipe In thyben, 151 beeomme
vertically geotropic, 186-191
mey on the movements of the
cotyledons of Mimosa pudiod,
sm{ Clianthus Dampieri at night,

et . Pgbidl TN oF
breaking through the ground,
86, 90
—, single cotyledon, 9
——, effect of lateral llght 484
Raplanus sativa, of

sacms,

Reseda odorata, hypocoty] of seed-
Ting slightly heliotropic, 454

Reversion, due to mutilation, 190

hipaalis cunylia, rudimentary co-
tyledons,

i Boosiauiy dronities
tion of arched hypooot

Robinia, effect

tyl, 53
ot of bright sunshine
on its leaves, 445
o-acacia, leaflets vertical
Tat. night, 850
Rodier, M., on the movements of
Ceratophyflum demersum, 211
Royer, Oh., on the slecp-movements
on the sleep of
leaves, 318 ; the leaves of Medi-
cago maoata, 343; on Wistaria
Sinensis,
Rubus idaus (hzybml) circumnuta-
tion of stem, 205
—, apogeofropic movement of
stem, 498
Ruiz and Puton, on Porlieria b=
grometricy

Sacms on “ revolving nutation,” 1;
intimate m-énocuun1 between tur-
gescenceand growth, 2. coty-

n of the o ; ‘adapt

tion of root-hai ﬂm Mo
ment of tho radile, 70, 72 78
movement in tL\e 1s of
the bean, &

; sensitiveness

of radicles, l:}l 145‘ 198; sensi-
fivencss of the. prifary radicle
in_ the bean, 155; in the com-

mon_pes, 156. e«fm o moint
air, 180; uring
e prllnnry mdlche, “Is6, 1873

apex of radicle, 17

o dleep of mtylmlnna, 301

Rattan, Mr., on the germination of
e dood of “vg«ﬂhl':a Califor-

Relllwn between

295 epinasty, ki
of ltlts of Trijlium, incar=

and heliotropism, 485

natum, ight in

modifying e nodm ‘move-
ments of leaves, 418 ; on geotro-

pism 436,

on Tropolum m;m, 458}
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SARRACENTA. STAPELIA,
on the hypocatyls dightly bello | Sinapis nigra sleep of cotyledons,
tropic, and stems strongly aphe-
liotropic of the ivy, a‘g»; Smllaz aapers, tendrils aphelio-

liotropism of radicles,
perimontson, tips of ruli e

of bean, 528, 524; curvature of
the hypocotyl, 555 ; resemblance
botween plants and animals,
&L

purpurea, cireumnuta-
i of yousg pitcher, 227

i rmentosa, cireum:
nuh!mn ol ln muhnnd mlom
21

Schrankia _aculeata, nyetitropic
movement of the pionw, 381,
403

—— uneinata, nyctitropic move-
‘ments of leaflets, 351
coronilla,

Lcapsules, burying of,
Beed-coats, rupture of, 102-106
Seedling plants, _cireunnutating
‘movements of, 1
Selaginella, olmumnnmdon of, 258
() ireumnutation of

nocturnal

— Kraussi
ung pla
sopa dq,m-nm of leaves at

- pnlvm
iy rising of leaves,

822
—Lhombifoia leepofcotyledons,

sloep of leaves, 314
! vortical ising of leaves, 322
922

- Do pulvinus,

T oiummuiation. . and. nyeti-
tropic. muumunu of leaf of young
plant, 52:

= nyct\(mplu
Teav

movement  of
grledalin | sloapof
s‘m.-..uu.,n, 1 bending to-
." e
mdmezofngm on
82,

of radicles in dark-

Toadioien
—, growth
ness, 486

tropic, 4!
Smithia  Pfundii,
cotyledonis, 127
ustio movement of the
summit of the stem, 274-

non - sensitive

—h
b
76 ol

—, cotyledons not sleeping at

i 5 i

ieal movement of leaves,

35

it st fvenees of

Tedons o e i

of lerd
i

i rysophylla, Tntetarisnat
i

Solanwm  duleamara, ciroumnuta-
ting stems, 266

—— lycopersicum, movement of
hypocotyl, 50

—— of cotyledons, 50

—, effict of darkness,

—, rising of eotyledunn ab night,

—, heliotropic movements of
hypocoty

—, effoct of an intermittent light,
457

inﬂunpﬂlllf ‘archod hypaootyl, 1,

o]

—. cllipses described by hypo-

 oohyl when n erec, 107

—, noc mvnnml of coty-

Pt rhizomes
nium ramoswm, of,

e

rising  of

Spirogya priesps, movements of,

Stal, Dr, on the eflet of s

ook, 160+ o it o
ll\umu of l(ght on swarm-spores,

8&: ircumnutation
uf" yp«u,l el
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STAVELIA,

Stapelia. sarpedon,  winte . coty-
Tedons, 9

Stllaria’ media, nocturnal move-
ment of leaves, 207

Steme, cireummutation of, 201-214

Stolons, or Runners, circumnuta-
tion of, 214-222,

Strashurger, on the effeot of light
on spores of Heemntocous, 435, n
the influence of light on the
swarm-spores, 488

Sttamiiery; stolons of the clvoum-
Tutate, but ot affeoted by mod
rate light, 4

Strephim floriundum, cireumnu-
tation and nyetitropic movement
of leaves, 391, 392

b 5

Tamarindus Dudica, nyctitropo
‘movement of leaflefs,
Transverss OLrnpllmni (of
Frank) or diaheliotropism, 438
Trapa natans, wequal cotyledons,
95, n.

Teoma. rodicans, stems. aphelio-
tropic, 4

Teplirosia caribea, 854

Terminology, 5

Thalia dealbata, sleep of leaves,
889

—, lateral movement of leaves,

Trichosantlies anguina, action of the
eg on the radicle,
il movement of coty-

lons, 304
Trifolium, position of terminal leaf-
Tets nt night,
—— globosum, with hairs profecting
the seed-bearing flowers, 517
glmneﬂmm\, movement of
" cotyledons, 50
i’vwarnalum, movement of
cotyledons, 809
Pannonieun, shape of first
true lea, 850, 415

TRITION.
Trijolinm pratense, leaves esposed
at night, 208
circunmutation o
225

—, circumnutating and epinastic
movements of flower-stem, 276-
279

e mmmpm movement of
leaves, B4
e nyeti-
tropie movemvnts of terminal
leaflets. 352, 453
—, sleep movements, 349
— ewpinatu, 0 pulvini 10
cotyledons,
—_ cmumnumuon of stem, 204
—, effect of exposure at night,

—, cotyledons ot rising at
night, 118,
irounnutation and nyoti
ropie movanents of terminal
ahoa;
—_ mmum ‘movements of coty-
ledons at night, 116, 118
—, noeturnal snd dinrnal move-
ments of cotyledons, 309-311,
15

—_ mnvement of the left-hand

movement o
eads,
—, of cotyledons at night, 116,
—, ciroumnutation of flower-s
221, 925 o

—, circummutation and nyctic
tropic movements of leaves, 350
— number of ellipses in

Tours, 4

s,
—, burying its flower heads, 518,
514

—, downward movement of pe-
duncle, 515

— circumnuiating movement of
peduncle, 516

T1igmwllﬁ Cretica, slecp of leaves,

joum _repens,  underground
shmtl of, become. apogeotropic,
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TRITIOUN.

Tritioun vulgare, seusitiveness of
tips of radicle to moist air, 184
Tropwolum majus (?), sensitiveness

—. influence of illumination on
nycttropio movements, 398-540,
— luliotopio. movement nd
cirounnutation of epicotyl of o
Young scedling, 42, &
——, of an old B S Sovieta
late:

stems young plants
" Lighly 1.nn..mplc, Y old planta
slightly apheliotropie, 453

et of Intera Tight,

minus (?), circamnutation of

buried and arched epicotyl, 27
u.

Ulez, ot gorse, first-formed leaf of,

Draria lagopus, vertical sinking of
Toatcs at vight, 30
of the

flower-heads_of rn,m . sul-

newm, 513; on the protee-
ion of 7
Verbena melindre 2, croumnnta-
tion of stem,

e
stem, 495

V.

Fisia, fba, siroummutation of -
dicls, 2

e epionyl, 81-0

—— curvaturo of hypocotyl, 92

) sonsitivencss of upex of ra

, 18213
—. of tho tips of secondary ra-
dicles,
" of the primary radidle above
5 e, 10108
—, varions experiments, I

135-143
——, summary of results, 1-»3-151
——, power of au irritant on, com-

WILSON.
pared with thit of gentropism,
154

Vieia faba, eiroumnutation of leaves,
234235
—, circamnutation of terminal
lealet, 235
— effoot of apogeotropi
—eftet ol umputating
of rudiclos, 5
—_ m;;uumnm. of tips, 320
—, short._exposure 1o geotropic

m, 444
the tips

ion,
effots of amputatio the ti
ohhqudy. L i
of cauterising the tips, 520
—— of greaso on the tips, 534
Vines, Mz, on oell growh, 3
turgesocuce, 2; on
epiiasty and Lyponaaty, 0, 267,
68 the protection of hypo-
cotyls during winter, 537 ; stolons
aphiliotropie, 108 the uya
movement of leaves, 283
the position of leaves influenced
by opinusty, thrown weight aud
ropism, 440; npozeotro-
T petolgs and i ribn &4
the stolons of strawberrics, 454 ;
the joints or pulvini of the Gra-
‘minew, 502

W,
Wataring, effect of, on Porleria
trica, 336-33%

Wollr T 30 Do 284, .
Wistie Pok Tou G i mema.

4 of
chforophyll fo Toaves, +46; the
effcots of an intermittent light,
457; on airial roots, on
8] adaptations, 490
mrmam., ‘movement of leaves, 248
ol o leaves of
Drostes, Gapensis, 41
Sk e B o e
o of Bwadish turnip leaves,
w.m
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WINKLER, *ZURAL.
Winlkler on the protection of sed- | Zea May., ooteopie movement of
Tings, 1 Tadicles,
Witteria Sinenals of apes: of -
at night, 354 " dicte to contact,
—, circnmnutation with laferal | —, secondary diien 170
light, 452 —. heliotropic movements of
scedling, 64, 42
5 —, tips of rdicles cauterised,
220 Mayy circumnutaton of coty- | Zakal, o the movements of Spiru-

ina, 239, n.

THE END.

LOMDON: FRISTED BY WILLLAX GLOWES 45D %8, LFTED,
“STAMFORD STREET AND CHARING
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ening of oimeroun Groek Words, ety 1 Howet acd i
By Boes a0 Fks, ovb
L nepilic Greek erin, Wik all the: Tenses
eantteir Formaton, Mesniog, and Usag, with Noies, by Ker.
TR Frautaxe. Post Svo
CALLGOTD (o). Little Arthurs History of Englnd.
“New Kiton, brought down t0 1872. With Weodeats, Feap. 6v0. 1s.6d,
CARNARVON g.m). Fortogal, Galils, ud the Taequ
Provinces. Post 8vo,

CAmmeBT (W. C.). 'ﬂu Jesults: their Congtitution and
aching, An Historical Sketeli, Svo,
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CAMPBELL (Loxp). of the

of Lord

e Justices of England. KFrom the Norman
Conqest o the Death of Lord Tenterden. 4 Vols. Crown 8vo. Ga.each.
Lires of Lndhars, and Beosghen. Bvo. 166

Lord Bacon. Feap. 8vo.
(Six Gronox) Handy- TP wm e i O
tion; being a Very Recent View of Turkey. With Map. Post Svo. 6s.
Easay on English Poetry,, With Short

it Bvo.

CAVALCASELLE CROWES History of Painting in
Yoz, m he Yt o ko 1680 Centary. With Illustrations.

e Elrly Flemish Punurl, their Lives and

Works, llluunlnnl. Post fvo. 106, i Large Paper, 8vo. 162,

.Trn and Times of Tnhn Vilh some Acoount
S i et ok e e Yo

CESXOLA( L. P. m). Cyprus; lu A ncient Cities, 'l'nmh,

Seies, A Narmiive o iearchos ations during Ten

hat Taland.  With Sap and 400 Tiustrasions.

o
CHILD | (Cnuu-). Benedicite; or, Sung of the Three Ohildren:
Illustrations of the m, uﬂcn-‘, -n.lhml

by th Creator i M

works.  Post 8vo.
omanum (Hn.) Punll of the P\ﬂn Su True Stories of

Discovery and Adventure. Dlustratisna, Postva, 8,
CHUBTQN (Aluunnnnx) Poetical Remains, Translations and
tlge, Poctralt. Pont v 11 64,
ent,  Edited with a Pllln Pmnul

'Mu‘q Joe ¥amilos ued Genersl Resdas, Wit
iews,
CLABE]C PRKACH.IBS OF Tﬂl B\uLlSH CBD’BCH.
St piame's Lactura, 677, By Caxon Liglttiat Frof, Wace Dran
1

With &0 Inircdoctio % 3 3
CLIVES (Lnln) Life, Rav. G. K. Gume,  Postsvo, 34.6d.
CLUDB (C M), Military Forees nf th. (.\o'n their Administra-
and Government. 2 Vols. 2. each.
Ad\mnhunlon of Jmﬂn nndar mmm and Maﬂ.u.l
Lav, s applicable to the Army, Navy, Nariu, sad

COLERIDGE'S (Samvuzs Tayror) Table-Talk. Pnnnﬁlm 32.6d.

Dn rviiaga Ousats oo Parsr | Zamnosea Gcsioncs. Con
Prvirs or Buuse Fascal. Deas

Fisxiow's (Euvees Seirvrios.
Kov. T. T, Unrter.
Devorioxs.  Bishop of

Eiy.
Cuivits Yran  Conon Barry,
el oy it 19

5. Fnavors DR Sauss Dean

‘Goulburn.

BaxTow's Samwrs' Rusr,  Archbighop
of Dublin,

8, Avovme's Coxpassioss, Bishop

g’ 'AArwu Hovy Livixa aso  Prcands Proounss. Dewn Howsou,
. be, ey, Praxms Boox. Dean Burgon.
Ptace by 3. 1. Kexem, Hecksr, Crowa 6vo. 6.
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COOK (Canon). Sermons Preached at Lincoln’s Tnn, 8vo. 9.

COOKE (E. W.). Leaves from my Sketch-Book. Being a selec-
i, from skeches made dung many ours. Wik Deseipive Text
50 Plates. 2 vols, Smallfol. 1. 6. ench,

COOKERY (Mopsay mmm) Founded on Principles of Economy
and Prectical Knowledge. By & Lady, Woodcuts. Feap.8vo. bs.

COOPER (T. ™). Travels of a Pioneer of Commerce on an

Overlaad Journey from Chin towards India. Tilustraion

CRABBE (Rav, Gaonos). Life and Postical Works. Wi it
trations, Royal Svo.

ORAWFORD & BALcnrms (Earl of). Biruscan, Tnscriptons.

26d, Transiated, and Commented upon, 6.

CRIPI’S(W!Llnm). Old Engluh]’]n\e Ecc]ulnuu'l D:cnnﬁlva.
and Domestic its makers and marks,  Tustrations, Medium Sy

CROKER (. W). Progressive Geography for Chitiren,
18mo, 15,64,

Stories for Children, Selected from the History of
England. Woodeuts, 16mo. 2s.64.

— Boswell's Life of Johnson, Including the Tour to
the Hebrides, Sevench Edition. Portraits, Svo. 12:.

Early Period of the French Revolution. 8vo. 13s,
—— Historical Eesay on the Guillotine. Feap. 8vo. Is.
CROWE 4xp CAVALCASELLE. = Lives of the Barly Flemish
Woodeuts, Post 6vo, 105, 64,5 or Large Paper, 8v0, 165,

e story of Painting in North Italy, from 1dth to
160 Gonvury, Derived from Roseasche in that Covatry. With i

lustza
Lif and Tines of Titian, with some Accoont of s
i, iy from s aod gupubiided rcoris. With Porirat and
Tilustrations. 2 vals.
CUMMING (R, Gonox), Fma Y:nn of & Hunters Life in the
erior of S Africa.
CUNYNGHANE S Anmm) Rravel i the Eastern Concasue,
on tlie Caspian and Bluck Seas, in Daghestan and the Frontiers of
Porala and Turkey.  With Map aud Tlustrations. Svo. 156,
CURTIUS' (Prorsssor) Suudent’s Gresk Grammar, for the Upper
Fomms, _Edited by Da. Wat. Swims. PostSvo. 6s.
lucidations of the above Gramumar.  Trauslated by
Amor. PostSvo. 7s.
Reashee” Grk Crammaar for e Middle and Lover
‘Forms. Abridged from the larger work. 12
Aceidence of the reck Teosieee. atisbietifrom
the ahove work.

Tom

———y, Erincipies of (,mk Et)mn!ogy Trsalated by A, 5.
., 40d E. B Exoraw

vl HZON (an koum) v mln to thn l\lunnuunel of t.he Lc\'xmL

Mlstsins. Tost o, 7564
CUST (Grmnaa), Warriorsof the 171 Century—The Thirty Yeans
‘War. 2 Vols. 16, (:mlvun of France 'nrl England, 2 Vols.
Comuauders of Fleets and Arinies. 2 Vols.
“Aomala-of the Wars-—15th & 19th Cantury, 17001815,
‘With Maps, 9 Vols. Post 6vo. 5s. each.
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DAY (Sm Hosrmin), Consoltions in Travel; or, Last Days
of a Philosopher. ‘oodeuts. Feap.8vo, 3u.6d.
or, Days of Fly Fishing. Woodcuts.

~————— Salmoni;
Feap.ovo. 8064
DARWIN (Caxnns) WORKS :—
Jopssau or 4 Narouause oowso 4 Voraos aovwn zus
.

Omiars or Ermn »r Meaxs oF Narvsax Szusoriox ; or, the
Preservation of Favoured Races in Life. Woodeats.

Crowa Svo,
Vanumox or Axiuass axp Fasss v Dowsricasios.
oda Crown svo.
nmm or Max, sxp Swuerion 1 Reumon 1o Srx,
cats. Crown $vo.

Exl»mxsmxs ov THE Exorwxs 15 Max axp Axnazs, With
1 wn Svo. 126

Vamious Coxtmivaxces vy wiicn Oxcmins Ang Freriuzen
Ixsscts, W Crown 8vo.

Movexexrs axp Hamrs or Cunmise Prasrs.  Woodents,

0. 6.
Insmerivorous Praxts. Woodeuts. Crown 8vo. 1da
Errxcrs or Cioss Axp Sgur-Fenriizaniox 1 us VEeerseie

Kixopox. Crown vo, 1%
Drreerexr Fomxs ov Frowns ox PLoxts o TuE SAME
Srecizs. Crown Svo, 10 6d.
Facrs axp Anovass von Danwix, By Fumz Munuss,
‘Translated by W. 8. Davias. Woodeuts, Post Svo, s
DE COSSON (B A). The Cradle of the Blue Nile; .Jmmy
through Abvssinia and Soudan, and a residence of Kiug
Juhnnlﬂh!o'-h. ‘Map and Tilustrations. 2 vols. ort b
DENNIS (Gzo The Cities and Cemeteries ol E'.mrh. P
new Bdluml, Tevised, recording all t.h latest Discoveries.
Plans and 15 Hllustrations, 2 vols. 8vo, d2s.

DENT (Bxca). Annals of Wincheombe and Sudeley. - With 120

aits, Plates and Woodouts.  4to,

Dmy (Em ov). Tliad of Homer rendmd o English

10k Edition, With Portrait. 2 Vols. PostSvo. 10s.

DERRY e on). Wiknss of the Pealms o Christ and Chris-

Bampton Lectures for 1676. Svo.

DEUISCH (P.vulm). 'h.lmud, Islam, The Targums and other

DILKE (S C. W)‘ l pm of a Critie, Selected from the
Writingn of Jhalite Cuias. Wuwawouri Divx. With o Blograph-
cal Sketeh, Bvo. " 24s.

Dou-nmma wuh Uddl and Ends for those who lova L‘la

Bog and Gia. Dy Grs. Hurcmssos. With
Crovngvo. 7.
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DOMESTIC MODERN COOKERY. Founded ﬂn Pﬂnelplll ci
‘Economy aud Practical Knowledge, and adspted for
‘Woodeuts. Feap. 8vo. e

DOUGLAS'S (Sra Howanp) Life and Adventures, Portrait. 8vo, 151,
————— Theory and Practice of Gunnery. Plates. 8vo. 21s,
Constroetion of Bridges and the Passago of Rivers
Military Operations. Plates. Svo, 21s
(W) HorseShoeing; As it Is, snd As it Should be.
Tlustrations. Post Svo. 7s. 6d.
DRAKES (Sn Faaxcus) Life, Voyages, and Exploits, by Sea and
e B g M s )
DRINKWATER (Toux).  History of iho Siege of Gibraltar
17791783, 'With a Deseription and Account of that Garrison from the
t Pariods. Pout Svo, 20,
DUCANGE'S Mypivar Lamis-Excusi Dicrionaxr. Translated
and Edited by Rev, E. A.Davyax and J. 5. Hxssers. m'-nun. %
DU CHAILLU (Pac. B). - Eaoszonias Arsicy, with Accounts
g o res
Gorila, the Nostbuiding Ape, Chimpasiee, Croeoile
Jonmey o Ashango Land; and Farther Peae-
tration futo Equatorial Afeca. Tl
DUFFERIN (Loxn). Letters from ngh uumiu; a Yacht
Yerage t Teeand, aa Mayen, nsd Sptzbergem, Woodeta, Bost
'DII\CAN (Munm. History of the Royal Artillery. Com-
from the Origival Records. With Portraits. 2 Vols. Svo. 30w

E- Jish in Spain; o, The Story of the War of Sue-
cession, et and 1 340, Complled frum the Roperts of the Brithh

Commtasionazs Witk Tinsiet
xumu (Bu Cuanues). Cum:nb tions to the Literature of
ris, With Memolr of the Author, and Selectioos from his

nie. By Laux Eavrias. 3Volu: 6v. 2.
nnwuum (W B, Vossge up the River Awmazons, ncloding »
Visitto Para. Fost Svo.
BIGHT MONTHS AT ROME; during the Vatiean Councl, with
aily Account of the Pricosdings. Dy Poxrosio Lato, Trans-
Ttod v the Origas v 150

ELDON'S (Loxo) Public and Private Life, with Selections from
his oo aud Diaries. By Homace Twiss. Portmait. %
Vol Postsvo. .
ELOIN (Low). Letters and Jourmale, = Edited by Tascsosx
With Profuce by Dean Stasiey. Svo.
BLLESMERE (Lons). Tvo Sieges of mm n, the Turks,
‘Tranalated from the German.
ELLIS (W). Madogasear Bevitod, Eemng forth the Perse-
-num and Herolc Sufferings of the Native Christlans. Ilustrations.
Memolr, By His Sor. With bia Characier snd
“Wark. By Rev. lirar Avsox, DD, Portmlt. fvo. 10r.6d,
(Rontxsox) Poews and Fragmeuts of Catullus. 16mo. §s.
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ELPHINSTONE (Hox. Mounzsruant). History ef India—the
Hintoo, tok Mosattn: Buica. {eliod iy e G

—— (H W.) Patterns for Turning; Comprising
Elliprca sod otfer Elguees cu on he Tatho vitlot th s of any
Gruamental Chack.. With 70 Lsstrations. Small 4

ENGLAND. See Cazcors, Croxzn, Huxz, mumx, S,

and Stamors.

}]SSAYS ON CATHEDRALS. With an Introduction. By
Daax Howsox. Svo. 125

ELZE (Kans), Life of Lord Byron. With a Critieal Esssy on his
Place in Literature. Translated from the German, \\llh Portrait, Svo. 165,

b (Jaxzs). History of Archi in all Countries

. Vi1 Hiseons. 4 Vol Modiamm o,
an I & 11 Annlent and Medizeval.
Vol 1L Indmn&h.nslexn 420, Vol. 1V, Modern. 316, 64.
e Stone Monuments in all Cnuntnan their Age
o, Wit 30 Mmoo B
* Holy Sepulehro. and 'tho Temple a¢ Jerusalem,
Woodents. vo, 7. 6d.

— Temples of the Jews and other bullduzgx in
the Harsm Area 3t Jerusalem,  With Tustrations. o, 425
FLEMING (Pro¥ksson). Student’s Manual of Moral Plu.lnaophy.

With Quotations and References, Post 8vo, 7a. 6d,

FLOWER GARDEN. By Rev. Tuos. Jaxss. Feap, 8vo. la
FORBES (Carr. C.J. I“) ‘keu-hu nf I\nuvg Burmuu Life
Mauumers, Custome, and Religion.

FORD (Rromazn). (hmmg- Frim S)mn. Pm svo.

FORSYTH (Wauns).  Hortensius; en Historical Essay on the
aud Duties of an Advoeste, Iiustrations. Svo. 12

BmtnryannuthnnnunP(l. Postsva. 2, 6d.

— Novels and Novelists of the 18th Century, in

Ilustration of the Maners and Morals oftbo Age, Post &vo, 105, 64,

FOM‘U NE (Rnlnvr). Narrative of Two Visits w Lhu Tea Countries

Woodcuts, 2 Vols. Post Sy

FOBSTER (Joxm) 'l‘he Bnrl: Life of Jonathan wah 1667-1711.
th Portrait. vo.

FOSS (Enwun) Blognphla Jusidics or Biographical Dictionary
of the Juies of Craiand T (he Couquest 1o the Prosnt T,
30051570, Medi

FRANCE (History ox). E:e .lh&mx—Slnn—Shldenb’l.
FRENCH IN ALGII]RS The Soldier of the l'nrmgn Legjon—
e the Prisoners o Abdel-Kadir, Translated by
Post8vo. 2.
FRERE (Sm Barriz). Indian Missions. Small 8vo. 2s. 6d.
~— — - Eastern Afﬂm as a field for Missionary Labour. With
Map. Crown Svo
Bengal mem How it will be Met and How to
Prevent Future Faviines in lucia, With Maps, Crown 8vo, 55
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GALTON (Fmaxcrs). Art of Travel; or, Hints on the Shifts and
Oﬂnﬁn—l in Wid Bvln ‘Woodcuts. Post 8vo.

GEOGRAPHY. St Cnoxxn—8

GHOGRAPRICAL SOCTETYS JOURN AL~ Putided Yeariy)

GEORGE (Exssss). The Mossl  Series of Tty Eichings, with

Ao, 425,
i Bouth of France; & Series of Twenty
Etehlogs, with Descriptive Text, Folio. 424,
GE (ifiszonr on).  Seo Manxnix
GIBBON (Ebwaso). History of the Dicline and Tl of the
Empire, ditd by Myoaax and Goraor. - Edited, with Notes,
by Dr. Wi, Swrra.

Maps. § Vols.
— e Stndent's wum., u Eplhme of the sbove
the Researches entators. By Dr.

‘Woodcuts. Post Svo. 7 M
mrnnn Eawamoy Doots of Nural Dasing; or, Ancodotes of
the. mn-vy Feap. v
GLADSTONE (V. B). Rome md the Newest Fashions in
Three Tracts. Svo.

Rligion.
GLEIG (G, 1. megn. of ‘the' British Army at Washington

- Slnr: of the Bl!.t.la o! Wlurlon, Post 8vo. 3. 6d.
——— Narrative of Sales Brigade in Affghanistan. Post 8vo. 2s.
——— Tifo of Lord Clive. Post $re. a6
————— Sir Thomas Munro. Post 8o,

GLYNNE (in Soapmun ). Notes on the Chuuheu of Keat.
'reface by W. I, Gladstone, M.P. Illustrations.
ﬂom)smms (Oum) Works, " dited with Netes by Perss
Vols. 6y

30,
GORDON (En Aux_) Ekm:hu nl nmn Life, and Scenes
arof Liberation.
Sy ('LAM Dnn) Amthim A Trial for Witche

i Algien. 1. The Soldir of the Foreign
?Hunlnul‘hld»lldlr Post Bvo.
GRAMMAIS, See Coneren s Mara; Horrow; Kixa Enwaso
Mirrur; Maprain; Siren.
9RERCE (Histonx o). See Grors—Suiri—Student.
Meditations on Christianity. 3 Vole. Post 8v0. 30s.
GRotys (Groncx) WORKS -
Hiour or Gumos, From the Earlest Times to the dlose
o

"und Plans,

Prato, and other Companions of Socrates. 3 Vols. Svo. 45

Ammrorie. 2 Vols. 8vo. 32s

Mixor Wosks, With Critical Remarks. By Aizx. Bamx.
Portrait. Sva. 1ds. 3

Fraoupsrs ox Ermican Stm!m With Iatroduction. By
Ausxaxoea Bars. Svo.

Lerrins ox Snmlmn 1% 1847,

Prrsoxas Lire.  Compiled from l’nmlly Documeats, Original
Lotters, §e. By Mrs, Grors. Portrait. Svo.
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HALL (T. D) sxn Dr. Wy, SMITHS School Manual of Eaglish

Grammar. With Copious Exercises.
Primary English Grammar fﬂ Elementary Schools.

Tased on this abova work. 16mo. 1z,
——— Child's First Latin nm, including a Systomatio Treat
‘ment of the New Pronnneiatior ull Praxis of Nouns, Adjec-

ives, and Prono: 16mo,
HALLAM'S (Hzy) WORKS :i—

Tux Cowstrromoxan Hrsrony o Exoraxn, from the Acces-
sion of Henry the Seventh to the Death of George Library
Edition. 3 Vols. 8vo. 30s, Cabinet Edition, 3 Vols, Post 8vo, 125

Student’s Edition of the above work. Edited by Wi
Swrr, D.C.L. PostSvo. 7a.6d .

Hustonr or Evwors puamee mum Mroous Aows. Library
Edition. 3 Vols. 30s. Cabinet Edition, 3 Vols, Post8vo. 3
Siadents Edition of the above work. Edied by We.
Surrn, DL, Post Svo.
o . Lo, 16mm, axo
17rn Cextonies. Lidrary 3 Vols.8vo. 86s.
4 Vols, Post8vo. 16
HALLAM'S (Artavs) Literary]Remains; in Verse and Prose.
Portrait, Feap.6vo. 5. 64,
HAMILTON (Gex. St F. W), Historyof the Grenadier Guaeds.

Foven Otpoal Decements s the Rl s, W Offe, Begicnental
‘With Dlustrations, 3 Vols, Svo,

HARTS ARMY LIST. (Published Quarterly and Annually) ©
HAY (8w J. H. Davaxoxs). Western Barbary, its Wild Tribes
‘and Savage Animals. PostSvo. 22,
HEAD'S (St Fauxoss) WORKS :—
Tun Rovsr Exorszxe, Tlustrations, 8vo, 12s.
Lars or Sta Jonx Bumsorse.? Post 8vo, 1e.
Rarro Jovrxys Acmoss tuE Paxeas. Post 8vo. 2s.
Busnues prox Tz Beoxsex ov Nassav, Tlustrations. Post
8vo. 7. 6d.
Sroxurs Axp Poxeae; or, the London and North Western
Euilway, Postsvo. 2.
HEAD (Srn Eoxowp) Shall and Will; or, Future Auxiliary
Verbs. Feap.Sva. 4s.
HEBER'S (Brsiior) Journals in India. 2 Vols. Post 8vo. 7a.
—— Poetieal Works. Portrait. Feap. 8vo. s 64
Hymas adapted to the Church Service. 16mo. 1s, 6d.
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FOREIGN HANDBOOKS.
HAND-BOOK—TRAVEL-TALK. English, French, German, and
Ttalisn., 18mo. 8. 64.
ou.um AND BELGIUM. Map and Plans.
NOITH GERMANY and THE RHINE,—
Id, Sexon Switzerland,

ison nuuo "h':nmnn-n,}"-xfmm Elaws, and Lothe
SOUTH

P. 6. and
ilustrations. 2 Vols.

LIVBB OP EARLY FLEMISH lem By
Caows and Cav. Tilustrations. Post Svo.

SWITZRRLAND, Alps of Sovoy, sud Fiedmont.
Maps. Post Svo. 9.

———FRAXCE, Part |, Normandy, Britany, the French

Alps, the Laire, the Seine, the and Pyrences. Postvo. 7e. 6d.

B 11, Contrl France, Auvergue,the
Cavennes, . the Rhouo and 8 g e
;«..-:.':1' ;.ha’:lfﬁzhllp\ inan, Laraias, Champagas, 6o Jape:
o, Ts

o MEDITERRANEAN ISLANDS—Malia, Corscs,
Ellﬂlnln and Sieily, Maps.

T ALGERIA, Alg-hn, Gousiaatiun, Oran, s AUM
“Raoge. Mop. Postevo

PARIS, and i Eavirons, Map, 10mo. 56,62

SPATX, Madrid, The Cutls, The Basque Provinces,
Loan T Anara, Glisie, Etmmadurs, Andal s, Kond, Grezads,
un.‘g: v-l::h. -t-laxh, Aragon, Nevacrs, The'Bal ‘Balearle Islands,

mn’mou.. Taes, Pocie Clalays Mkt
Map. Post Svo.

NORTH TTALY, Tarls, Miles, Cremons, the
Ttalisn Nﬂq BM‘. Veroua, Mantua, Vieenzs, Padus,
Forrars, ot roun, i iaconta, Genon,
orten P Modena, and Bomagia. Map.. Post Svo. 105,

VP CENTRAL ITALY, Florence, Luces, Tuscany, The
nmunwmuur.mmyarlr.hw- ‘May. Post 8vo. 10s,

— 'ROME axp 1s Exvinows, Msp., Post 8vo. 10s.
SOUTIL ITALY, Naples, Pompe, Herculaneum,

and Vesuviua. Map, Post Svo,
AINTING "Mhe Halisn Sehols, Tiustrations,

0.
o JIVES OF ITALIAN PAINTERS, yaox, Coxioos
to Bassavo. By Mra.Jaxzsox.
e NORWAY, Cthhnu, lhrgen, ’l'mnﬂ.h_‘nm_ The
!jd‘l.ﬂd!’]mds Map. PostSvo, v
SWED] mukholm. Upsala, Gothenburg, the
‘Shores of the Baltic, h< Post 8vo.
— " DENMARK, Bl-wlg Holtein, Copenbagen, Jub-
land, Tcoland  Msp.
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HANDBOOK—RUSSLL, $e. Prrsssscas, Mossow, Poraen, sad
Frxiaen. Maps Post 5
‘GREECE, the Tonian Tiands, Contivental Groeee,
e Taiands of th
A Mominets ™ My Tosttve e T
MURKEY IN ASIA-—C;muﬂlonI, the Bos
Daciaselles, Brcass, Fiai of Teuy, Grate, Cypous, Sy
szu..u., e s«::“'.;l Sien Gty ot Bk ek el

blkdios T Tl ane S48 Caes of
the Nl throogh Eeyo And Nabia, Mexaniel, Ouiro, and Thabis,the
Hin Cusnly he Homaa " Sinat, tho Osses,
Fyvom, iu. Map. Pnl!ﬁw

HOLY LAND—Snu Pussetisy, Peainsils of
Sinal, Bdom, Syrian M
o vne s vl ey of Patstine. 10 & e 107"

xpax axp Mavmas. Map. 2 Vols,

I
Postbro. 12r.each,

ENGLISH HANDBOOKS.
HAanloox—uomam LONDON. Map. 16mo. 3s.6d.

N\'IHO\S UF IDNDO\' withia & dreut n! 20

niles. 2 Vols.
EASTERN CDUN’I‘IES Lkulmlfard. levm:h Col-
n, Cambridge, Ely, Newmarket, t. Bdmands,
m--xuh, N ogudge: Fallstous; Lowestith " Norvich, Yarmonth,
romer; ko, Map and Plans,  Poit Svo. 12

CATHEDRALS of Oxford, P-urbunugh, Norwich,
Ely, and Lincoln. With 90 Hlustrtions. Cro

KENT, Csnteriury, Dover, Ramuple. Shoerness,
o G, W

— SUSSEX, Bnghum. Chlehumn Worthing, Hastings,
u'u. Argnm

SURREY A\D HANTS l\m;{«{on Croydon, Rei-
e, Gulldord, Dirkiog, Boxhill, Winehweiar, Stutbaiapion, Xew
ERKS,

Tt e
BUOKS AND OXON, Windsor, Eton,
o, & o
Ao e Sl
WL, DDR.!ET AND EOMEBSBT, Sduburv
um,,m rm Weymouth, &
DEVDN AND CORNWALL, Exeter, Ilfracombe,
Sldmouth, nl‘lll‘y Tlllﬂmda ‘l{m‘h D"vﬂvvﬂ, Tor-
, Truro, Per tha Lizard, Laad's Exd,
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X, Hardwick, Dove
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Map.

R inisi s e zaa Tuke Dupemies e I
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. Ewys, bisorica, etographical, nd_ geograpiial by Cawo
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16, LETTERS FROMMADRAS, By

16, BIGHLAND SPORTS, By
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F.B.Heiv, 21

6. GATHERINGS FROM SPAIN.

10 'rm; mvn A:uzou.
W. H. Epwasve,

2. MANNERS & cusmus oF
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Lives of the most eminent English Pm-, with
Colien Observations on thels Works, e wit Note, Corecive
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KERR (Romere). Gextiexax’s Hovsn; ox, How 10 Prax Ese-
un Mrsiaxces yuo Tax Pamsowaow To Tuk Patace. With
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KISG (R 7).  Archieslogy Trarel aui At ; being Sketches and
Stwiles, Wiatorical and Doscriptive, $vo.

KIRK (7, Fosrm). History of Charls ths Bold Dake of Bur-
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LISPINGS from LOW LATITUDES; or, the Journal af the H

Imp R R L [
LITTLE 3 AM‘ UR'S Historr or Excraxn. By La
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G ic Heresies of the First and Second Centuries.
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enta, Svo, 4
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MELVILLE ('ﬂnuun). Marquesas and South Sea Islands,
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MICHAEL ANGELO Seulptor, Painter, and Architect. His Life
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Svo, 7s,6.
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—Balshaz;
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Faw or Junvsae. Feap, 8vo. 10
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Mind and Matter, Svo, 135,
MODERN DOMESTIC COOKERY. ~Founded on Principles of
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A Salection and Description of tho most Ornamental
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Sie

Life and Death of John ol Barneveld,
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Ocgunic Remains, Map sud Plates,  8vo. 185,
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Wit Short Explanatory Commentary.
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m;w'm& ). Firs Bok of Nl Philosophy ; an Intro-
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