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THE MOVEMENTS OF PLANTS.

INTRODUCTION.

Tue chief object of the present work is to describe
and connect together several large classes of move-
ment, common to almost all plants. The most widely
prevalent movement is essentially of the same nature
as that of the stem of a climbing plant, which bends
successively 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 circumnutation
and circumnutate. 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 described a cirele,
or rather, as the stem is always growing upwards, a
circular spiral. But it generally describes irregular
elliptical or oval figures; for the apex, after point-
ing in any ome direction, commonly moves back
to the opposite side, not, however, returning along
the same line. Afterwards other irregular ellipses
or ovals are successively deseribed, with their longer
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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
wiangles. 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 lately shown that such increased growth follows
a previously increased state of turgescence on the
convex side.* In the case of parts provided with a
so-called joint, cushion or pulyinus, which consists of
an aggregate of small cells that have ceased to
increase in size from a very carly age, we meet with
similar movements; and here, as Pfeffer has shown f
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-
clusion about turgescence, and maintainsi that the
increased extensibility of the cell-walls is the more
important element. That such extensibility must
accompany increased turgescence in order that the part
may bend is manifest, and this has been insisted on by
several botanists ; but in the case of unicellular plants
it can hardly fail to be the more important element.
On the whole we may at present conclude that in-

* Sachs first
buch, &e., 4th edit. p. 452) the
intimate conuection b‘ t\N‘cn tur-
gezoence and_growth. - For Do
Vries' interesting essay, ¢ Wachs-
thumskrimmungen mehrzelliger
Organe,” sce * Bot, Zeitung,’ Dec.

19, 1879, p. 830).
1 *Die Periodischen
gen der Blattorgane,
{ Untersuchungen ber den
Heliotropismi Sitzb. der K.
Akad. der Wissenschaft, (Vienna),
Jan, 1880.

wegun-
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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
circumnutation.®

In the course of the present volume it will be shown
that apparently every growing part of every plant is
continually circumnutating, though often on a small
scale. Even the stems of seedlings before they have
broken through the ground, as well as their buried
radicles, circumnutate, as far as the pressure of the
surrounding earth permits. In this universally pre-
sent movement we have the basis or groundwork for
the acquirement, according to the requirements of the
plant, of the most diversified movements. Thus, the
great sweeps made by the stems of twining plants,
and by the tendrils of other climbers, result from
a mere increase in the amplitude of the ordinary
movement of circumnutation. The position which
young leayes and other organs ultimately a:
is acquired by the circumnutating movement being
increased in some ome direction. The leaves of
various plants are said to sleep at night, and it will
be seen that their blades then assume a vertical
position through modified circumnutation, in' order
to protect their upper surfaces from being  chilled
through radiation. The movements of various organs
to the light, which are so general throughout the
vegetable kingdom, and oceasionally from the light,
or transversely with respect to it, are all modified

unde in  Wiirtemberg,
1874, p. 211) on the curious move-
ments of Spirogyra, a plant con-
143, 1878) on this i sisting of a single row of cells, aro
Hofmeister's observations (‘Jah-  valuable in relation to this subject.
reschrifte des Vereins fiir Vaterl.

* See Mr. Vine's excellent dis:
en des Bot. Inst
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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
accordance with these conclusions, a considerable 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 he 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 Iwh( and transmits an influ-
ence to the lower part, causing it to bend. If there-
fore the upper part be \\holl) 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 ].\aud, if
the tip is subjected to the vapour of water proceeding
from one side, the upper part of the radicle bends
s this side. Again it is the tip, as stated by
:1ski, though duuLd 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.

Terminology.—A brief explanation of some terms which will
be used, must here be given. With seedlings, the stem which
supports the cofyledons (i.e. the organs which represent the first
Leaves) has been called by many botanists the hypocotyledonous
stem, but for brevity sake we will speak of it merely as the
Typocotyl: the stem immediately above the cotyledons will be
called the epicotyl or plumule. The radiclz can be distinguished
from the hypocotyl only by the presence of root-hairs and the
nature of its covering. The meaning of the word circumnu-
tativn has already been explained. Authors speak of positive
and negative heliotropism,*—that is, the bending of an organ
to or from the light; but it is much more conyenient to confine
the word Aelivtrapism to bending towards the light, and to
designate as aphelistropism bending from the light. There is
another reason for this change, for writers, we have
observed, occasionally drop the adjectives positive and negatis
and thus introduce confusion into their discussions. Diakeliv-
tropism may express a position more or less transverse to
the light and induced 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, & position more or less transverse to the radius of
the earth. The words heliotropism and geotropism properly
mean the act of moving in reltion to the light or the earth;
but in the same manner as gravitation, though defined as “ the
act of tending to the centre,” is often used to express the cause
of a body falling, 5o it will be found convenient occasionally to
employ heliotropism and geotropism, &c., as the cause of the
‘movements in question.

The term epinasty is now often used in Germany, and implics
that the upper surface of an organ grows more quickly than the

* The highly useful terms of
Heliotropisms_and _ Gotzoptam
were first used by B.

+ sce his remarkable < By
zur Pianzenphysiologie,
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6 INTRODUCTION.

lower surface, and thus causes it to bend downwards. Hypo-
nasty is the, reverse, and implics increased growth along the
lower surface, causmg the part to bend upwards.*

Mithods of Obs —The imes very
oAl anil somehimes sonSraniEhARETEN (e R
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
shect of glass, and with another vertical sheet on one side. A
glass filament, not thicker than a horsehair, and from a quarter
to three-quarters of an inch in length, was affixcd to the part fo
be observed by means of shellac dissolved in alcohol. The
solution was allowed to evaporate, until it became so thick that;
it set 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 filument an excessively minute bead of
Dlack 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.
The weight of the filament was so slight that even small leaves:
were not perceptibly pressed down. Another method of obser-
vation, when much magnification of the movement was nof;
required, will presently be described. The bead and the dot
on the card were viewed through 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 these were after-
wards joined by straight lines. The figures thus traced wero
therefore angular; but if dots had been made every 1 or
2 minutes, the lines would have been more curvilinear, as
occurred when radicles were allowed to trace their own
es on smoked glass-plates. To make the dots accurately
s the sole difficulty, and required some practice. Nor could
this be done quite accurately, when the moyement was much
magnified, such as 30 times and upwards; yet even in this
case the general course may be trusted. To test the accuracy
of the abhove method of observation, a flument was fixed to an

* These terms are used in the {virrburs Abeiton, Heft i
sense given them by Do Viies, 1872, p. 2
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INTRODUCTION. 7

inanimate object which was made to siide along a straight
edge and dots were repeatedly made on a glass-plate; when
these were joined, the result ought to have been a perfectly
straight line, and the line was very nealy straight. It may be
added that when the dot on the card was placed half-an-inch
Delow or behind the bead of sealing-wax, and when the glass-
plate (supposing it to have been properly curved) stood at a
distance of 7 inches in front (a common distance), then the
tracing represented the movement of the bead magnified 15
imes,

Whenever a great increase of the movement was not required,
another, and in some respects better, method of observation was
followed. This consisted in fixing two minute friangles of thin
paper, about g 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 the same figure
as if a filument seven inches long, dipped in ink, had been
fixed to the moving shoot, and had inscribed its own course
on the plate. The movement is thus considerably magnified;
for instance, if a shoot one inch in length wer
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, so as to catch the eye, as may be seen in the diagrams.
The figures on the glass-plates were often drawn on too large
a scale to be reproduced on the pages of this volume, and the
proportion in which they have been reduced is always given.®
Whenever it could be approximately told how much the move-
ment had been magnified, this is stated. We have perhaps

* We are much indebted to he has reduced and engraved our
Mx. Cooper for the care with which  diagrams.
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8 INTRODUCTION.

introduced a superfinous mumber of diagrams; but they take
up less space than a full description of the movements. Almost
all the sketehes of plants asleep, &c., were carofully drawn
for us by Mr. George Darwin.

As shoots, leaves, &c., in circumnutating bend more and
more, first in one direction and then in another, they were
necessarily viewed at different times more or less obliquely ;
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 distinctly hinged and could have been
placed 50 as to have formed ono of the radii of the sphere:
But even in this caso it would have been necessary afterwards
to have projected the figures on paper; so that complete
aceuracy could not have been attained. From the distortion
of our fignres, owing to the above causes, they are of no use
to any one who wishes to know the exact amount of movement,
or the exact course pursued; but they serve excellontly 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 volume; and he will thus see what
points interest him, and on which he requires the
full evidence.

Finally, we must have the pleasure of returning our
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INTRODUCTION. 9

sincere thanks to Sir Joseph Hooker and to Mr. W.
Thiselton Dyer for their great kindness, in not only
sending us plants from Kew, but in procuring others
from several sources when they were required for our
observations ; also, for naming many species, and giving
us information on various points.
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10 CIRCUMNUTATION OF SEEDLINGS.  Cuar. L

CHAPTER L
Tre CIROUMNUTATING MOVEMENTS OF SEEDLING PLANTS.

Brassica oleracea, circumnutation of the radicle, of the arched hypo-
cotyl whilst still buried beneath the ground, whilst rising above the:
ground Amd straightening itself, and when crecl—C)rcumnutatlml
of the cotyledons—Rate of nalogous
G o Glllngo (xusS)pmm, Osals, Tror
polum, Citrus, Asculus, of several Leguminous and Cucurbita-
ceous genera, Opuntia, Helianthus, Primula, Cyelamen, Stapela,
Cerinthe, Nolana, Solanum, B. ta, Ricinus, Quercus, Corylus, Pinus,
Cyens, Canna, Allium, Asparagus, Phalaris, Zea, Avena, Nephro-
diun, and Selagiuella.

Tur 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 whieh
sleep at night.

Brassica oleracea (Crucifere)—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 seed with the radicle projecting 05 inch was
fastened with shellac to a little plate of zine, so that the
radicle stood up vertically; and a fine glass filament was then
d near its base, that is, close to tho seed-coats. The seed
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 hours. 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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Cuse. L BRASSICA. 11

Teen much greater, for at the close of our observations the tip,
instead of standing vertically upwards, had become bowed
downwards through geotropism, 5o as almost to touch the zine
plate. As far as we could
roughly ascertain by measur
ments made with compasses
on other sceds, the tip alone,
for a length of only t35 to 3
+is of an inch, is acted on
Dy geotropism. But the trac-
ing shows that the basal part
of the radicle continued to
cirenmnutate irregularly dur-
ing the whole time. The
actual extreme amount of
movement of the bead at the
end of the filament was nearly
-05 inch, but to what extent :
fho movement of tho radice e osy: S
was magnified by the fila- from 9 At Jan. 3lst to 9 Pt
ment, which was nearly § inch ~ Feb. 2nd. Movement of bead at
o lensth, b was impossiblo | S0 of flument) magnified sbout
3 40 times.

to estimate.

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

Fig. 1.

Fig. 2.

Brassica oleracea : éireumnutating and geotropic movement of radicle.
traced on horizontal glass during 46 hours.

fastened so as to project quite vertically upwards. The filament
was affixed close to its base. The tracing (Fig. 2, reduced by

half) shows the movement from 9 A Jan. Blst to 7 Ao
Feb. 2nd; but it continued to move during the whole of the

© The Complete Work of Charles Darwin Online



12 CIRCUMNUTATION OF SEEDLINGS. Cuar. I

9nd in the same general direction, and in a similar zigzag
manmer.  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 case previously described the basal part of the
very short radicle from being turned vertically upwards, was a
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 glasses were
only slightly zigzag, and the movement was always in the same
general direction, through the action of geotropism. All these
ations are liable to several causes of érror, 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.

Jypocotyl—The hypocotyl protrudes through the seed-coats
as o rectangular projection, which grows rapidly into an arch
like 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 carth or otherwise fixed, both legs of
the arch bend upwards through 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
fo separate the two legs and aids in drawing the cotyledons out
of the buried sced-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.

Fven whilst the arched or doubled hypocotyl is still beneath
the ground, it cirenmnutates as much as the pressure of the sur-
rounding soil will permit; but this was diffieult to observe,
because as soon as the ar ateral pressure the two
legs begin to separate, even af a very early age, before the arch
would naturally have reached the surface. Seeds were allowed
to germinato on the surface of damp earth, and after they had
fixed themselves by their radicles, and after the, as yet, only

0bs
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slightly arched hypocotyl had become nearly vertical,a glass
filament was affixed on two oceasions near to the base of the
basal leg (i.e. the one in connection with the radicle), and its
movements were traced in darkness on a horizontal glass. The
result was that long lines were formed running in nearly the
plane of the vertical arch, due to the early separation of the
two lags now freed from pressure; but as the lines were zigzag,
showing lateral movement, the arch must have been circum-
nutating, whilst it was straightening itself by growth along its
inner or concave surface.

different method of observation was next followed :

Fig. 3.

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

as soon as the earth with seeds in a pot began to erack, the
surface was removed in parts to the depth of 2 inch; and a
filament was fized to the basal leg of a buried and arched hypo~
cotyl, just above the summit of the radicle. The cotyledons
were still almost completely enclosed within the much-cracked
sced-coats ; and these were again covered up with damp adhesive
soil pressed pretty firmly down. The movement of the filument
was fraced (Fig. 3) from 11 oy, Feb. 5th till 8 a.xx. Feb. Tth.
By this latter period the cotyledons had been dragged from
beneath the pressed-down earth, but the upper part of the
hypocotyl still formed nearly a right angle with the lower part.
The tracing shows that the arched hypocotyl tends at this early
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14 CIRCUMNUTATION OF SEEDLINGS. Cuar. 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 toit, or in
the plane of the two cotyledons, which were still in close contact.
The basal leg of the arch at the time when the filament was
affixed to it, was already bowed considerably backwards, or
from the cotyledons; had the filament been affixed before this
bowing oceurred, the chief movement would have been at right
angles to that shown in the figure. A filament was attached to
another buried hypocotyl of the same age, and it moved in a
similar general manner, but the line fraced was not so complex.
This hypocotyl became almost straight, and the cotyledons were,
dragged from beneath the ground on theevening of thesecond day.

Fig. 4.
g
; .

e

Brassica oleracea : circumnutating movement of buried and arched hypo-
cotyl, with the two legs of the arch tied together, traced on horizntal
glass during 33} hours. Movement of the bead of filament magnified
about 26 times, and here reduced to one-half original scale.

Before the above observations were made, some arched hypo-
cotyls buried at the depth of a quarter of an inch were un-
tovered ; and in order to prevent the two legs of the arch
from beginning to separate at once, they were tied together with
fine silk. This was done partly because we wished to ascertain
how long the hypocotyl, in its arched condition, would continue
to move, and whether the movement when not masked and
disturbed by the straightening process, indicated circumnu-
tation. Firstly, a filament was fixed to the basal leg of an
arched hiypocotyl close above the summit of the radicle. The
cotyledons were still partially enclosed within the seed-coats.
The movement was traced (Fig. 4) from 9.20 Axt. on Dec.
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93rd to 645 Aar. on Dee. 25th. No doubt the natural move-
ment was much disturbed by the two legs having been tied
together; but we soe that it was distinctly zigzag, first in ono
direction and then in an almost opposite one. After 3 p.x. on
the 24th -the arched hypocotyl sometimes remained stationary
for & considerable time, and when moving, moved far slower than
Defore. Therefore, on the morning of the 25th, the glass fila-
ment was removed from the base of the basal leg, and was fixed
horizontally on the summit of the areh, which, from the leg
having been tied, had grown broad and almost flat. The
movement was now traced during 23 hours (Fig. 5), and we

Fig. 5.

0

Brassica oleracea: circumtutating movement of the crown of a buried and
avched hypocotyl, with the two legs tiod together, traced on a hori-
zontal gluss during 23 hours. Movement of the bead of the filament
magnified about 58 times, and here reduced to one-half oviginal
scale.

sce that the course was still zigzag, which indicates a tendency
to cireumnutation. The base of the basal leg by this time had
almost completely ceased to move.

‘As soon as the cotyledons have been naturally dragged from
Deneath the ground, and the hypocotyl has straightened itself
by growth along the inmer or concaye surface, there is nothing to
intorfore with the free movements of the parts; and the circum-
nutation now hecomes muchmore regular and clearly displayed,
as shown in the following cases:—A secdling was placed in
front and near a north-east window with a line joining the

B
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16 CIRCUMNUTATION OF SEEDLINGS. Cmar, 1.

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

Fig. 6.
S

N

Brassica oleracen: conjoint circumnutation of the hypocotyl and cotyledons
during 10 hours 45 minutes. Figure here reduced to one-half original
scale.

made on the glass. The last was made at 8:45 par; seventeen
dots being altogether made in this interval of 10h. 45 m. (see
TFig. 6). It should be noticed that when T looked shortly after
4rx. the bead was pointing off the glass, but it came on again
at 530 P, and the course during this interval of 1h. 30m. has
Teen filled up by imagination, but cannot be far from correct.
The head moved seven times from side to side, and thus de-
seribed 33 ellipses n 101 h.; ench being completed on an

On the previous day another seedling had been observed
under similar conditions, cxcepting that the plant was so
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placed that a line joining the two cotyledons pointed towards
the window; and the filament was attached to the smaller coty-
Jedon on the side furthest from the window. Moreover, the
plant was now for the first time placed in this position. The
cotyledons bowed themselves greatly towards the light from 8 to
10,50 Aax., when the first dot was made (Fig. 7). During the

Tig. 7.

Brassica oleracea : conjoint circummutation of the hypocotyl and cotyledons,
from AL to 8 A, on the following morning. Tracing made
on a vertical glass.

next 12 hours the bead swept obliquely up and down 8 times
and deseribed 4 figures representing ellipses; <o that it travelled
at nearly the sume rate as in the previous case. During the
night it moved upwards, owing to the sleep-movement of the
cotyledons, and continued to move in the same direction till
9 A, on the following morning; but this latter movement
would not have oceurred with. seedlings under their natural
conditions fully exposed to the light.

By 925 Ax on this second day the same cotyledon hiad
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18 CIRCUMNUTATION OF SEEDLINGS. Cuar. L

begun to fall, and a dot was made on a fresh glass. The move-
ment was traced until 5.30 ar. as shown in (Fig. 8), which is
given, because the course followed was much more irregular

‘ than on the two previous

e occasions. During these
8 hours the bead changed
its course greatly 10 fimes.
The upward movement, of
the cotyledon during the
afternoon and early part
of the night is here plainly
shown.

As the filaments were
fixed in the three last
cases to one of the coty-
ledons, and as the hypo-
cotyl was left free, the
tracings show the move-
Brassica oleracon : conjoint circumnutation et of both organs con-

of the hypocotyl and cotyledons during joined; and we now

8 hours. Figure here reduced to one- wished to ascerain whe-

third of the origiudl scale, as traced ona o hoth cireumnutated,

vertical glass. :

Filaments were therefore
fixed horizontally to two hypocotyls close beneath the petioles
of their cotyledons. These seedlings had stood for two days
in the same position before a north-east window. In the morn-
ing, up to about 11 Axr, they moved in zigzag lines towards
the light; and at night they again became almost upright
through apogeotropism. After about 11 An. they moved a
little back from the light, often crossing and recrossing their
former path in zigzag lines. The sky or this day varied much
in brightness, and these observations merely proved that the
hypocotyls were continually moving in a manner resembling
circumnutation. On a previous day which was uniformly
cloudy, a hypocotyl was firmly secured to a little stick, and
a filament was fixed to the larger of the two cotyledons, and its
movement was traced on a vertical glass. It fell greatly from
8.52 Am, when the first dot was made, till 10.55 A.ax. ; it then rose
greatly until 12.17par.  Afterwards it fell a little and made a
loop, but by 222 par. it had risen a little and continued rising
1ill .23 p.ax, when it made another loop, and at 10.30 p.x. was
again rising. These observations show that the cotyledons moye
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Jortically up and down all day long, and as there was some
slight lateral movement, they circumnutated.

The cabbage was one of the first plants, the seedlings of which
were observed by us, and we
did not then know how far
the circumnutation of the
different parts was affected
Dy light. Young seedlings
were therefore kept in com-
Dlete darkness except for a
minute or two during each
observation, when they were
jliuminated by a small wax
taper held almost vertically
above them. During the first
day the hypocotyl of one
changed ifs course 13 times
(see Fig. 9); and it deserves
notice that the longer axes
of the figures described often
cr0ss one another at right or
nearly right angles. Another
seedling was observed in the
same manner, but it was
much older, for it had formed.
a true leaf a quarter of an
inch in length, and the hy-
pocotyl was 1§ inch in height.
The figure traced was a very
complex one, though the
movement was not so great
in extent as in the last case.

Fig. 9.

Brassica oleracea s civenmmutation of

The hypocotyl of another
scedling of the same age was
secured to a liftle stick, and
a filament having been fixed
to the midrib of one of the
cotyledons, the movement of

hypocotyl, in darkness, traced on a
horizontal glass, by means of a fila-
ment with a bead fixed across its
summit, between 9.15 . and
830 AM. on the following morn
ing. Figure here reduced to one-
half of original scale.

the bead was traced during 14 h. 15 m. (see Fig. 10) in darkness.
Tt should be noted that the chief movement of the cotyledons,
namely, up and down, would be shown on a horizontal gla
plate ouly by the lines in the direction of the midrib (that is,
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up and down, as Fig. 10 here stands) being a little lengthened
or shortened; whereas any -lateral movement would be well
exhibited. The present tracing shows

Fig. 10. that the cotyledon did thus move laterally
(that is, from side to side in the tracing)
12 times in the 14 h. 15 m. of observa-

tion. Thercfore the cotyledons certainly
circumnutated, though the chief move-
ment was up and down in a vertical
plane.

Rate of movement.—The movements of
the bypocotyls and cotyledons of seedling
cabbages of different ages have now been
sufficiently illustrated. With respect to

_ the rate, scedlings were placed under the
Ll microscope with the stage removed, and
cummutation  of ! ; = :
siyledon, he bye: with a micrometer eye-picce so adjusted
i that each division equalled ; inch; the
plants were illuminated by light passing
e SR ‘i througha solution of bichromate of potas-
ness, from 8.15 Aar. sium so as to eliminate heliotropism.
to 10.30 por. Move-  Under these cireumstances it was interest-
ment of the bead of 5,0 45 ohserve how rapidly the circum-
the filament magni- & O
B 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
75 of an inch, These oscillations were quite ifferent from the
trembling caused by any disturbance in the same room or by
the shutting of a distant door. The first seedling observed was
nearly two inches in height and had been etiolated by having
Deen grown in darkness. The tip of the cotyledon passed across
10 divisions of the micrometer, that is, % of an inch, in 6 m.
40 s. Short glass filaments were then fixed vertically to the
hypocotyls of several seedlings so as to project a little above the
cotyledons, thus exaggerating the rate of movement; but only a
few of the observations thus made are worth giving. The most
remarkable fact was the oscillatory movement above described,
and the difference of rate at which the point crossed the divi-
sions of the micrometer, after short intervals of time. For
instance, a tall noi-ctiolated seedling had been kept for 14 h.
in darkness; it was exposed before a north-east window for only
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fwo or three minutes whilst a glass filament was fixed vertically
to the hypocotyl; it was then again placed in darkness for half
an Tour and afterwards obscrved by light passing throuh

of The point, as usual,
crossed five divisions of the micrometer (i.e. riy inch) in
1m.30s. The seedling was then left in darkness for an hour,
and now it required 3m. 6s. to cross one division, that is,
15 m. 30s. to have crossed five divisions. Another seedling,
after being occasionally observed in the back part of a northern
room with a very dull light, and left in complete darkness for
intervals of half an hour, crossed five divisions in 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
95 m,, after which time, instead of moving still more quickly
towards the light, as might have been expected, it travelled
anly at the rate of 12m. 80s. 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
3m. 18s. for five divisions.

We shall have to recur to the cotyledons of the cabbage in a
future chapter, when we treat of their sleep-movements. The
cireammnutation, also, of the leaves of fully-developed plants
will hereafter be described.

Fig. 11,

Githago seqetum: circumnutation of hypocotyl, traced on a horizontal
glass, by means of a filament fixed transversely its summit, from
.15 A3 to 12.15 P on the following da 3
flament magnified about 13 times, here reduced o one
scale.

Githago segetum (Caryophylles).—A young seedling was dimly
illuminated from above, and the circumnutation of ths hypo-
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cotyl was observed during 28 T, as shown in Fig. 11. It moved
in all directions; the lines from right and to left in the figure
being parallel to the blades of the cotyledons, The actual
distance travelled from side to side by the summit of the
hypocotyl was about 2 of an inch; but it was impossible to
De accurate on this head, as the more obliquely the plant was
viewed, after it had moved for some time, the more the distances
were exaggerated.

We endeavoured to observe the circumnutation of the coty-
ledons, but as they close together unless kept exposed to a mode-
zately bright light, and as the hypocotyl is extremely heliotropic,
the necessary arrangements were too
troublesome.  We shall recur to the noc-
turnal or sleep-movements of the cotyle-
dons in a future chapter.

Gossypium (var. Nankin cotton) (Mal-
vacem)—The circumnutation of a hypo-
cotyl was observed in the hot-house, but
the movement was so much exaggerated
that the bead twice passed for a time out of
view. Itwas, however, manifest that two
somewhat irregular ellipses were nearly
completed in 9 h. Another seedling,
1% in. in height, was then observed during

ncross
its summit. Move- 23h.; but the observations were mot
ment of bead of fili- made at sufficiently short intervals, as

ment magnifiedabout 3" T T 1
ity sendling fre - shown by the few dots in Fig. 12, and the

minated from sbove, tracing was not now sufficiently enlarged.

Nevertheless there could be no doubt
about the cireumnutation of the hypocotyl, which described
in 12h. a figure representing three irregular ellipses of tnequal
sizes.

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

Oct. 20 250Pa .. .. .. 25°aboye horizon.
SR aop sooi,
» 0 4 15° ”
» 1040 o 8> »
Oct.21 8.40 A GER
R 859 i
» @1lPam. .. .. .. 10°below hoizon.

The position of the two cotyledons was roughly sketched at
various hours with the same general result.

Tu the following summer, the hypocotyl of a fourth seedling
was secured to a little stick, and a glass filament with triangles
of paper having been fised to one of the cotyledons, its move-
ments were traced on a vertical glass under a double skylight in
the house. 'Tho first dot was made at 4.20 par. June 20th; and
the cotyledon fell il 10.15 r.x. in a nearly straight line. Just
past midnight it was found a little lower and somewhat to ono
side. By the early morning, ab 345 Aar, it had risen greatly,
but by 6.20 A had fallen a little. During the whole of this
day (1st) it fell in a slightly zigzag line, but its normal course
Was disturbed by the want of sufficient illumination, for during
the night it Tose only a little, and travelled irregularly during
the whole of the following day and night of June 22nd. The
ascending and descending lines traced during the three days
did not coincide, so that the movement was one of circumnuta-
fion, This seedling was then taken back to the hot-house, and
aftter five days was inspected ab 10 Par, 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.

Owalis rosea (Osalidez) —The hypocotyl was secured toalittle
stick, and an extremely thin glass filament, with two triangles of
paper, was attached to one of the cotyledons, which was 15 inch
in length. In this and the following species the end of the
potiole, where united to the blade, is developed info @ pulvinus.
The apex of the cotyledon stood only 5 inches from the vertical
glass, so that its movement was not greatly exaggerated as long
as it remained nearly horizontal; but in the course of the day it
both rose considerably above and fell heneath a horizontal posi-
tion, and then of course the moyement was much exaggerated.
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In Fig. 13 its course is shown from 6.45 A on June 17th, to

Fig. 13.

8°30am.

i
Ozalis rosea: circumnutation of
cotyledons, the hypocotyl being
secured to a st i
ted from above. Figure here
given one-half of i e

7.40 Ay on the following morn-
ing; and we see that during the
aytime, in the course of 11 h.
15 m., it travelled thrice down
and twice up. After 545 par. it
moved rapidly downwards, and
in an hour or two depended verti-
cally; it thus remained all night
asleep. This position could not
he represented on the vertical
glass nor in the figure here given.
By 640 A on the following
morning (18th) both cotyledons
Tad risen greatly, and they con-
tinued to rise until 8 a.ar., 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. 13, except-
ing that the lines were more
zigzag. The cotyledons moved
7 times, either upwards or down-
wards; and at about 4 par. the
great mocturnal sinking move-
ment commenced.

Another scedling was obscrved
in a similar manner during nearly
24 h., but with the difference that
the hypocotyl was left free. The
movementalso was less magnified.
Between 8.12 A, and 5 p.ar 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 one
of the diurnal oscillations, com-
menced about 4 p..

Ozalis Valdiviana.—This species is interesting, as the coty-
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Jedons rise perpendicularly upwards at night so as to come into
close contaet, instead of sinking vertically downwards, as in the
case of 0. rosea. A glass filament was fixed to a cotyledon,
17 of an inch in length, and the hypocotyl was left free. On

Fig. 14.

o Fig. 15.
18t

6°40'am.19%

110

6°420 a.n, (l :m
wsth R Soth

)

30"

8°35a.m.
49th

Oualis rosea : conjoint circumnutationof ~ 0%alis Vuldiviuna : - conjoint
fhe outyledons and bypocotyl, traced EEoRmIiA ool @ cotyle-
from 812 A3t on Juno 18th to 700 donand thehypocoty], traced
&t Tobh. Tho s of i : g
stood only 33 inches from the vertical
BT e piven) onehalf o
original scale.

the first day the seedling was placed too far from the vertical
glass; so that the tracing was enormously exaggerated and tho
movement could not be traced when the cotyledon cither rose or
sank much; but it was clearly seen that the cotyledons rose
thrice and fell twice between 8.15 A and 415 par. Barly 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 A it
stood horizontally; it then fell till 835, and then rose. Al-
together in the course of 12h. it rose thrice and fell thrice, as
may be seen in Fig. 15. The great nocturnal rise of the coty-
Tedons usually commences about4 or 5 x., and on the following
morning they are expanded or stand horizontally at about 6.30
aar. Tn the present instance, however, the great nocturnal rise
did not commence till 7 px.; but this was due to the hypocotyl
having from some unknown cause temporarily bent to the left
side, as is shown in the tracing. To ascertain positively that
the hypocotyl circumnutated, a mark was placed at 8.15 Pt
behind the two now closed and vertical cotyledons; and the
movement of a glass filament fixed upright to the top of the
hypocotyl traced until 1040 par. During this time it
moved from side to side. as well as backwards and forwards,
plainly showing cireumnutation; but the movement was small
in extent. Therefore Tig. 15 represents fairly well the move-
ments of the cotyledons alone, with the exception of the one
great afternoon curvature to the left.

Oualis corniculata (var. cuprea).—The cotyledons rise at night
to o 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.

Oralis (Bioplytum) sensitiva—The cotyledons are highly re-
markable from the amplitnde 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 923°
t0241°C. One cotyledon rose 70° in 11m. : another, ona distinet
scedling, fell 80° in 12m. Tmmediately before this latter 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 metwith no other instance
of a ci ent of such great amplitude as 180°;
nor of such rapidity of movement as the passage throngh 80° in
1210, 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
described only by the position being permanent during the night
and Dy its periodicity, as it always commences late in the
evening.

Tropaolum minus (?) (var. Tom Thumb) (Tropwolem) —The
cotyledons are hypogean, or never riso above the ground. . By
removing the soil a buried epicotyl
or plumule was found, with its
summit arched abruptly down-
wards, like the arched hypocotyl
of the cabbage previously deseribed.
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
Jast dot given in the figure, the
bead moved to a great distance, .
and finally off the glass, in the
direction indicated by the broken
line. This great movement, due to
increased growth along the con-
cave surface of the arch, was caused g s () crcum
by the basal leg bending ba nutation of buried and arched
wards from the upper part, that is  epicotyl, traced on a horizon-

Fig. 16.

. n = : gl ro1 21 M.
in a direction opposite to the depen- 2! ;}“5« s
dent tip, in the same monmer as o filument magnifiel 27

oceurred with the hypocotyl of times.

the cabbage. Another buried and

arched epicotyl was observed in the same manmer, excepting
that the two legs of the arch were tied together with fine silk
for the sake of preventing the great movement just mentioned.
Tt moved, however, in the evening in the same direction as
Defore, but the line followed was not so straight. During the
morning the tied arch moved in an irregularly circular, strongly
zigzag course, and to a greater distance than in the previous
case, as was shown in a fracing, magnified 18 times. The move-
ments of a young plant bearing a few leaves and of a mature
plant, will hercafter be described.
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Citrus ium (Orange) (Aurantiacez).—The

are hypogean. The circumnutation of an epicotyl, which at the
close of our observations was ‘59 of an inch (15 mm.) in height
above the ground, is shown in the annexed figure (Fig. 17), as
observed during a period of 44 h. 40 m.

Fig. 17.

Citrus aurantium ; circumnutation of epicotyl with a flament fixed trans-
versely near its apex, traced on a horizontal glass, from 12.13 Py, on
Feb. 20th to 8.55 A on 22nd. The movement of the bead of the

filament was at first magnified 21 times, or 10}, in figure here given,

and afterwards 86 times, or 18 as here’ given; seedling illumimated
from above.

Asculus i (Hi —Germinating seeds
were placed in a tin bos, kept moist internally, with a sloping
bank of damp argillaceous sand, on which four smoked glass-
plates rested, inclined at angles of 70° and 65° with the
horizon. The tips of the radicles were placed 5o 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 conrse. In the middle
part of each track the glass was swept clean, but the margins
were much blurred and irregular. Copies of two of these tracks
@l 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 suffice 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 mado by the radicles of Phascolus multiflorus and Vicia

Jfuba (presently to be described), render
it almost certain that the radicles of
the present plant cireumnutated.
Plaseolus multiflorus (Leguminosz).
—Four smoked glass-plates were ar-
ranged in the same manner as des-
cribed under ZEsculus, and the tracks
Jeft 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.

T

B.
us hippocastimum : out-
Tines of tracks left on in-
clined_glass-plates by tips
of radicles. In A the plate
inclined at 70° with

23 inch in diameter at base.
In B the plate was inclined
65° with the horizon, and
the radicle was a trifle
larger.

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

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

Vicia faba (Common Bean)
(Leguminosm).— Radicle.—Some
beans were allowed to germinate
on bare sand, and after one had
protruded its radicle to a length
of 2 of an inch, it was turned

upside down, so that the radicle, m tips of radxcles m

A,

Pliaseolus multifiorus : tracks left

Fig. 19.

B. C.

m inclined smoked glass-plates
owing

which was kept in damp air, ~dowavords. A and C, plates

now stood upright. A filament,
nearly an inch in length, avas

inclined at 60 B mrlinml at
68° with the horizon.

affixed obliquely mear its tip; and the movement of the
terminal bead was traced from 830 A to 10.30 r.x,, as shown
in Fig. 18. The radicle at first changed its course twice
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abruptly, then made a small loop and then a larger zigzag
curve. During the night and till 11 At on the following

Fig. 20.

ation of a radicle, at first puinting vertically up-
) glass, during 14 hours.
mes, here reduced to

cumnu

Vicia faba: ci

wards, kept in
Bisvesheatior Hoa e st magnified 2:
one-half of original scale.

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

Fig. 21, *

A b . D. E.
Tigin faba: tracks left on inclined smoked glass-plates, by tips of radicles
in growing downwards. Plate C was inclined at 639 plates A and D
at 719 plate B at 75% and plate E at a few degrees beneath the
horizon.
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We next experimented on nearly a score of radicles by allowing
them to grow downwards over inclined plates of smoked glass,
in esactly the same manner as with ZEsculus and Phaseolus.
Some of the plates were inclined only a few degrees beneath
the horizon, but most of them between 60°and 75° In the
Jatter cases the radicles in growing downwards were deflected
ouly a little from the divection which they had followed whilst
germinating in sawdust, and they pressed lightly on the glass-
plates (Fig. 21). Five of the most distinct tracks are here
copied, and they are all slightly sinuous, showing circumnuta-
fion, 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 foree on the plates,
and had somefimes visen up so as nearly to leave them for short
infervals. The distance hetween the extreme right and left
‘positions of the radicle A was 0°7 mm., ascertained in the samo
manmer as in the case of Phaseolus.

Epicotyl—A% the point whére the radicle had protruded from
a bean laid on its side, a flattened solid lump projected -1 of an
inch, in the same horizontal plane with the bean. This protuber
ance consisted of the convex summit of the arched epicotyl;
and as it became developed the two legs of the arch curved
themselves hiterally upwards, owing to apogeotropism, at such
a mate that the arch stood highly inclined after 14 h., and
vertically in 43h, A filament was fixed to the crown of
fhe protuberance hefore any arch was visible, but the basal
half grew so quickly that on the second morning the end of the
filament was bowed greatly downwards. It was therefore 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
evidence of cireumnutation.

As the arched epicotyl, in whatever position it may be placed,
bends quickly npwards through apogeotropism, and as the two
logs tend at a very early age fo separate from one another, as
soon as they ate relieved from the pressure of the surrounding
carth, it was difficult o ascertain positively whether the epicotyl,
whilst remaining arched, cirenmnutated. Thercfore some rather
deeply huried beans were uncovered, and the two legs of tho
arches were tied together, as had been done with the epicotyl
of Tropwolum and the hypocotyl of the Cabbage. The move-
ments of the tied arches were traced in the usual manner on
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two oceasions during three days. But the tracings made under
sach 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.

TIn 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
a right angle with the lower half. This bean had germinated
on bare damp sand, and the epicotyl began to straighten itself
nuch sooner than would have occurred if it had been properly
planted. The course pursued during 50h. (from 9 Aar. Dec.
96th, to 11 A 28th) is here shown (Fig. 22); and we see

Fig. 22.

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

that the epicotyl circumnutated during the whole time. Its

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 above the upper surface of the beans instead of close

toit. 1f the bean had been properly planted, this part of the

epicotyl would still have been beneath the soil.

Late,in the evening of the 28th, some hours after the above
observations were completed, the epicotyl had grown much
straighter, for the upper part now formed a widely open angle
with the lower part. A filament was fixed to the upright basal
part, higher up than before, close beneath the lowest scale-like
process or homologue of a leaf; and its movement was traced
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during 38 h. (Fig. 23). We here again have plain evidence of
continued circumnutation. Had the bean been properly planted,
the part of the epicotyl to which the filament was attached, the

Fig. 23.

Vici faba: circumnutation of the same epicotyl as in Fig. 22, a little more
advanced in age, tr. under similar conditions as before, from 8.40 A3
28th, to 10.50 Aar. 30th. Movement of bead here magnified

20 times.

movement of which is here shown, would probably have just
risen above the surface of the ground.

Tathyrus nissolia (Leguminoswe).—This plant was selected for
observation from being an abnormal form with grass-like leaves.

Lathyrus nissolia: circumnutation of stem of young see
ness on a horizontal glass, from 6.45 A No

93rd. Movement of end of leaf magnified about

duced to one-half of original scale.

dling, traced in
nd, to 7

o0 7 AN
here

The cotyledons are hypogean, and the epicotyl breaks through
the ground in an arched form. The movements of a stem, 12
inch in height, consisting of three internodes, the lower one
almost wholly subterrancan, and the upper one bearing a short,
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narrow leaf, is shown during 24 h,, in Fig. 24.  No glass filament
was employed, but a mark was placed beneath the apex of the
leaf. The actual length of the longer of the two ellipses de-
seribed by the stem was about 14 of an inch. On the previous
day the chief line of movement was nearly at right angles to
that shown in the present figure, and it was more simple.

Cassia tora* (Leguminose).—A seedling was placed before a

Fig. 25
7 0am.85%

conjoint cireummutation of cotyledons and hypoeotyl, tracod
7.10 Ay Sept. 25th to 7.30 AM. 26th, Figure
here given reduced to one-half of orig}

inal scale.

= Becda .t piant e b el o [ us;
grew near the sca-side, were sent  they were sent to Kew, and were
fo us by Fritz Miiller from S,  pronounced not tobo distinguish-
Brazil. ~The scedlings did not  able from C. tor
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north-cast window ; it bent very little towards it, as the hypo-
cotyl which was loft free was rather old, and therefore not highly
heliotropic. A filament had been fixed to the midsib of one of
the cotyledons, and the movement of the whole seedling was
traced during two days. The cireumnutation of the hypocotyl
is quite insignificant compared with that of the cotyledons.
These rise up vertically at night and come into close contact; so
fhat 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. Zith,
befween 8 Aax. and 5 P, 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 P

On the following morning (Sept. 25th) the movement of
fhe same cotyledon was again traced in the same manner
during 24, ; and a copy of the tracing is here given (Fig. 25).
The morning was cold, and the window had been accidentally
left open for a short time, which must have chilled the plant;
and this probably prevented it from moving quite as freely as
on the previous day; for it rose only four and sank only four
times during the day, one of the oscillations being very small.
At 7.10 aax, when the first dot was made, the cotyledons were
not fully open or awake; they continued toopen till about 9 A2,
by which time they had suuk a little bencath the horizon: by
930 A, they had risen, and then they oscillated up and down ;
Dt the upward and downward lines never quite coincided. At
about 430 P, the great nocturnal rise commenced. At 7 AM.
on the following morning (Sept. 26th) they oceupied mnearly
the same level as on the previous morning, as shown in the
diagram: they then began to open or sink in the usual man
The diagram leads to the belicf that the great periodical daily
rise and fall does not differ essentially, excepting in amplitude,
from the oscillations during the middle of the day.

Lotus Jacobeus (Leguminose)—The catyledons of this plant,
after the fow first days of their life, rise 50 as to stand almost,
though rarely quite, vertically at night. They continue to act in
this manner for a long time even after the development of some
of the true leaves. With seedlings, 3 inches in height, and 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 vight, though still green,
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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 cotyledons do not generally
rise ab night to any conspicuous extent during the first four or
five days after germination; but the period was extremely
variable with seedlings kept under the same conditions; and
many were observed. Glass filaments with minute triangles of
paper were fixed to the cotyledons (13 mm. in breadth) of two
scedlings, only 24h. old, and the hypocotyl was secured to a
stick; their movements greatly magnified were traced, and they
cortainly cireummutated the whole time on a small scale, but
they did not exhibit any distinct nocturnal and diurnal move-
ment. The hypocotyls, when left free, circamnutated over a
large space.

Another and much older seedling, bearing a half-developed
leaf, had its movements traced in a similar manner during the
three first day hts of June; but seedlings at this age
appear to be very sensitive to a deficiency of light; they were
observed under a rather dim skylight, at a temperature of
between 16° to 174° €. ; and apparently, in consequence of these
conditions, the great daily movement of the cotyledons ceased
on the third day. During the first two days they began rising
in the early afternoon in a nearly straight line, until between
6 and 7 par, when they stood vertically. During the latter
part of the night, or more probably in the early morning, they
began to fall or open, so that by 645 Aar they stood fully
expanded and horizontal. They continued to fall slowly for
some time, and during the second day described a single
small ellipse, hetween 9 Aar. and 2 p.w, in addition to the
great diurnal movement. The course pursued during the
whole 24 . was far less complex than in the foregoing case of
Cassia. On the third morning they fell very much, and then
circumnutated on a small scale round the same spot; by 8.20
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-house, where it was exposed
to the sun, and on the succeeding night all the cotyledons rose
again to a high angle, but did not stand quite vertically. On
cach of the above days the line representing the great nocturnal
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rise did not coincide with that of the great diurnal fall, so that
narrow ellipses were deseribed, as is the usual rule with circum-
nutating organs. The cotyledons are provided with a pulvinus,
and its development will hereafter be described.

Mimosa pudica (Leguminoss).—The cotyledons rise up verti-
cally at night, so as to close together. Two scedlings were
observed in the greenhouse (temp. 16° to 17° C. or 63° to 65° F.).
Their hypocotyls were secured to sticks, and glass filaments
Tearing little triangles of paper were affixed to the cotyledons of
both. Their movements were traced on a vertical glass during
94 h. on November 13th. The pot had stood for some time in
the same position, and they were chiefly illuminated through
the glass-roof. The cotyledons of one of these seedlings moved
downward in the morning till 11.30 Aar., and then rose, moving
rapidly in the evening until they stood vertically, so that in this
caso there was simply a single great daily fall and rise. The
other seedling behaved rather differently, for it foll in the morn-
inguntil 11.30 ., and then rose, but after 12.10 .. again fell ;
and the great evening rise did not begin until 1.22 r.ar. On the
following morning this cotyledon had fallen greatly from its
vertical position by 815 Axr. Two other seedlings (one seven
and the other eight days old) had been previously observed
under unfayourable circumstances, for they had been brought
into a xoom and placed before a north-east window, where the
temperature was between only 56° and 57° F.  They had, more-
over, to be protected from lateral light, and perhaps were not
sufficiently illuminated. Under these circumstances the coty-
ledons moved simply downwards from 7 A.w. till 2 ».
which hour and during a large part of the night they con-
tinued to rise. Between 7 and 8 Aax. on the following morning
they fell again; but on this second and likewise on the (hml
day the movements became irregular, and between 3 and 10.3
P, they cirenmnutated fo a small extent about the same Spo(’;
but they did not rise at night. Neverthelcss, on the following
night they rose as usual.

Cytisus fragrans (Leguminose).—Only a few observations were
made on this plant. The hypocotyl circumnutated to a con-
siderable extent, but in a simple manner—namely, for two hours
in one direction, and then much more slowly back again in
a zigzag course, almost parallel to the first line, and beyond the
starting-point. It moved in the same direction all might, but
next 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.

ZLupinus luteus (Leguminose).—Seedlings of this plant were
observed because the cotyledons are so thick (about 03 of an.
inch) that it seemed unlikely that they would move. Our
observations were not very successful, as the scedlings are
strongly heliotropic, and their circumnutation could not be
accurately observed mear a north-east window, although they.
had been kept during the previous day in the same position.
A scedling 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 par. they moved very slowly; during the night one
continued to fall and the other rose, though only a little. The
tracing was not much magnified, and as the lines were plainly
zigzag, the cotyledons must have moved a little laterally, that
is, they must have circumnutated.

The hypocotyl is rather thick, about *12 of inch; nevertheless
it circumnutated in a complex course, though to a small extent.
The movement of an old seedling with two true leaves partially.
developed, was observed in the dark. As the movement was
magnified about 100 times it is not trustworthy and is not;
given; but there could be no doubt that the hypocotyl moved
in all directions during the day, changing its course 19 times.
The extreme actual distance from side to side through which.
the upper part of the hypocotyl passed in the course of 143 hours
was only 7% of an inch; it sometimes travelled at the rate of
5 of an inch in an hour.

0

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

‘&ﬂj

ourse followed by a radicle in bending geotropically
downwards, tr a horizontal glass, between 11.25 A and 1
;5 the di ng the night is indicated by the broken line.
Movement of bead magnified 14 times.

Cucurbita ovifer

germinated 6n 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
Jittle power. A filament was atfached near to its base, and
projected at about an angle of 45° above the horizon. The
general course followed during the 11 hours of observation and
during the following night, is shown in the accompanying
diagram (Fig. 26), and was plainly due to geotropism; but it
was also clear that the radicle circumnutated. By the next
morning the tip had curved so much downwards that the fila-
ment, instead of projecting at 45° above the horizon, was nearly
horizontal. Amother germinating seed was turned upside down
and covered with damp sand; and a filament was fastened to
the radicle so as to project at an angle of about 50° above the
horizon ; this radicle was ‘35 of an inch in length and a little
‘emrved. The course pursued was mainly governed, as in the
last case, by geotropism, but the line traced during 12 hours and
magnified as before was more strongly zigzag, again showing
circumnutation.

Four radicles were allowed fo grow downwards over plates
of smoked glass, inclined at 70° to the horizon, under the

Fig. 27. L2z

(R

B.
Cucnrbita ovifera: t ry early
left by tips of ndmh Harkriees on & Horizon '\\ glass,
in growing downwards from 8 A to 10.20
Gver | mmoked . gl the following day.
plates, inclned s ment of the bead magnified
the horizon, 20 times, here reduced to one-
half of original scale.

Hisculus, Phaseolus, and

Facsimiles are here given (Fig. 27) of two of these

tracks; and a third short one was almost as plainly serpentine

as that at A, It was also manifest by agreater or less amount

of soot having been swept off the glasses, that the tips had
3
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pressed alternately with greater and less force on them. There
mmust, therefore, have been movement in at least two planes at
right angles to one another. These radicles were so delicate that:
they rarely had the power to sweep the glasses quite clean. One
of them had developed some lateral or secondary rootlets, which
projected a few degrees beneath the horizon; and it is an 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 smolked surface had been varnished.

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

hypocotyl, 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

o 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 heen
properly planted, the hypocotyl at
this stage of growth would have
Deen deeply buried beneath the
surface. The course followed by
the bead of the filament is shown
cal hypocotyl. with filamens in Fig. 28. The chief lines of
v movement from left to right in the

figure were parallel to the plane
of the two united cotyledons and
Of the terminal of the flattened sced; and this
riginally  magnified - movement would aid in dragging
about 18 times, here only $4-ghom out of the seed-coats, which
are held down by a special struc-

fure 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-
tious apply to the leg of the arch nest to the cotyledons, but

nnuta-

itsupper end, traced in d
ness on a horizontal glas
30
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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.29. 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 oblique to a line joining
the opposite cotyledons. The actual extreme distance from
side to side over which the summit of the tall hypocotyl
passed in the course of 12 h. was *28 of an inch. The original
figure was traced on'a large scale, and from the obliquity of
the line of view the outer parts of the diagram are much
exaggerated.

Cotyledons—On two occasions the movements of the cotyle-
dons were traced on a vertical glass, and as the ascending and
descending lines did not quite coincide, very narrow ellipses
were formed; they therefore circumnutated. Whilst young
they rise vertically up at night, but their tips always remain
reflexed ; on the following morning they sink down again.  With
a seedling kept in complete darkness they moved in the same
manner, for they sanl from 845 anr. to 4.30 pv.; they then
began to xise and remained close together until 10 e, when
they were lust observed. Af 7 axx. on the following morning
they were as much expanded as at any hour on the previous
day. The cotyledons of another young seedling, exposed to the
light, were fully open for the first time on a certain day, but
were found completely closed at 7 4.3 on the following morning.
They soon hegan to expand again, and continued doing so till
about 5 par.; they then began to rise, and by 10.30 ».x. stood
vertically and were almost closed. At 7a.. on the third morn-
ing they were nearly vertical, and again expanded during the
day; on the fourth morning they were mnot closed, yet they
opened a little in the course of the day and rose a little on the
following night. By this time a minute true leaf had become
developed. Another seedling, still older, bearing a well-developed
Teaf, had a sharp rigid filament affixed to one of its cotyledons
(85 mm. in length), which Tecorded its own movements on
2 revolving drum with smoked paper. The observations were
made in the hot-house, where the plant had lived, so that there
was no change in temperature or light. The record commenced
at 11 .M. on February 18th; and from this hour till 3 par the
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cotyledon fell; it then rose rapidly till 9 par, then very
ually till 3 Aar. February 19th, after which hour it sank
eradually till 4.30 par.; but the downward movement was inter-
rupted by one slight rise or oscillation about 180 par. After
430 pr. (19th) the cotyledon rose till 1 Aar. (in the night of
February 20th) and then sank very gradually &ll 930 aar,
when our observations ceased. The amount of movement was
ercater on the 18th than on the 19th or on the morming of
the 20th.

Cucurbita aurantia—An arehed hypocotyl was fornd buried a
litile beneath the surface of the soil; and in order to prevent it
straightoning 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
flament with a bead at the end was affixed to the basal leg, the
movements of which were observed during two days in the
wsual manner.  On the first day the archmoved 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 14} h. It swept a large, extremely irre
cular, circular figure, returning at night to nearly the same
spot whence it had started early in the morning. The line was
so strongly zigza that it apparently represented five ellipses, with
fheir longer axes pointing in various directions. With respect
to the periodical movements of the cotyledons, those of seve
young seedlings formed fogether at 4 .. an angle of about 60°,
and ab 10 par. their lower parts stood vertically and were in
contact ; their tips, however, as is usual in the genus, were per-
manently refloxed.  These cotyledons, at 7 Ar. on the following
morning, were again well expanded.

Lagenaria vulgaris (var. miniature Bottle-gourd) (Cucurbi-
tacew).—A scedling opened its cotyledons, the movements of
which were alone observed, slightly on June 27th, and closed
them at might: next day, at moon (25th), they included an
angle of 53°, and at 10 v.x. they were in close contact, so that
each had risen 26°. At noon, on the 29th, they included an
angle of 118° and at 10 Pa. 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 behaved during three
days in a closely similar mamner. The cotyledons, therefore,

© The Complete Work of Charles RParwin Online



Cuar. L CUCURBITA. 43

open more and more on each succeeding day, and rise each

night about 30°; consequently during the first two ni

their life they stand vertically and
come into contact.

In order to ascertain more ac-
curately the nature of these move-
ments, the hypocotyl of a seedli
with its cotyledons well expanded,
was seeured to a little stick, and a
filament with triangles of paper
was affised to one of the cotyledons.
The observations were made under
a nather dim skylight, and the
temperature during the whole time
was between 174° to 18° C. (63° to
65° F.). Had the temperature been
higher and the light brighter, the
movements would probably have
been greater. On July 11th (sce
Fig. 80), the cotyledon’ fell from
7.35 Aar. till 10 Ar.; it then rose
(rapidly after 4 par) till it stood
quite vertically ab 840 . During
the early morning of the next day
(12th) it fell, and continued to fall
£ill 8 Aar, after which hour it »
then foll, and again rose,so that by
10.35 P it stood much higher than
it did in the morning, but was not;
vertical as on the preceding night.
During the following emly morn-
ing and whole day (13th) it fell and
cirenmmutated, but had not risen
when observed late in the evening;
and this was probably due to the
deficiency of heat or light, or of
both. We thus see that the coty-
ledons became more widely open at
noon on each succeeding day ; and

its of

Fig. 30.

Lagenariz vulguris : cireunmu-
tion of a cotyledon, 13
inch in length, apex only 4

1 the vertical gla:

that they rose considerably each night, though not acquiring
a vertical position, except during the first two nights.
Cucumis dudaim (Cucarbitacee)—Two seedlings had opencd
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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.x.; 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 nealy shut. Later in the
morning they opened in the ordinary manmer. 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 (Cactez).—A seedling was carefully ob-
served, because comsidering its
appearance and the nature of the
mature plant, it seemed very un-
likely that either the hypocotyl or
cotyledous 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 cylindrical hypocotyl,

i now bearing a minute spinous bud
j on its summit, was only *45 of an

inch in height, and 19 in dia-

Opuntia tasilaris : conjoint cir- Teter. The tracing (Iig. 31) shows
cumnutation of hypocotyl the combined movement of the
and cotyledon; filament hypocotyl and of one of the coty-
ey ledons, from 4.45 par. on May 28th
during 66 h. on horizontal to 11 A3 onthe 31st. Onthe 29th
class.” Movement of the ter- a nearly perfect ellipse was com-
mival bead magnified about ploted, On the 30th the hypocotyl

50 times, here reduced to one-

third seale, Sesdling kept 1n moved, from somo unknown cause,

hot-house, feebly illuminated in the same general direction ina

from above. ag line; but between 4.30 and
10 p.xt. almost completed a second

small ellipse. The cotyledons move only a little up and down :
thus at 10.15 p.x. they stood only 10° higher thanat noon. The
chief seat of movement therefore, at least when the cotyledons
are rather old as in the present case, lies in the hypocotyl. The
ellipse described on the 29th had its longer axis directed at
nearly right angles to a line joining the two cotyledons. The
actual amount of movement of the bead at the end of the
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filament was, as far as could be ascertained, about ‘14 of an
inch.

Heliantlus annuus (Composite).—The upper part of the
Tiypocotyl moved during the
day-time in the coursc Fig. 32.
shown in the annexed figure
(Fig. 32). As the line runs
in various directions, cross-
ing itself several times,
the movement may be con-
sidered as one of circumnu-
fation. The extreme actual
distance travelled was af
least *1 of an inch. The
movements of the cotyle-
dons of two scedlings were Heliantlius annuus : circumnutation of

R hypocotyl, with flament fixed across
observed; onefacing anorth-  its summit, traced on a horizontal
east window, and the other  glass in darkness, from 8.45 A2 to
so feobly illuminated from 1045 P, and for anhour on fullow-
s Eaa o
darkness. They continued  oue-half of original scale.
to sink till about noon,
when they began to rise; but between 5 and 7 or 8 rar.
they either sank a little, or moved laterally, and then again
began to rise. At 7 AM. on the following morning those on
the plant before the north-east window had opened so little
that they stood at an angle of 73° above the horizon, and were
not observed any longer. Those on the scedling which had
Deen kept in almost complete darkness, sank during the whole
day, without rising about mid-day, but rose during the night.
On the third and fourth days they continued sinking without
any alternate ascending movement; and this, no doubt, was
due to the absence of light.

Primula Sinensis (Primulacez).—A scedling was placed with
the two cotyledons parallel to a north-east window on a day
when the light was nearly uniform, and a filament was affixed
to one of them. From observations subsequently made on
another seedling with the stem secured to a stick, the greater
part of the movement shown in the annexed figure (Fig. 33),
must have been that of the hypocotyl, though the cotyledons
certainly move up and down to a certain extent both during the
day and night. Themovements of the same seedling were traced
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on the following day with nearly the same result; and there
can be no doubt about the circumnutation of the hiypocotyl.

Fig. 33.
o line

iy ..

Primua Sinensis: conjoint aircumnutation of hypocotyl and cotyledon,
traced on v glass, from 8.40 ADX. to 10.45 ».r. Movements of
bead magnified about 26 times.

Cyelamen Persicum (Primulacez).—This plant is generally sup-
posed to produce only a single cotyledon, but Dr. H. Gressner *
has shown that a second one is developed after a long interval
of time. The hypocotyl is converted into a globular corm, even
before the first cotyledon has broken through the ground with its
Dlade clos hits petiole in the form of an arch,
like the arched hypocotyl or epicotyl of any ordinary dicotyle-
donous plant. A glass filament was affixed to a cotyledon, 55
of an inch in height, the petiole of which had straightened itself
and stood nea , but with the blade not as yet fully
expanded. Its movements were traced during 24t h. on a

horizontal glass, magnified 50
Fig. 34. times; and in this interval it
deseribed two irregular small
X/*‘\ circles; it therefore eircummu-
~— \Q\ tates, though on an extremely

L, small stale.
Stapelia sarpedon s circumnutation _ SPia sarpedim  (Ascle-
hypocotyl, illuminated from Diadew). — This plant, when
above, traced on horizontal glass, mature, resembles a  cactus.
ot Sath e “ath 0845 The fattoned hypoentyl is

G omnt o fleshy, ‘enlarged in th€ 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 filument was affixed almost

* ¢ Bot. Zeitung,’ 1874, . 837.
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vertically to the hiypocotyl of a seedling half an inch high; and
ifs movements were traced during 50h. on a horizontal glass
(Fig. 34). From some unknown cause it bowed itself to one
side, and as this was efiected by a zigzag course, it probably
ciroumnutated ; but with hardly any other seedling observed
Dy us was this movement so obscurely shown.

Ipomaa carulea vel Phirbitis nil (Convolyulacen).—Scedlings
of this plant were observed because it is a twiner, the upper
i of which ci i y; but, like
other twining plants, the first few internodes which rise above
the ground are stiff enough to support themselves, and therefore
do not circumnutate in any plainly recognisable manmer.* Tn
this particular instance the fifth infernode (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
in our usual manner. Two scedlings were kept in the dark
with filaments fixed to the upper part of their hypocotyls; but
from circumstances not worth explaining their moyements were
traced for only a short time. One moved thrice forwards and
twice backwards in nearly opposite directions, in the course of
3h. 15m.; and the other twice forwards and twice backwards
in2h. 22m. The hypocotyl therefore circumnutated at a re-
markably rapid rate. It may here be added that a filament was
affixed transyersely fo the summit of the second internode above
the cotyledons of a little plant 3% inches in height; and its
movements were traced on a horizontal glass, It circumnutated,
and the actual distance travelled from side toside was a quarter
of an inch, which was too small au amount to be perceived with-
out the aid of marks.

The movements of the cotyledons are interesting from their
complexity and rapidity, and in some other respects. The
hypocotyl (2 inches high) of a vigorous seedling was secured to a
stick, and a filament with triangles of paper was affixed to one
of the cotyledons. The plant was kept all day in the hot-house,
and at 420 par. (June 20th) was placed under a skylight in
the house, and observed oceasionally during the evening and
night. Tt fell in a slightly zigzag line to a moderate extent
from 420 pox. till 1015par. When looked at shortly after mid-
night (1230 ©.xt) 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
Fig. 35.
m.

e

0220521
Ipomaza czulea : cireumnutation of
cotyledon, traced on vertical glass,
from 6.10 A, June 21st to 6.45
aax. 220d. Cotyledon with petiole
16 inch in length, apex of blade
4°1 inch from the vertical glass;
so movement mot greatly mag-
nified ; temp. 2

CIRCUMNUTATION OF SEEDLINGS.

Cuar. 1

at, at 610 A (2lst), it had
fallen laxgely. A mew tracing
was now begun (sce Fig. 35),
and soon afterwards, at 6.42
4., the cotyledon had risen a
little. During the forenoon it
was observed about every
Nour; but between 12.30 and
6 p.a. every half-hour. If the
observations had been made at
these short intervals during the
whole day, the figure would
have been too intricate to have
been copied. As it was, the
cotyledon moved up and down
in the course of 16 h. 20 m. (i e.
between 6.10 At and 10.30
p.v.) thirteen times.

The cotyledons of this seed-
ling sank downwards during
Doth evenings and the early
part of the night, but rose
during the latter part. Asthis
is an unusual movement, the
cotyledons of twelve other seed-
lings were observed ; they stood
almost or quite horizontally at
mid-day, and at 10 . 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 cotyl
dons had attained almost their
full size, viz. from 1t611} inches
in length, measured along their
midribs. It is a remarkable
fact that whilst young—that
is, when less than half an inch
in length, measured in the
same manner—they do not sink
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downwards in the evening. Therefore their weight, which is
considerable when almost fully developed, probably came into
play in originally ining the downward The
periodicity of this is much i 1Dy the degree
of light to which the seedlings have been exposed during the
day; for three kept in an obscure place began to sink about
noon, instead of late in the evening ; and those of another seed-
Ting were almost paralysed by having been similarly kept during
two whole days. The cotyledons of several other species of
Tpomeea likewise sink downwards late in the evening.

Cerinthe major (Boraginew).—The circumnutation of the
hypocotyl of a young scedling with the cotyledons hardly

Fig. 36.

S~

AN

Cerinthie major : circumnutation of hypocotyl, with filament fixed across its
summit, illuminated from above, traced on horizontal glass, from
9.26 A1, to 9.53 PL. on Oct. 25th. Movement of the bead magnified
30 times, here reduced to one-third of original scale.

expanded, is shown in the amexed figure (Fig. 36), which
apparently represents four or five irregular ellipses, described
in the course of a little over 12 hours. Two older seedlings
wWere similarly observed, excepting that one of thent was kept
in the dark; their hypocotyls also circumnutated, but in a more
simple manner. The cotyledons on a seedling exposed to the
light fell from the early morning until a little after noon, and
then continued to rise until 10.30 p.ox. or later. The cotyledons
of this same seedling acted in the same general manner during
the two following days. Tt had previously been tried in the
dark, and after being thus kept for only 1h. 40m. the cotyledons
began at 4.30 r.. to sink, instead of continuing to rise till late
at night.
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Nolana prostrata (Nolanes). — The movements were not
traced, but a pot with seedlings, which had heen kept in the
dark for an hour, was placed under the microscope, with the
micrometer eye-piece so adjusted that each division equalled
+dgth of an inch. The apex of one of the cotyledons crossed
rather obliquely four divisions in 13 minutes ; it was also sink-
ing, as shown by getting out of focus. The seedlings were
again placed in darkness for another hour, and the apex now
d 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. 15 ., there-
Fig. 37. fore at a quicker rate. In the afternoon, after a
/  longerintervalin 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.
Solanum lycopersicum (Solancw)—The move-
v ments of the hypocotyls of two seedling to-
Solanum lyeoper- Matoes were observed during seven hours, and
sicum : circum- there could be no doubt that both circumnu-
nutation of hy- tated. They were illuminated from above, but
pocotyl, with o 2 il :
Blament fived DY an accident a little light entered on one side,
across its sum- and in the accompanying figure (Fig. 87) it
it traced on may ho seen that the hypocotyl moved to this
fomantal£14% Side (the upper ono in the figure), making small
5p.w. Oct. 24th, 1oops and zigzagging in ifs course. The move-
Hluminated ob- ments of the cotyledons were also traced both
liguely . from o, vertical and horizontal glasses; their angles
above.  Move- 5 =
ment of head With the horizon were likewise measured at
magnified about, various hours. They fell from 830 Aax. (October
85 times, here 17¢h) fo about noon; then moved laterally in a
Tduced to b sigzag line, and at about 4 p.r. hegan to Tise;
scale.  they continued to do so until 1030 ar, by
which hour they stood vertically andswere asleep.
At what hour of the night or early morning they began to fall
was not ascertained. Owing to the lateral movement shortly
after mid-day, the descending and ascending lines did not
coincide, and irregular ellipses were deseribed during each 24 b,
The regular periodicity of these movements is destroyed, as we
shall hereafter see, if the seedlings are kept in the dark.

© The Complete Work of Charles Darwin Online



Crar.’ I SOLANUM. 51

Solanum palinacanthum.—Several arched hypocotyls rising
nearly -2 of an inch above the ground, but with the cotyledons
still buried beneath the surface, were observed, and the tracings
showed that they circumnutated. Moreover, in several cases
Jittle open cireular spaces or cracks in the argillaceous sand
which surrounded the arched hypocotyls were visible, and
these appeared to have heen made by the hypocotyls having
hent first to one and then to another side whilst growing up-
wards. In two instances the vertical arches were observed to
move to a considerable distance backwards from the point whexe
the cotyledons lay buried; this movement, which has been
noticed in some other cases,and which seems toaid in extracting
the cotyledons from the buried seed-coats, is due to the com-
mencement of the straightening of the hypocotyl. In order to
prevent this latter movement, the two legs of an arch, the

b Fig. 38.

/

Solanum palinacantium': circumnutation of an arched
exging from the ground, with the two legs tied togeth
ness on a horizontal glass, from 9.20 A Dec. 17th to 8.
19th, Movement of head magnified 15 times; but the filament, which

was affixed obliguely to the crown of the arch, was of unusual length.

summit of which was on @ level with the surface of the soil,
wWere tied fogether; the earth having been previously removed
fo a little depth all round. The movement of the arch during
47 hours under these unnatural circumstances is exhibited
in the annesed figure.

The cotyledons of somo seedlings in the hot-house were hori-
zontal about noon on December 13th ; and at 10 p.xr. had risen
to an angle of 27° ahove the horizon; at 7 A, on the following
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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 (Chenopodew)—The seedlings are excessively
sensitive o light, so that although on the first day they
were uncovered only during two or three
Fig. 39. minutes at each observation, they all moved
= 4 steadily towards the side of the room
% whenco the light proceeded, and. the trac-
ings consisted only of slightly zigzag lines
directod towards the light. On the next
day the plants were placed in a completely
darkened room, and at each observation
were illuminated as much as possible from
vertically above by a small wax taper. The.
annexed figure (Fig. 39) shows the move-
ment of the hypocotyl during 9 h. under
these circumstances. A second seedling
was similarly observed at the same time,
nutation of J00 and the tracing had the same peculiar
fixed” obliquely a. character, due to the hypocotyl often mov-
cross its summit, ing and retwrning in nearly parallel lines.
traced in darkness  The movement of a third hypocotyl differed

on horizontal glass, .
from 8.25 aai. to SreMly.
5.30 P2t Nov. 4th.  We endeavoured to trace the movements

Movement of bead of the cotyledons, and for this purpose
magnified 25 tines,  some seedlings were kept in the dark, but
third - of origina they moved in an abnormal manner; they
scale. continued rising from 8.45 Aat. to 2 Par.

then moved laterally, and from 3 to 6 P.or.
descended ; whereas cotyledons which have been exposed all
the day to the light rise in the evening so as 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 845 par. all were completely closed,

50 that they might properly be said to be asléep. Again, on the

morning of November 27th, the cotyledons of four other seedlings,

which were surrounded by a collar of brown paper so that they
received light only from above, were open to the extent of
39°; at 10 . they were completely closed; mext morning.

(November 28th) at 6.45 .., whilst it was still dark, two of them
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were partially open and all opened in the course of the mor
but at 10.20 pax. all four (not to mention nine others which
had been open in the morning and six others on another occa-
sion) were again completely closed. On the morning of the
99th they were open, but at night only one of the four was
closed, and this only partially; the three others had their
cotyledons mieh more raised than during the day. On the
night of the 30th the cotyledons of the four were only slightly
raised.

Ricinus Borboniensis (Euphorbiacew). — Seeds were purchased
under the above name—probably a variety of the common castor-
oil plant. As soom as an arched hypocotyl had risen clear above
the ground, a filament was attached to the upper leg bearing the
cotyledons which were still buried beneath {he surface, and the

- movement of the bead was traced on a horizontal glass during
a period of 34 h, The lines traced were strongly zigzag, and
as the bead tivice returned nearly parallel to its former course
in two different directions, there could be no doubt that the
arched hypocotyl circummutated. At the close of the 34 h.
the upper part began to rise and straighten itself, dragging the
cotyledons out of the ground, so that the movements of the
bead could no longer be traced on the gla

Quercus (American sp.) (Cupulifersm).—Acorns of an American
ok which had germinated ab Kew were planted in a pot in
the greenhouse. This fransplantation checked theiv growth;
bub after 'a time one grew to a height of five inches,
measured to the tips of the small partially unfolded leaves on
the summit, and mow looked vigorous. It comsisted of six
very thin internodes of uncqual lengths. Considering these
cireumstances and the nature of the plant, we hardly expected
that it would circumnutate; but the annexed figure (Fig. 40)
shows that it did so in a conspicuous manner, changing its
course many times and travelling in all directions during the

-48 h. of observation. The figure seems to represent 5 or 6
irregular ovals or ellipses. The actual amount of movement
from side to side (excluding one great bend to the left) was
ahout -2 of an inch; but this was difficult to estimate, as owing
%o the rapid growth of the stem, the attached filament was
much further from the mark beneath at the close than at the
commencement of the observations. It deserves notice that the
pot was placed in a north-east room within a decp bos, the top
of which was not at fist covered up, so that the inside facing
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the windows was a little more illuminated than the opposite
side; and during the first morning the stem travelled to a
greater distance in this direction (fo the left in the figure) than
it did afterwards when the box was completely protected from
light

Fig. 40.

tation of young stem, traced on hori-
Y 2nd to 12.50 Py, 24th.  Movement,
magnified at first, but slightly towards the close of the
observations—about 10 times on an average.

Quercus robur.—Observations were made only on the move-
ments of the radicles from germinating acorns, which

to grow downwards in the manner previously described, over
plates of smoked glass, inclined at angles hetween 65° and 69°
tothe horizon. In four cases the tracksleft were almost straight,
but the tips had pressed sometimes with more and somotimes
with less force on the glass, as shown by the varying thickness
of the tracks and by little bridges of soot left across therm.
In the fifth case the track was slightly serpentine, that is, the
tip had moved a little from side to side. In the sixtlt case
(Fig. 41, A) it was plainly serpentine, and the tip had pressed
almost equably on the glass in its whole course. In the seyenth
caso (B) the tip had moved both laterally and had pressed
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alternately with unequal foree on the glass; so that it had
moved a little in two planes at right angles to one another. In
the eighth and last case (C) it had moved very little laterally,
but had alternately left the glass and come into contact with it

i i last four cases the

(]

Quercus robur n- Ls Jeft on incli
radicles in downwards.

ed smoked glass-plates by tips of
o and
Dlate B at 689 to the horizon.

Plates A and C inclined at

Corylus avellana (Corylacew)—The cpicotyl breaks through
the ground in an arched form; but in the specimen which was
fixst examined, the apex had become decayed, and the epicotyl
arew to some distance through the soil, in a tortuous, almost
horizontal dircction, like a Toot. In consequence of this injury
it had emitted near the hypogean cotyledons two secondary
shoots, and it was remarkable that both of these were arched,
Jike the normal epicotyl in ordinary cases. The soil was removed
from around one of these ¢ shoots, and a glass
filament was affived to the basal leg. The whole was kept
damp beneath 2 metal-box with a glass lid, and was thus illumi-
nated only from above, Owing apparently to the lateral pressure
of the earth heing removed, the termimal and howed-down part
of the shoot begam at once o move upwards, so that after
94 1. it formed a right angle with the lower part. This lower
part, to which the filament was attached, also straightened
itself, and moved a little backwards from the upper part. Con-
sequently a long line was traced on the horizontal glass; and
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this was in parts straight and in parts decidedly zigzag,

indicating circumnutation.
On the following day the other secondary shoot was observed ;
it was a little more adyanced in age, for the upper part, instead
of depending vertically downwards,

Fig. 42. stood at an angle of 45° above the
N horizon. The tip of the shoot pro-
e jected obliquely *4 of an inch above
T‘ ‘the ground, but by the close of our
observations, which lasted 47 b, it

2 had grown, chiefly towards its base,

S to a height of *85 of an inch. The

L 9 filament was fixed transversely to

the basal and almost upright half

of the shoot, close bencath the lowest

scale-like appendage. The cireum-

mutating course pursued is shown

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

tion of a young shoot emitted 42). The actual distance traversed

from the epicotyl, th Al from side to side was about 04 of
traced on a horizontal glass, A0 nch.

Pinus pinaster (Conifersm). — A
young hypocotyl, with the tips
of the cotyledons still enclosed
vithin the seed-coats, was at first
only *85 of an inch in height; but the upper part grew so
rapidly that at the end of our observations it was -6 in height,

magnified abont 27

Fig. 45.

Pinus pinaster : cireumnutation of hypocotyl, with flament fised acrossits

summit, traced on horizontal glass, from 10 A3, March 21st to 9 A,
Seedling kept in darkness. = Movement of bead magnifiell about
os. -
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and by this time the filament was attached some way down the
liftle stem. From some unknown cause, the hypocotyl moved
far towards the left, but there could be no doubt (Fig. 43) that
it circumnutated. Another hypocotyl was similarly observed,
and it likewise moved in a strongly zigzag line to the same side.
his lateral movement was not caused by the attachment of
the glass filaments, nor by the action of light; for no light was
allowed to enter when cach observation was made, except from
vertically above.

The hypocotyl of a seedling was secured to a little stick; it
hore nine in appearance distinct cotyledons, arranged in a circle.
The movements of two neatly opposite ones were observed. The
tip of one was painted white, with a mark placed below, and the
figure deseribed (Fig. 44, A) shows that it made an irregular

Fig. 44.

el )\
|
N
A B.
Pinus pinaster : circumnutation of twb opposite cotyiedons, traced on
horizontal glass in darkness, from 8.45 A to 8.35 Par. Nov. 25th

Movement of tip in A magnified about 22 times, here reduced to one-
half of original scale.

circle in the course of about 8 h. During the night it
fravelled to a considerable distance in the direction indicated
by the broken line. A glass filument was attached longitu-
dinally to the other cotyledon, and this mearly completed
(Fig. 44, B) an imegular circular figure in about 12 hours.
During the night it also moved to a considerable distance, in
the direction indicated by the broken line. The cofyledons
therefore cireurft i dently of the ent of the
hypocotyl. Although they moved much during the night, they
did not approach each other 5o as to stand more vertically than
during the day.
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Cycas pectinala (Cyeadewm)—The large seeds of this plant in
germinating first protrude a single leaf, which breaks through
the ground with the petiole bowed into an arch and with the
leaflets involuted. A leaf in this condition, which at the close
of our observations was 2} inches in height, had its movements
traced in a warm greenhouse by means of a glass filament,

Dearing paper triangles attached across its tip. The tracing
(Fig. 45) shows how large, complex, and rapid were the circum-

Fig. 45,

o

Gyeas pectinata: circumnutation of young leaf whilst emerging from the

feebly illuminated from above, traced on vertical glass, from

. Sth to 11 A 31st.  Movement magnified 7 times, here
e v original scale.

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

Canna Warscewiczii (Cannacem).—A seedling with the plu-
mule projecting one inch above the ground was observed, but
not under fair conditions, as it was brought out of the hot-
house and kept in a room not sufficiently warth. Nevertheless
the tracing (Fig. 46) shows that it made two or thres incom-
plete irregular circles o ellipses in the course of 48 hours. The
plumule is straight; and this was the first instance observed
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Dy us of the part that first breaks through the ground not
being arched.

1
o
Cunna._Warsceiczii s circumnutation of plumule with filament 'nlx‘(ed
abliquely to outer sheath-like leaf, traced in darkness onhorizontal glass
rom 8.45 A3, Nov. 9th to 8.10 At 11th. Movement of bead mag-
nified 6 times.

Allinm cepa (Liliacem)—The narrow green leaf, which pro-
trudes from the seed of the common onion as a cotyledon,*
breaks through the ground in the form of an arch, in the same
manner as the hypocotyl or epicotyl of a dicotyledonous plant.
Long after the arch has risen above the surface the apex
remains within the seed-coats, evidently absorbing the still
abundant contents. The summit or crown of the arch, when
it first profrudes from the seed and is still buried bencath the
ground, is simply rounded; but before it reaches the surface
it is developed into a conical protuberance of a white colour
(owing to the absence of chlorophyll), whilst the adjoining parts
are green), with the epidermis apparently rather thicker and
tougher than clsewhere. We may therefore conclude that this
conieal protuberance is a special adaptation for breaking through
the ground,t and answers the same end as the knife-like white
crest on the summit of the straight cotyledon of the Graminewm.

* This is the expression used purpose which it subserves. Ho
Dy Suchs in his ‘Test-book of -states that good figures of the
Botany. cotyledon of Ehe onion luve e
t Haberlandt bas briefly de-  given by Tittmann and by S
seribed (-Die Schutzeinrichtun-  in his* premm.hml Physiolog
.. Keimpflnze, 1877, p.77)  p. 93.
e SRR S . o

i,
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After a time the apex is drawn out of the empty seed-coats,
and rises up, forming a right angle, or more commonly a still
larger anglo 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 ultimate condition of the arched hypocotyls or
epicotyls of dicotyledons. Tt is, also, a singular circumstance
that the attenuated extremity of the upper bent portion
invariably withers and dies.
A filament, 17 inch in length, was affixed nearly upright
beneath the knee to the basal and vertical portion of a
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
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 heginning to wither,
and its movements were thus traced. The
umnn- figure described resembled pretty closely
al halfthat above given; and this shows that the
. chief seat of movement is in the lower or
zontal ~m<, ‘from basal part of the cotyledon.
A to 10 P Asparagus officinalis  (Asparagese)—
Oct. 81st. Movement Py tip of a straight plumule or cotyledon
wbout 17 times. (for we do not know which it should be
called) was found at a depth of 1 inch
heneath the surface, and the earth was then removed all round
tothe depth of 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. Trom some unknown causo
it had grown up through the soil in an inclined direction, and
now through apogeotropism it moved during mearly 24 h. in

Fig. 47.

X

Allinm cepa :
At
arched Lnt\h.dm\,
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the same general direction, but in a slightly zigzag manner,
ntil it became upright. On the following morning it changed
its comse completely. There can therefore hardly be a doubt
that the plumule circumnutates, whilst buried beneath the
ground, as much as the pressure of the surrounding earth will
permit. The surface of the soil in the pot was now covered with
a thin layer of very fine argillaceous sand, which was kept damp;
and after the tapering seedlings had grown a few tenths of
an inch in height, each was found surrounded by a little open
space or circular crack; and this could be accounted for only by
their having cireumnutated and thus pushed away the sand on
all sides; for there was no vestige of a crack in any other part.

Tn order to prove that there was circunmutation, the move-

Fig. 48.

S

A
circumnutation of plumules with tips whitened and
‘marks placed beneath, traced on a hor A, young plumule ;
‘movement traced from 8.30 A, Nov. 30th to 7.15 A, next morning 5
fied ahout 35 times. B, older plumule ; movement traced from
10.15 A0, to 8.10 par. Nov. 29tii; magnified § times, but here reduced
to one-half of original scale.

Asparagus officinalis :

ments of five scedlings, varying in height from 3 inch to2 inches,
were fraced. They were placed within a hox and illuminated
from above; but in all five cases the longer axes of the figure

described were divected to nearly the same point; so that more
light scemed to have come through the glass roof of the green-
house on one side than on any other. All five tracings re-
sembled each other to a certain extent, and it will suffice to give
iwo of them. In A (Fig. 48) the seedling was only 45 of an
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ht, and consisted of a single internode bearing a
mmit. The apex described between 830 ax. and
. during near] ) a figure which would
probably have consisted of 34 ellipses, had not the stem been
wn 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 whenee it had first started. The actual amount of
movement of the apex from side to side was very small, viz.
about th of an inch. The seedling of which the movements
are shown in Fig. 48, B, was 1% inch in height, and consisted of
three internodes besides the bud on the summit. The figure,
which was deseribed during 10h., apparently represents two
irregular and unequal ellipses or circles. The actual amount of
movement of the apex, in the line not influencad by the light, was
11 of an inch, and in that thus influenced -37 of an inch. With
a scedling 2 inches in height it was obious, even without the
aid of any tracing, that the uppermost part of the stem bent
snceessively to all points of the compass, like the stem of a
twining plant. A little increase in the power of circumnutating
and in the flexibility of the stem, would convert the common
asparagns into a twining plant, as has oceurred with one species
in this genus, namely, 4

Plalaris Canari . — With the Gramincze the
part which first rises above the ground has been called by some
authors the pilcole; and various views havo been expressed on
its 1 nature. It is considered by some great authori-
ties to be a cotyledon, which term we will use without venturing
to express any opinion on the suhject* It consists in the
present case of a slightly flattened reddish sheath, terminating
upwards in a sharp white edge; it encloses a true green leaf,
which protrades from the sheath through a slit-like orifice,
close beneath and at right angles to the sharp edge on the
summit. The sheath is not arched when it breaks through the
ground.

The movements of threo rather old seedlings, about 1} inch
in height, shortly before the protrusion of the leaves, were first
traced. They wero illuminated exclusively from above; for, as
will hereafter be shown, they are excessively sensitive to the

inch in hei
bud on its
1020 ra. (i

dr:

ndens.

* We are indebted to the Rev.  this sulumct together with re-
G. Henslow for an abstract of the  ferene
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.
tracings one alone (Fig. 49) is here given.

Deen more frequent during  the 12 h.
two oval figures would have been
described with their longer axes at
right angles to one another. The
actual amount of movement of the
apex from side to side was about
“3of an inch. The figures described
by the other two seedlings resembled
to a certain extent the one here
given.

A seedling which had just brokes
through the ground and projected
only J4th of an inch above the
surface, was next observed in the
same manner as before. It was
necessary to clear away the earth
all round the seedling to a little
depth in order to place a mark
Deneath the apex.

n
Phaluris Canarien

The figure (Fig

OF the three
Had the observations

Fig. 49.

tation of a cotyledon, with a

mark placed below the apex,
Lo Ium/om glass,
from 8.35 h to

45 A, " Movement of
apex magnificd 7 times,
reduced to one-half scale.

50) shows that the apex

moved to one side, but changed its course ten times in the

course of the ten hours of observa-
tion ; so that there can be nio doubt
about its circumnutation. The
cause of the general movement
in one direction could hardly be
attributed to the entrance of
lateral light, as this was carefally
guarded against; and we suppose
it was in some manner connected
with the removal of the earth
round the little seedling.

Lastly, the soil in the same pot
was searched with the aid of a
lens, and the white knife-like apex
ofaseedling was found on an exact
level with that of the surrounding
surface.

The soil was removed all round the ap
of a quarter of an inch, the seed itself remaining covered.

Fig. 50.

8

Pholaris Canariensis : circumnu-
tation of a very young coty-
ledon, with a mark placed
below the apex, traced on a
horigontal gluss, from 1157
A to 9. Dee. 1
e gre
magnified, here reduced
one-fourth of original scale.

to

< to the depth
The

pot, protected from lateral light, was placed under the micro-
4
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scope with a micrometer eye-picce, so arranged that each
division equalled 35th of an inch. After an interval of 30 m.
the apex was observed, and it was seen to cross a little obliquely
two divisions of the micrometer in 9 m. 15 s.; and after a few
minutes it crossed the same space in 8 m. 50 s. The seedling
was again observed after an intervalof three-quarters of an hour,
and now the apex erossed rather obliquely two divisions in 10 m.
‘We may therefore conclude that it was travelling at about the
';th of an inch in 45 minutes. We may also conclude
from theso 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 case 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.
Zea mays (Graminew)—A glass filament 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 in-
creased, consequently the trac-
ing (Fig. 51) was much more
magnified on the first than on
the second day. The upper
part of the cotyledon changed
L its course by at least as much
Zeamays: circumnutation of cotyle- as a rectangle six times on each
don, traced on horizontal glass, from  of the two days. The plant
g;j:’ aan, Feb. dth to 8 a3t 6th  was illuminated by an obscure
2 light from vertically above.
This was a necessary precau-
tion, as on the previous day we had traced the movements of
cotyledons placed in a deep hox, the inner side of which was
feebly illuminated on one side from a distant north-east window,
and at each observation by a wax taper held for a minute or
two on the same side; and the result was that the cotyledons
travelled all day long to this side, though making in their course
some conspicuous flexures, from which fact alone we might have

~
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concluded that they were circumnutating; but wo thonght it
adyisable to make the tracing above given.

Radicles—Glass filaments were fied 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
inferred, had not their tips become slightly withered after the
fiust 24 h., though they were watered and the air kept very
damp. Nine radicles were mext arranged in the manner
formerly described, so that in growing downwards they left
tracks on smoked glass-plates, inclined at various angles between
45° and 80° beneath the horizon. Almost every one of theso
tracks offered evidenco 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 therefore
that the friction of the apex on the smoked

surface, little as this could have been, sufficed }

to check the movement from side to side of these Z £
= 4 ea mays : track

delicate radicles. left on inclined

svera sativa (Graminem)—A cotyledon, 1} smoked glass-

inch in height, was placed in front ‘of a north- 7 tiD
& of ld’!lb in

east window, and the movement of the apex  gyou iy down.
was traced on a horizontal glass during two  wards.
days. It moved towards the light in a slightly
zigzag line from 9 to 11.30 A.r. on October 15th ; it then moved
a little backwards and zigzagged much until 5 e, after whick
hour, and during the night, it continued to move towards the
window. On the following morning the same movement was
continued in a nearly straight line until 12.40 pax., when the sky
remained until 2.35 extraordinarily dark from tk
During this interval of 1h. 55m., whilst the light was ohseme,
it was interesting to observe how circumnutation overcame
heliotropism, for the apex, instead of continuing tomove towards
the window in a slightly zigzag line, reversed its course four
times, making two small narrow ellipses. A diagram of this case
will be given in the chapter on Heliotropism.

© The Complete Work of Charles Darwin Online



66 CIRCUMNUTATION OF SEEDLINGS. Cuar. I

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 grew rapidly; and now
there could be no doubt about its cireumnutation, for it described
a figure of 8 as well as two small ellipses in 5} hours,

Neplirodium molle (Filices)—A seedling fern of this species

Tig. 53, came up by chance in a flower-

& Pot near its parent. The frond,

e as yet only slightly lobed, was

7 only 16 of an inch in length and

i ‘2 in breadth, and was supported

on a rachis as fine as a hair

and 23 of an inch in height. A

very thin glass filament, which

Drojected for a length of 36 of

an inch, was fixed to the end of

the frond. The movement was

Neplrodium molle: circumnutation highly magnified that {he
of very young frond, traced in Gk

darknéss” on horizontal glass, figure (Fig. 53) cannot be fully

from 9 4 30, to 9. P, Oct. trusted; but the frond was

Movement of bead magnified 48 constantly moving in a complex

b mamner, 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
to its former cowrse. The greatest amount of movement occurred

between 4 and 6 ».a. The circumnuta-
Fig. 54. tion of this plant is interesting, because
the species in the genus Lygodium are
well known to circumnutate conspicuously
< and to twine round any neighbouring

s obj
Sclaginella Kraussii (7):  Selaginella Kraussii (2) (Lycopodiacez).
circumnutation ~of —A very young plant, only 4 of an inch
young plant, kept in in hejght, had sprung up in a pot in the

Sy Lo o bhonsa R xtre bl e
L. to 10 p.M. Y OIhs %
t 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 13 . 15 m.,
and returned at night to a point not far distant from that
whence it had started in the morning. There can be no doubt
that this little plant cireumnutated.

-
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CHAPTER II

GENERAL CONSIDERATIONS ON THE MOVEMENTS AND GROWTH oF
EEDLING PLANTS.

Generality of the circumnutating movement—Radicles, their circum-
nutation of service—Manner in which fhey penctrate the ground—
Mauner in which hypocotyls and other organs break through the
ground by being arched—Singular manner of germination in Megar-
thiza, &o.—Abortion of cotyledons— Circumnutation of hypocotyls
and epicotyls whilst still buried and arched—Their power of
i i ing of the d-conf Inherited
effeet of the arching process in hypogean hypocotyls—Circumnuti-
tion of hypocotyls and epicotyls when erect—Circumnutation of
cotyledons—Pulvini. or joints of cﬂn\!edons, dnnm 0 of their
activity, in Oxalis

Sensitiveness of crt)kd\)ns to light and rcns(qu(nt disturbance of
their periodic movements—Sensitiveness of cotyledons to contact.

THE 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-
cording to the classification adopted by Hooker.*
Any one who will consider this list will see that the
young plants selected for observation, fairly represent
the whole vegetable series excepting the lowest
cryptogams, and the movements of some of the latter
when mature will hereafter be described. As all the
seedlings which were observed, including Conife
(0) ynds and Ferns, which belong to the most anc fent

* As given in the ‘General System of Botany,’ by Le Maout and
Decaisne, 1873.
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types amongst plants, were continually circumnu-
tating, we may infer that this kind of movement is
common to every seedling species.

Su-Kixcvos 1—Phenogamous Plants.

Class T.—DICOTYLEDONS.

Sub-class T —Angiosperms.

y Cohort.
14, Crucifere. 1L PARTETALES.
26, Caryoplylee. IV. CARYOPHYLLALES,
5 Maloacee. VI. MALVALES.
. Oxalidec. VIL GERANTALES,
. Tropauiea. Drrro
52. Aurantiacee. Ditto
70.

ROSALES.
. PASSIFLORALES.
V. FICOIDALES.
. ASTRALI
. PRIMULALES.
. GENTIANALES.
POLEMONIALES.
Dirro
Dirro
XXIV. SOLANALES.
XVIL CHENOPODIALES.
XXXII EUPHORBIALES,
XVI. QUERNALES.
Drrro

Leguminose.
106. Cucurbitacea.
109. Cactea.

122. Compos
135. Primulace
145. Asclepiadee.
51. Convolvulacea.

ta.

181, Chenopodice.
202. Buphorbia
211, Cupulifera.
212, Corylacea.

Sub-class IL—Gymnosperms.
223, Conifere.
224, Cycadea.
Class II.-—MoONOCOTYLEDONS.

2. Cannacee. 11 ANOMALES.
34, Liliacer, XI. LiLTaLEs.
41, Asparagee. Drrro
55. Graminca. XV. GLUMALES,

Stp-Kiveoon IL—Cryptogamic Plants.
1. Filices. 1. FILICALES.
6. Lycopodiacea, Dirto
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Radicles—In all the germinating seeds observed
by us, the first change is the protrusion of the
radicle, which immediately bends downwards and
endeavours to penctrate 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 burrowing quadrupeds or scratching
birds, by the castings of earth-worms, by heaps of
excrement, the decaying branches of trees, &e., and
will thus be pressed down; and they must often fall
into cracks when the ground is dry, or into holes.
Even with seeds lying on the bare surface, the first
developed root-hairs, by becoming attached to stones
or other objects on the surface, are able to hold down
the upper part of the radicle, whilst the tip pene-
trates the ground. Sachs has shown* how well and
closely root-hairs adapt themselves by growth to the
most irregular particles in the soil, and become firmly
attached to them. This attachment seems to be
effected by the softening or liquefaction of the outer
surface of the wall of the hair and its subsequent
consolidation, as will be on some future occasion
more fully described. This intimate union plays an
important part, according to Sachs, in the absorption
of water and of the inorganic matter dissolved in it.
The mechanical aid afforded by the root-hairs in pene-
trating the ground is probably only a secondary
service.

The tip of the radicle, as soon as it protrudes from
the seed-coats, begins to circumnutate, and the whole

* «Physiologie Végétale, 1868, pp. 199, 205.
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growing part continues to do so, probably for as long
as growth continues. This movement of the radicle
lns been described in Brassica, Esculus, Phaseolus,
Vicia, Cucurbita, Quercus and Zea. The probability
of its occurrence was inferred by Sachs,* from radicles
placed vertically upwards being acted on by geotro-
pism (which we likewise found to be the case), for if
they had remained absolutely perpendicular, the attrac-
tion of gravity could not have caused them to bend to
any one cumnutation was observed in the above
specified cases, either by means of extlemely fine fila-
ments of glass affixed to the radicles in the manner
previously described, or by their being allowed to
grow downwards over inclined smoked glass-plates, on
which they left their tracks. In the latter cases the
serpentine course (see Figs. 19, 21, 27, 41) showed
unequivocally that the apex had continually moved
from side to side. This lateral movement was small
in extent, being in the case of Phaseolus at most
about 1 mm. from a medial line to both sides. But
there was also movement in a vertical plane at right
angles to the inclined glass-plates. This was shown
by the tracks often being alternately a little broader
and narrower, due to the radicles having alternately
pressed with greater and less force on the plates.
Occasionally little bridges of soot were left across the
tracks, showing that the apex had at these spots heen
lifted up. This latter fact was especially apt to occur

* ¢ Ucber das Wachsthum der
Wurze b es bot. In-
;) Heft iii.

liad proviowly remarked, (B

Thh memoir, be-

and great in-
terest, deserves to be studied as a
model of earcful investigation,
aud we shall have occusion to
vefer to it repeatedly. Dr. Frank

Dlased vertishlly HywntaA eIt
acted on by geatropism, and he
lained it Dy the supposition
that ﬂmr gm\uh was 1ot equal
on all si
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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 5 of aninch in thickness
always caused the radicles to bend rectangularly to
one side, so that the apex did not rise to this small
height in opposition to geotropism.

In those cases in which radicles with attached fila-
ments were placed so as to stand up almost vertically,
they curved downwards through the action of geotro-
pism, circumnutating at the same time, and their
courses were consequently zigzag. Sometimes, how-
ever, they made great circular sweeps, the lines being
likewise zigzag.

Radicles closely surrounded by earth, even when
this is thoroughly soaked and softened, may perhaps
be quite prevented from circumnutating. Yet we
should remember that the circumnutating sheath-like
cotyledons of Phalaris, the hypocotyls of Solanum,
and the epicotyls of Asparagus formed round them-
selves little circular cracks or furrows in a superficial
layer of damp argillaccous sand. They were also
able, as well as the hypocotyls of Brassica, to form
straight furrows in damp sand, whilst circumnutating
and bending towards a lateral light. In a future
chapter it will be shown that the rocking or circum-
nutating movement of the flower-heads of Trifolium
subterranewn aids them in burying themselves. It is
therefore probable that the circumnutation of the tip
of the radicle aids it slightly in penetrating the
ground ; and it may be observed in several of the
previously given diagrams, that the movement is
more strongly pronounced in radicles when they first
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protrude from the seed than at a rather later period ;
but whether this is an accidental or an adaptive
coincidence we do mot pretend to decide. Never-
thel when young radicles of Phaseolus mudtiflorus
were fixed vertically close over damp sand, in the
expectation that as soon as they reached it they
would form ecircular 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 a
lhole left by a decayed root, or one made by the
Jarva 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 radicle is placed in a horizontal or inclined
position, the terminal growing part, as is well known,
bends down towards the centre of the earth; and
Sachs 1 has shown that whilst thus bending, the growth
of the Jower surface is greatly retarded, whilst that

* Sce,also, Prof. Hensew's state-  rows made by worms.
ments (* Zeitschrift fiir Wissen, t ‘Arbeiten des bot. Inst.
Zool.y B. xxviii. p. 854, 1877) to  Wirzburg, vol. i. 1573, p. 461,
the same effect. He goes so far  See also p. 397 for the length of
a5 to believe that roofs are able the growing part, and p. 451 on
to penetrate the ground oo great  the force of geotropism,

depth only by means of the bur-
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of the upper surface continues at the mormal rate,
or may be even somewhat increased. He has further
shown by attaching a thread, running over a pulley,
to a horizontal radicle of large size, namely, that
of the common bean, that it was able to pull up a
weight of only one gramme, or grains.  We may
.theufole 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
in thickness), and placed a radicle close above, in such
a position that it grew almost perpendicularly down-
wards. When the apex came into contact with the
polished level swrface it turned at right angles and
glided over it without leaving any impression; yet
the tin-foil was so flexible, that a little stick of soft
wood, pointed to the same degree as the end of the
radicle and gently loaded with a weight of only a
quarter of an ounce (120 grains) plainly indented the
tin-foil.

Radicles are able to penctrate the ground by the
force due to their longitudinal and transverse growth;
the seeds themselves. being held down by the weight
of the superincumbent s In the case of the be'm
the apex, protegted by the root-cap, is sharp, and
the growing part, from 8 to 10 mm. in length, is
much more rigid, as Sachs has proved, than the part
immediately above, which has ceased to increase in
length, We endeavoured to ascertain the downward
pressure of the growing part, by placing germinating
beans between two small metal plates, the upper one
of which was loaded with a known weight; and the
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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 picce of the hole and almost surrounded by
o::kn l(l"fd“n‘:;llnf\? damp sand in a closed box.
Wesucceeded better in ascertaining
the force exerted transversely by these
Thick- tadicles. Two were so placed as to
stick at Ry
v end -08 penetrate small holes made in little
Bt }":‘:;'g‘l “:::_ sticks, one of which was cut into the
ML e shape here exactly copied (Fig. 55).
The short end of the stick beyond
the hole was purposely split, but not ﬂ.\o opposite
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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
a fine 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 1bs.
8 ozs. 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 1bs. 8 ozs., for it had split
the solid wood for a length of
rather more than a quarter of \/
an inch (exactly -275 inch), and
this fissure is shown in Fig, 55. Wooden pincers, kept closed by
el e R e e
same manner with almost ex-  ad *6 inch in depth) bored
through the narrow closed
actly the same result. part, through which a radicle
We then followed a better °f 2 o505 i
plan. Holes were hored near =~ i
the narrow end of two wooden clips or pincers (Fig. 56),
kept closed by brass spiral springs. Two radicles in damp
sand were allowed to grow through these holes. The

Fig. 56.
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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
s with the lis ; 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 méasured ; 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
reight of 1500 grams (or 3 lbs. 4 0z3.) was necessary
with one of the pincers to open them to the same
extent as had been effected by the transverse growth
of the radicle. As soon as this radicle had slightly
opened the pincers, it had grown into a flattened form
and had escaped a little beyond the hole; its diameter
in one direction being 4-2 mm.,, and at right angles
If this escape and flattening could have
been prevented, the radicle would probably have
exerted a greater strain than the 3 lbs. 4 ozs. With
the other pincers the radicle escaped still further
out of the hole; and the weight required to open
them to the same extent as had been effected by the
radicle, was only 600 grams.

With these facts before us, there seems little 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 thickn pushing away the damp

S,
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earth on all sides, with a force of above 8 pmmrl: in
one case, of 3 pounds in another case. It was impos-
sible to decide whether the actual apex exerts, relatively
to its diameter, the same transverse strain as the parts
a little higher up ; but there seems no reason to doubt
that this \\mlld 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 breal through the ground.—After the radicle has
penetrated the ground and fixed the seed, t].u* hypo-

cotyls of all the dicotyledonous seedli d by
us, which lift their co()le‘luux ahove the surface, break
through the ground in the form of an When

the cotyledons are hypogean, that is, remain buried in
the soil, the hypocotyl is hardly developed, and the
epicotyl or plumule rises in like manner as an arch
through the ground. In all, or at least in most of such
cases, the downwardly bent apex remains for a time
enclosed within the seed-coats. With Corylus avel-
lena the cotyledons are hypogean, and the epicotyl
is arched; but in the particulur case described in
the last chapter its apex had been injured, and it
grew laterally through the soil like a root; and in
consequence of this it had emitted two secondary
shoots, which likewise broke through the ground as
arches.

Cyclamen does not produce any dis
only a single cotyledon appears at firs

inct stem, and
3 * its petiole

* Thiaisthe conclusioh arrived  ennsidered. by other botanists ns
Dr. CE the first true leaf is really the

Zeitung, 1874, p. 837), e b cotyledon, which is greatly
maintains that' what bas been delayed in its development.
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breaks through the ground as an arch (Fig. 57).

Fig. 57.

Cyclamen  Persicum :

e
petisle begiuning to
straighten  itself;
hypocotyl d‘\elupml
intoa corm ; 7, second-
ary radicl

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 pnallel 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 pomtm" downward.

With Cyeas pectinata the cotyledons are hypogean,

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

danthus mollis: seedling, with the with the petiole at first not

side removed and the radicles cut  half as thick as that of the

off: « blade of fist leaf begine gther,  The undeveloped
ning toexpand, with petiole still

partially arched; b, second and leaf is protected by stand-

opposite leaf, as yet very imper-
fectly developed; e, hypogean

ing beneath its arched fel-

cotyledon on the opposite side.  low ; and it is an instruc-
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tive fact that it is mot arched, as it has not to force
for itself a passage through the ground. In the accom-
panying sketch (Fig. 58) the petiole of the first leaf
has already partially straightened itself, and the blade
is heginning 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
Acanthacea stand either opposite one another or in
whorls, and as these are of equal size, the great in-
equality between the first two leaves is a singular fact.
We can see how this inequality of development and
the arching of the petiole could have been gradually
acquired, if they were beneficial to the seedlings by
favouring their emergence ; for with A. candelabrum,
spinosus, and latifolius there was great variability in the
inequality between the two first leaves and in the
arching of their petioles. In one seedling of A. can-
delabrum the first leaf was arched and nine times as
long as the second, which latter consisted of a mere
little, yellowish-white, straight, hairy style. In other
seedlings the difference in length between the two
Jeaves was as 3 to 2, or as 4 to 3, or as only 76 to
+62 inch. In these latter cases the first and taller leaf
was not properly arched. Lastly, in another seedling
there was not the least difference in size between the
two first leaves, and both of them had their petioles
straight ; their lamine were enfolded and pressed
against each other, forming a lance or wedge, by
which means they had broken through the ground.
Therefore in different individuals of this same species
of Acanthus the first pair of leaves breaks through
the ground by two widely different methods; and if
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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 at all developed. These were there-
fore ul)selwd by us in relation to our present subject.

Dely 1i —The elongated petioles of
the two cotyledons are confluent (as are sometimes
their blades at the base), and they break through the
ground as an arch. They thus resemble in a most
deceptive manner a hypocotyl. At first they are
solid, but after a time become tubular ; and the basal
part beneath the ground is enlarged into a hollow
chamber, within which the young leaves are developed
without any prominent plumule. Bxternally 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 3:2 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
upper part of the petiole near the blade becomes
arched in the usual manner. The second leaf comes
out of the slit either straight or somewhat arched, but
afterwards the upper part of the petiole,—certainly in
some, and we believe in all cases,—arches itself whilst
forcing a passage through the soil.

* Botanical Text-Bock,” 1879 p- 22
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Megarrhiza Californica.—The cotyledons of tlis
Gourd never free themselves from the seed-coats and
are hypogean. Their petioles are completely con-
fluent, forming a tube which terminates downwards
in a little solid point, consisting of a minute radicle
and hypocotyl, with the likewise minute plumule
enclosed within the base of the tube. This structure
was well exhibited in an abnormal specimen, in which
one of the two cotyledons failed to produce a petiole,
whilst the other produced one consisting of an open
semicylinder ending in a sharp point, formed of the
parts just described. As soon as the confluent
petioles protrude from the seed they bend down, as
they are strongly geotropic, and penetrate the ground.
The seed itself retains its original position, either
on the surface or buried at some depth, as the case
may be. If, however, the point of the confluent
petioles meets with some obstacle in the soil, as
appears to have occwrred with the seedlings described
and fignred by Asa Gray,* the cotyledons are lifted
up above the ground. The petioles are clothed with
root-hairs like those on a true radicle, and they
Jikewise resemble radicles in becoming brown when
immersed in a solution of permanganate of potassium.
Our seeds were subjected to a high temperature, and
in the course of three or four days the petioles pene-
trated the soil perpendicularly to a depth of from
2 to 2% inches; and not until then did the true
radicle begin to grow. In one specimen which was
closely observed, the petioles in 7 days after their
first protrusion attained a length of 2% inches, and the
radicle by this time had also become well developed.
The plumule, still enclosed within the tube, was now

+ + American Journal of Scicnce,’ vol. xiv. 1877, p. 21

© The Complete Work of Charles Darwin Online



82 HYPOCOTYLS, EPICOTYLS, ETC,  Cmar. IL

3 inch in length,

and was quite straight; but from

having increased in thickness it had just begun to
split open the lower part of the petioles on one side,
along the line of their confluence. By the following
morning the upper part of the plumule had arched

Fig. 58, A.

Megarrhiza Califor:
sketch o seedli
copied from Asa Gray,
reduced

petioles ; / an
pocotyl and
i, plumule; G
surface of soil.

the autumnal rains,

: presented by the line G

1f 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 as in the ecase of
the petioles of the Delphinium. As
the plumule continued to grow, the
tip became more arched, and in
the cowrse 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
usual 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-

The germination of the seeds in

their native Californian home pro-
® ceeds in a rather different manner,

as we infer from an interesting
letter from Mr. Rattan, sent to us
by Prof. Asa Gray. The petioles
protrude from the seeds soon after
and penetrate the ground, generally

in a vertical direction, to a depth of from 4 to even
6 inches. They were found in this state by Mr.
Rattan during the Christmas vacation, with the plu-
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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 petioles would supply them with sufficient
moisture. We shall hereafter see that many seedlings
are protected from frost, but by a widely different
process, namely, by being drawn beneath the surface
by the contraction of their radicles. We may, how-
ever, believe that the extraordinary manner of germi-
nation of Megarrhiza has another and secondary
advantage. The radicle begins in a few weeks to
enlarge into a little tuber, which then abounds with
starch and is only slightly bitter. It would therefore
be very liable to be devoured by animals, were it not
protected by being buried whilst young and tender, at 2
depth of some inches beneath the surface. Ultimately
it grows to a huge size.

Ipomeea leptophylla.—In most of the species of this
genus the hypocotyl is well developed, and breaks
through the ground as an arch. But the seeds of the
present species in germinating behave like those of
Megarrhiza, excepting that the elongated petioles of
the cotyledons are not confluent. After they he
protruded from the seed, they are united at their
lower ends with the undeveloped hypocotyl and un-
developed radicle, which together form a point only
about ‘1 inch in length. They are at first highly
geotropic, and penetrate the ground to a depth of
rather above half an inch. The radicle then begins
to grow. On four occasions after the petioles had
grown for a short distance vertically downwards, they

ve
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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 Detween -2 and 4 inch, is thus
sensitive. Ahho\lgh 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 inch 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 cotyledons,
which in breaking through the ground have formed an
almost open | e, it does not require to be arched and.
is consequently alwa ays straight. Whether the plumule
remains buried and dormant for a time in its native
country, and is thus protected from the cold of winter,
we do not know. The radicle, like that of the Megar-
rhiza, grows into a tuber-like mass, which ultimately
attains a great size. So it is with Tpomea pandurata,
the germination of which, as Asa Gray informs us,
resembles that of I Teplophylla.

The following case is interesting in connection with
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the root-like nature of the petioles. The radicle of a
seedling was cut off, as it was completely decayed,
and the two now separated cotyledons were planted.
They emitted roots from their bases, and continued
green and healthy for two months. The blades of
both then withered, and on removing the earth. the
bases of the petioles (instead of the radicle) were
found enlarged into little tubers.  Whether these
would have had the power of producing two in-
dependent plants in the following summer, we do not
know.

In Quercus wirens, according to Dr. Engelmann,*
both the cotyledons and their petioles are confluent.
The latter grow to a length “of an inch or even
more ;” and, if we understand rightly, penetrate the
ground, so that they must be geotropic. The nutri-
ment within the cotyledons is then quickly transferred
to the hypocotyl or radicle, which thus becomes
developed into a fusiform tuber. The t of
tubers being formed by the foregoing three widely
distinet plants, makes us believe that their pm(nc(mn
from animals at an early age and whilst tende me
at least of the advantages gained by the remark-
able elongation of the petioles of the cotyledons,
together with their power of penetrating the ground
like roots under the gnidance of geotropism.

The following cases may be here given, as they bear
on our present subject, though not relating to s
lings. The flower-stem of the paras Lathraa
squamaria, which is destitute of true leaves, breaks
through the ground as an arch;f so does the flower-

* ¢ Transact. St. Louis Acad. gronnd cannot fail to be greatly
Beience,’ vol. iv. p. 190. hu. tated by tlie extraordinar

+ The passaze of the flower- of water secreted at this
stom of tlie Lafhroa through the  puriod of the year by the subler-
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stem of the ptndsitic and leafless Monotropa thopit_;s
With Helleborus niger, the flower-stems, which rise up
independently of the leaves, likewise break through
the ground as arches. This is also the case with the
greatly elongated flowerstems, 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 (Pleris agui-
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. In all ordinary cases of bulbs, rhizomes,

ranean seal

like leaves : not hat
yeason fo suppi
st thelsoereiioel Ao e pe T
adaptation for this purpose: it
ollows from the great
qu ity 08 sap absorbed in the
arly spring by the parasitic roots.
After a long period without a

another little pool was secreted,
after 16 additional hours

ral large drops. A smaller
plaut was washed and placed in a
e jor, which was left inclined
for an lour, by which time no
wmore water drained off. The jar
upright and,

1ain, the earth had become light-
coloured and very dry, but it was
dark coloured and damp, even in

e wet, for a distanee of
uml cach

by uhmls.(\e\cuhul by Cibel
Bel 6. Seet. der Sehle-

S
chamnls yunuiug througlh oicl
Alarge plant was

hed s0 a5 to remove
thc cuth l\n for some time to
drain, and then  plac
evenig on a

3 hours twodrachms
of water were collected from the
hottom, and a little more after 25
additional hours. The flower-
stems were now cut off, for they
do not secrete, and the subter-
ranean part of the plant was found
to weigh 106°8 grams (1611

grains), and the water scereted
A ae B e s
119 grams (183 grmins) —that is,
one-ninth of the whole weight of
the plan, excluding the flower-
stems. We should remember that
plants in a state of nature would
Drobably secrete in 48 houzs much
more than the above lurge amount,
for their roots would continue all
the time absorbing sap from the

ant on which they were para-
sitic.
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root-stocks, &e., buried beneath the ground, the surface
is broken by a cone formed by the young imbricated
leaves, the combined growth of which gives them force
sufficient for the purpose.

With germinating monocotyledonous seeds, of
which, however, we did not observe a large number,
the plumules, for instance, those of Asparagus and
Canna, are straight whilst breaking through the ground.
With the Graminew, the sheath-like cotyledons are
likewise straight ; they, however, terminate in a sharp
crest, which is white and somewhat indurated ; and this
structure obviously facilitates their emergence from
the soil : the first true leaves escape from the sheath
through a slit beneath the chisel-like apex and at
right angles to it. In the case of the onion (Allium
cepa) we again meet with an arch; the leaf-like coty-
ledon being abruptly bowed, when it breaks through
the ground, with the apex still enclosed within the
seed-coats. The crown of the arch, as previously
deseribed, is developed into a white conical pro-
tuberance, which we may safely believe to be a
special adaptation for this office.

The fact of so many organs of different kinds—
hypocotyls and epicotyls, the petioles of some coty-
Jedons and of some first leaves, the cotyledons of
the onion, the rachis of some ferns, and some flower-
stems—being all arched whilst they break through
the ground, shows how just are Dr. Haberlandt's*
remarks on the importance of the arch to seedling
plants. He attributes its chief importance to the
upper, young, and more tender parts of the hypocotyl

* «Die Schutzeinrichtungen in  though our observations lead us
der Entwickelung der a- to difter on some points from the
plianze,’ 1877. We have learncd  author.
much from this interesting essay,
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or epicotyl, being thus saved from abrasion and
pressure whilst breaking through the ground. But
we think that some importance may be attributed to
the increased force gained by the hypocotyl, epicotyl,
or other organ by being at first arched ; for both legs of
the arch increase in length, and both have points of
resistance as long as the tip remains enclosed within
the seed-coats; and thus the crown of the arch is
pushed up through the earth with twice as much force
as that which a straight hypocotyl, &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-
coats) 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.
For 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 (e in A), which
after twenty-four hours’ growth is seen (¢ in B) to be
the crown of an arch. Nevertheless, with several
beans which germinated in damp air, and had other-
wise been treated in an unnatural mahner, little
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plumules were developed in the axils of the petioles
of both cotyledons, and these were as perfectly arched
as the normal plumule; yet they had not been sub-
jected 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 seed at first only slightly bowed ; but
the bowing afterwards increases independently of any
constraint. The arch is thus made narrow, with the
two legs, which are sometimes much elongated, parallel
and close together, and thus it becomes well fitted
for breaking through the ground.

‘With many kinds of plants, the radicle, whilst still
enclosed within the seed and likewise after its first pro-
trusion, lies in a straight line with the future hypocotyl
and with the longitudinal axis of the cotyledons. This
is the case with Cucurbita ovifera; nevertheless, i
whatever position the seeds were buried, the hyp:
always came up arched in one particular direction.
Seeds were planted in friable peat at a depth of about
an inch in a vertical position, with the end from which
the radicle protrudes downwards. Therefore all the
parts occupied the same relative positions which
they would ultimately hold after the seedlings had
risen clear above the surface. Notwithstanding this
fact, the hypocotyl arched itself; and as the arch
grew upwards through the peat, the buried seeds were
turned either upside down, or were laid horizontally,
Dbeing afterwards dragged above the ground. Ulti-
mately the hypocotyl straightened itself in the usual
manner; and now after all these movements the
several parts occupied the same position relatively to
one another and to the centre of the earth, which they
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had done when the seeds were first buried. But it may
be argued in this and other such cases that, as the
hypocotyl grows up through the soil, the seed will
almost certainly be tilted to one side; and then
from the resistance which it must offer during its
further elevation, the upper part of the hypocotyl will
be doubled down and thus become arched. This view
seems the more probable, because with Ranunculus
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 spontaneously arched.
This fact, moreover, proves that it is not the weight
of the cotyledons which causes the arching. Seeds
of Helianthus annuus and of two species of Ipomeea
(those of I bona mox 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
probability that the arching was aboriginally caused
by mechanical compulsion, owing to the confinement
of the parts in question 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
inherited. The arching, to whatever cause it may be
due, is the result of modified circumnutation, through
increased growth along the convex side of the part;
such growth being only temporary, for the part always
straightens itself subsequently by increased growth
along the concave side, as will hereafter be described.

It is a curious fact that the hypocotyls of some
plants, which are but little developed and which
never raise their cotyledons above the ground, never
theless inherit a slight tendency to arch themselves,
although this movement is not of the least use to
them. We refer to a movement observed by Sachs
in the hypocotyls of the bean and some other Legumi-
nosé, and which is shown in the accompanying figure
(Fig. 59), copied from his Essay.* The hypocotyl
and radicle at first grow perpendicularly downwards,
as at A, and then bend, often in the course of 24 hours,
into the position shown at B. As we shall here-
after often have to recur to this movement, we will, for
brevity sake, call it “Sachs’ curvature.” At first sight
it might be thought that the altered position of the
radicle in B was wholly due to the outgrowth of the
epicotyl (e), the petiole (p) serving as a hinge; and
it is probable that this is partly the cause; but the
hypocotyl and upper part of the radicle themselves
become slightly curved.

The above movement in the bean was repeatedly
seen by us ; but our observations were made chiefly on
Phaseolus madtiflorus, the cotyledons of which are like-

* ¢ Arbeiten des bot. Instit. Wiirzburg,' 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 hypocotyls

Al Fg. 5. B

Vicia faba: germinating sceds, suspended in damp air: A, with radicle
growing perpendicularly downwards ; B, the same bean after 24 hours
and after the radicle has curved itself; r, radicle; 7, short hypocotyl 5
¢, epicotyi appearing as a knob in A and as an arch in Bj p, petiole of
the cotyledon, the latter enclosed within the seed-coats.

of 23 germinating seeds, which were pinned to the
lids of jars, generally with the hilum downwards, and
with their radicles pointing to the centre of the
earth. After an interval of from 24 to 48 hours the
black lines on the hypocotyls of 16 out of the 23
seedlings became distinctly curved, but in very
various degrees (namely, with radii between 20 and
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80 mm. on Sachs’ cyclometer) in the same relative
direction as shown at B in Fig. 59. As 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.

Tt will, we presume, be admitted that all leguminous
plants with hypogean cotyledons are descended from
forms which once raised their cotyledons above the
ground in the ordinary manner; and in doing so, it is
certain that their hypocotyls would have been abruptly
arched, as in the c: of every other dicotyledonous
plant. This is especially clear in the case of Phaseolus,
for out of five species, the seedlings of which we
observed, namely, P. multiflorus, caracalla, vulgaris,
Hernandesii and Roxburghit (inhabitants of the Old
and New Worlds), the three last-named species have
well-developed hypocotyls which break through the
ground as arches. Now, if we imagine a seedling of
the common bean or of P. multiflorus, to behave as its
progenitors once did, the hypocotyl (b, Fig. 59), in
whatever position the seed may have been buried,
would become so much arched that the upper part
would be doubled down parallel to the lower part; and

* An instrument devised by on which the plaut under obscrva-
Suchs, consisting essentially of a tion is supported : see < Wiirzburg
slowly revolving horizontal axis.  Arbeiten,” 1879, p. 209.
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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 f: This is the sole instance known to
us of the inheritance, though in a feeble degree, of
movements  which have become superfluous from
changes which the species has undergone.

Rudimentary Cotyledons.—A few remarks on this
subject may be here interpolated. It is well known
that some dicotyle-
donous plants produce
only a single cotyle-
don ; forinstance, cer-
tain species of Ranun-
culus, Corydalis, Chze-
rophyllum ; and we
will here endeayour to
show that the loss of
one or both cotyle-
dons is apparently due
Gitrus awrantium: two young seedlings: o g store of nutri-

Sml\nrzhv\‘;;: ledon ; o, smaller cotyle-

In A the epi
has become erect,

Fig. 60.

ra ment being laid up in
«din Bit some other part, as in
the hypocotyl or one
of the two coty’ ledons, or one of the secondary radieles.
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With the orange (Citrus aurantium) the cotyledons are
hypogean, and one is larger than the other, as may
be seen in A (Fig. 60). In B the inequality is rather
greater, and the stem has grown between the points
of insertion of the two petioles, so that they do not
stand opposite to one another; in another case the
separation amounted to ome-fifth of an inch. The
smaller cotyledon of one seedling
was extremely thin, and not half
the length of the larger one, so that
it was clearly becoming rudimen-
tary.® In all these seedlings the
hypocotyl was enlarged or swollen.
With Abronia wmbellata one of
the cotyledons is quite rudimen-
tary, as may be seen (¢) in Fig. 61.
In this specimen it consisted of a
little green flap, 4th inch in
length, destitute of a petiole and
covered with glands like those on
the fully developed cotyledon (c).
At first it stood opposite to the
larger cotyledon ; but as the petiole
of the latter increased in length
and grew in the same line with
the hypocotyl (h), the rudiment 1
appeared in older scedlings as if 45 nmdde
seated some way down the hypocotyl. With Abronia
arenaria there is a similar rudiment, which in one

Abronia umbellata: seed-
ing twice natural si

c, cotyledon; ¢, rudic
mentary cotyledon; 4,
enlarged _hypocotyl,
with a heel or projec-
tion () at._the lower

s

* In Pachira. aquation, 15 de-
seribed by Mr. R. L Tynch
( Journal Linn. P
xvil. -1878, p. 147), one of the
hypogean _cotyledons is of im-
mense size; the other is small
and soon falls off; the pair do not
always stand opposite. In another

and very different water-plant,
Trapa nalans, one of the cotyle-
dons, filled with farinaceous
matter, is much larger hhml the

other, which is scurcely_visible,
as 38 btated by Ang. de Cendolle,
¢ Physiologie Vég.’ tom. il. p. 834,

1832,
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specimen was only +;th and in another g;th inch in
length; it ulnmatcly 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.

TIn 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
Tig. 57.) With Ranunculus ficaria two cotyledons are
never produced, and here one of the secondary radicles
is developed at an early age into a so-called bulb.f
Again, certain species of Chzaerophyllum and Corydalis
produce only a single cotyledon ;1 in the former the
hypocotyl, and in the latter the radicle is enlarged,
according to Irmisch, into a bulb.

In the several foregoing cases one of the cotyledons
is delayed in its development, or reduced in size, or
rendered rudimentary, or quite aborted ; but in other
cases both cotyledons are represented by mere rudi-
ments. With Opuntia basilaris this is not the case,
for bhoth cotyledons are thick and large, and the
hypocotyl shows at first no signs of enlargement ; but
afterwards, when the cotyledons have withered and dis-
articulated themselves, it becomes thickened, and from
its tapering form, together with its smooth, tough,
brown skin, appears, when ultimately drawn down to
some depth into the soil, like a root. On the other

* Dr. . Gressuor, “Bot. Zei-  Vaucler's acouat (Hist. Phye.
tung. 1874, p. 824 des Plantes d'Europe,” tom. 1. 1811,
+ Inn\:(h, “Beitrige zur Mor-  p. 149) of the germination of the
phologie der Pflanzen,’ 1854 T E L Een et e Sl
ll 12; ‘Bot. Zeitung,’ 1874, p.  dalis, that the bulb or tubercule
begins to be formed at an ex-

tremely early age.

; Dvlpmo, “Rivista Botanica,
187 . 21, It is evident from
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hand, with several other Cactea, the hypocotyl is from
the first much enlarged, and both cotyledons are
almost or quite rudimentary. Thus with Cereus Land-
beckii two little triangular projections, representing the
cotyledons, are narrower than the hypocotyl, which is
pear-shaped, with the point downwards. In Rhipsalis
cassytha the cotyledons are represented by mere points
on the enlarged hypocotyl. In Echinocactus viridescens
the hypocotyl is globular, with two little prominences
on its summit. In Pilocereus Houlletii the hypocotyl,
much swollen in the upper part, is merely notched on
the summit ; and each side of the notch evidently repre-
sents a cotyledon. Stapelia sarpedon, a member of the
very distinet family of the Asclepiadez, is fleshy like
a cactus ; and here again the upper part of the flattened
hypocotyl is much thickened and bears two minute coty-
ledons, which, measured internally, were only ‘15 inch
in length, and in breadth not equal to one-fourth of the
diameter of the hypocotyl in its narrow axis; yet these
minute cotyledons are probably not quite useless, for
when the hypocotyl breaks through the ground in the
form of an arch, they are closed or pressed against one
another, and thus protect the plumule. They after-
wards open.

From the several cases now given, which refer to
widely distinct plants, we may infer that there is some
close connection between the reduced size of one or
both cotyledons and the formation, by the enlargement
of the hypocotyl or of the radicle, of a so-called bulb.
But it may be asked, did the cotyledons first tend to
abort, or did a bulb first begin to be formed? As
all dicotyledons naturally produce two well-developed
cotyledons, whilst the thickness of the hypocotyl and
of the radicle differs much in different plants, it seems
probable that these latter organs first became from
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some cause thickened—in several instances apparently
in correlation with the fleshy nature of the mature
plant—so as to contain a store of nutriment sufficient
for the seedling, and then that one or both cotyledons,
from being superfluous, decreased in size. It is not
surprising that one cotyledon alone should sometimes
have been thus affected, for with certain plants, for
instance the cabbage, the cotyledons are at first of
unequal size, owing apparently to the manner in which
they are packed within the seed. Tt does not, 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 prineciple 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.”
Cirewmnutation and other movements of Hypocotyls
and  Epicotyls, whilst still arched and buried beneath
the ground, and whilst breaking through it.—According
to the position in which a seed may chance to
have been buried, the_ arched hypocotyl or epicotyl
will begin to protrude in a horizontal, a more or
less inclined, or in a vertical plane. Except when
already standing vertically upwards, both legs of the
arch are dcted on from the earliest period by apo-
geotropism.  Consequently they hoth bend upwards,
until the arch becomes vertical. During the whole of
this process, even before the arch has broken through
the ground, it is continually trying to circumnutate
to a slight extent; as it likewise does if it happens at
first to stand vertically up,—all which cases have
been observed and described, more or less fully, in
the last chapter. After the arch has grown to some
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height upwards, the basal part ceases to 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 ecir-
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 helow 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 inerease in length, this would
not cause the arch to bend to either side. But if the
outer side or surface of the left leg were to increase
in length the arch would be pushed over to the right,
and this would be aided by the inner side of the
right leg increasing in length. If afterwards the
process were reversed, the arch would be pushed over
to the opposite or left side, and so on alternately,—
that is, it would circumnutate. As an arched hypo-

* ¢Die undulirende Nutation Also published separately, sco
der Internodien,’ Akad. der Wis- . 32,
sench.” (Vienna), 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
by g 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
slwht 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 Solanwm 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 eracks 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 sepa-
rate from one another, except to a slight extent from
the yielding of the soil; but as soon as the arch
rises above the ground, or at an earlier period if
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the pressure of the surrounding earth be artificially
removed, the arch immediately begins to straighten
itself. This no doubt is due to growth along the
whole inner surface of both legs of the arch; such
growth being checked or prevented, as long as the two
legs of the arch are firmly pressed together. When the
earth is removed all round an arch and the two legs
are tied together at their bases, the growth on the
under side of the crown causes it after a time to
become much flatter and broader than naturally
occurs. The straightening process consists of a mo-
dified form of circumnutation, 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-
cotyls or epicotyls have emerged from the ground,
they quickly become perfectly straight. No trace is
left of their former abrupt curvature, excepting in the
case of Allium cepa, in which the cotyledon rarely
becomes quite straight, owing to the protuberance
developed on the crown of the arch.

The increased growth along the inner surface of the
arch which renders it straight, apparently begins in
the basal leg or that which is united to the radicle;
for this leg, as we often observed, is first bowed back-
wards from the other leg. This movement facilitates
the withdrawal of the tip of the epicotyl or of the
cotyledons, as the case may be, from within the seed-
coats and from the ground. But the cotyledons often
emerge from the ground still tightly enclosed within
the seed-coats, which apparently serve to protect them.
The seed-coats are afterwards ruptured and cast off by
the swelling of the closely conjoined cotyledons, and not
by any movement or their separation from one another.

Nevertheless, in some few cases, especially with the
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Cucurbitacez, 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 hy pocotyl ; 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
duvnptwn intelligible. ~ Forty-
one seeds of Cucwrbita 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
them came up naked, the seed-
C“,f:(,;;’,f'szw‘\{;‘f“ﬁw‘xg coats being left buried in the peat.
hel or peg projecting This was certainly dueto the action
on one side from summit 7 E
of radicle and holding Of the peg, for when it was pre-
down lower tip of seed- vented from acting, the cotyledons,
coats, which have been )
v ruptured by as we shall presently see, were
owthof thearched Jifted up still enclosed in their
seed-coats. They were, however,
cast off in tne course of two or three days by the
swelling of the cotyledons. Until-this occurs lxﬂht is
e\nluded and the cot\]edous cannot decompose car-
bonic acid; but no one probably would have thought
that the advantage thus gained by a little earlier cast-

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
from casting their seed-coats whilst beneath the
ground, are inferior to those which have emerged with
their cotyledons naked and ready to act.

The peg is developed with extraordinary rapidity ;
for it could only just be distinguished in two seed-
lings, having radicles 35 inch in length, but after an
interval of only 24 howrs was well developed in
both. It is formed, according to Flahault, by the
enlargement of the layers of the cortical parenchyma
at the base of the hypocotyl. If, however, we judge
by the effects of a solution of permanganate of
potassium, it is developed on the exact line of
junction hetween 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 respeets to partake of the nature of the
radicle. The peg is always developed on the side which
becomes concave by the arching of the hypocotyl;
and it would be of no service if it were formed on any
other side. It is also always developed with the flat
lower side, which, as just stated, forms a part of the
radicle, at right angles to it,and in a horizontal plane.
This fact was clearly shown by burying some of the
thin flat seeds in the same position as in Fig. 62,
excepting that they were not laid on their flat broad
sides, but with one edge downwar Nine seeds
were thus planted, and the peg was developed in the

5
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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
\o:tlge of a peg. This structure seems to be present
in most of the other genera in the family, judging from
Flahault’s statements ; we found it well-deve eloped 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 seed; and on its
summit, where united with the hypocotyl, a transverse
ridge is developed at an early age, which clearly aids
in splitting the tough seed-coats; but it does not aid
in casting them off, as this is subsequently effected by
the swelling of the cotyledons after they have been
raised above the ground. The ridge or heel therefore
acts rather differently from that of Cucurbita. Its
lower surface and the edges were coloured brown by
the permanganate of potassium, but not the upper
surface. It is a singular fact that after the ridge has
done its work and has escaped from the seed-coats,
it is developed into a frill all round the summit of the
radicle.*

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

* Qur attention was called to  at the junction of the radicle and
this case by a brief statement by h\p ocotyl. This seed possesses a
Nobbe in_ his *Handbuch der d and tough coat, and
Samenkunde,’ 1876. p. 215, where onld be likely to require aid in
& fizuo isalso given of aseedling  bursting and freeing the cotyle-
of Martynia with a heel or ridge ~dons.
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allowed to germinate in damp air, and now a thin
flat disc was developed all round the base of the
hypocotyl and grew to an extraordinary breadth, like
the frill described under Mimosa, but somewhat broader.
Flahault says that with Mirabilis, a member of the
same family with Abronia, a heel or collar is developed
all round the base of the hypocotyl, but more on one
side than on the other; and that it frees the 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 coneluding 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
aman to be thrown down on his hands and knees, and
at the same time to one side, by a load of hay falling
on him. He would first endeavour to get his arched
back upright, wriggling at the same time in all
directions to free himself a little from the surrounding
pressure ; and this may represent the combined effects
of apogeotropism and circumnutation, when a seed is so
buried that the arched hypocotyl or epicotyl protrudes
at first in a horizontal or inclined plane. The man,
still wriggling, would then raise his arched back as
high as he could; and this may represent the growth
and continued circumnutation of an arched hypocotyl
or epicotyl, before it has reached the surface of the
ground. As soon as the man felt himself at all free, he
would raise the upper part of his body, whilst still on
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his knees and still wriggling ; and this may represent
the bowing backwards of the basal leg of the arch,
which in most cases aids in the withdrawal of the
cotyledons from the buried and ruptured seed-coats,
and the subsequent straightening of the whole hypo-
cotyl or epicotyl—circumnutation still continuing.

Clircumnutation 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
perhaps occasionally circles, would have been fotmed.
The direction of the longer axes of the ellipses made
during the same day or on successive days generally
changed completely, so as to stand at right angles to
one another. The number of irregular ellipses or
circles made within a given time differs much with
different species. Thus with Brassica oleracea, Cerinthe
major, and Cucurbita ovifera about four such figures
were completed in 12 h.; whereas with Solanum palina-
canthum and Opuntia basilaris, scarcely more than one.
The figures likewise differ greatly in size; thus they
were very small and in some degree doubtful in Stapeli
and large in Brassica, &e. The ellipses described b
Lathyrus missolic and Brassica were narrow, whilst
those made by the Oak were broad. The figures are
often complicated by small loops and zigzag lines.

As most seedling plants before the development
of true leaves are of low, sometimes very low stature,

or ovals, or
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the extreme amount of movement from side to side
of their circumnutating 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 nissoliac moved about
‘14, that of an American oak -2, that of the common
nut only ‘04, and a rather tall shoot of the Asparagus
‘11 of an inch. The extreme amount of movement
of the sheath-like cotyledon of Phalaris Canariensis
was -3 of an inch; but it did not move very quickly,
the tip crossing on one occasion five divisions of the
micrometer, that is, ;}5th of an inch, in 22 m. 5s. A
seedling Nolana prostrata travelled the same distance
in 10 m. 38 s. Seedling cabbages circumutated much
more quickly, for the tip of a cotyledon crossed
1hgthof an inch on the micrometer in 3 m. 20 s.; and
this rapid movement, accompanied by incessant oscil-
lations, was a wonderful spectacle when beheld under
the microscope.

The absence of light, for at least a day, does not
interfere in the least with the circumnutation of the
hypocotyls, epicotyls, or young shoots of the various
dicotyledonous seedlings observed by us ; nor with that
of the young shoots of some monocotyledons. The
circumnutation was indeed much plainer in darkness
than in light, for if the light was at all lateral the
stem bent towards it in a more or less zigzag course.

Finally, the hypocotyls of many seedlings are drawn
during the winter into the ground, or even beneath it
so that they disappear. This remarkable process,
which apparently serves for their protection, has
been fully described by De Vries.* He shows that

* <Bot, Zeitung,’ 1879, p. 649.  burg, Jahrg. xvi. p. 16, as quoted
See also Winkl “Verhandl. by Haberlandt, * Schutzeinrichun-
des Bot. Vereins der P. Branden-  gen der Keimpflanze,’ 1877, p. 52

B
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it is effected by the contraction of the parenchyma-
cells of the root. But the hypocotyl itself in some
cases confracts greatly, and although at first smooth®
becomes covered with zigzag ridges, as we observed
with Githago segetum. How much of the drawing
down and burying of the hypocotyl of Opuntia basilaris
was due to the contraction of this part and how much
to that of the radicle, we did not observe.
Cireumnutation of Cotyledons.— With all the dico-
tyledonous seedlings described in the last chapter, the
cotyledons were in constant movement, chiefly in a ver-
tical plane, and commonly once up and once down in
the course of the 24 hours. But there were many excep-
tions to such simplicity of movement; thus the cotyle-
dons of Ipomeea czrulea moved 13 times either upwards
or downwards in the course of 16 h. 18 m. Those of
Oaalis rosea moved in the same manner 7 times in the
course of 24 h.; and those of Cassia tora described 5
irregular ellipses in 9 h. The cotyledons of some
individuals of Mimosa pudica and of Lotus Jacobzus
moved only once up and down in 24 h., whilst those of
others performed within the same period an additional
small oscillation. Thus with different species, and
with different individuals of the same species, there
were many gradations from a single diurnal move-
ment to oscillations as complex as those of the
Ipomeea and Cassia. The opposite cotyledons on the
same seedling move to a certain extent independently
of one another. This was conspicuous with those of
Ozalis sensitiva, in which one cotyledon might be
seen during the daytime rising up until it stood
vertically, whilst the opposite one was sinking down.
Although the movements of cotyledons were gene-
rally in nearly the same vertical plane, yet their
upward and downward courses never exactly coin-
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cided; so that ellipses, more or less marrow, were
described, and the cotyledons may safely be said to

*have circumnutated. Nor could this fact be accounted
for by the mere increase in length of the cotyledons
through growth, for this by itself would not induce
any lateral movement. That there was lateral 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 Solanwm lycopersicum the
cotyledons, after falling in the forenoon, zigzagged
from side to side between 12 and 4 p.M., and then
commenced rising. The cotyledons of Lupinus luteus
are so thick (about ‘08 of an inch) and fleshy,* that
they seemed little likely to move, and were there-
fore observed with especial inter 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 deseribed approached more
nearly to irregular circles than to irregular ovals or
ellipses, The sheath-like cotyledons of the Gra-
minex 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 nwl\t than duunn‘ the m]d day, at which

T L b T AT
green, resemble to a certin cx-

, on the gradations
os® between sub-
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time they are expanded almost horizontally. The
circumnutating movement is thus at least partially
periodic, no doubt in connection, as we shall hereafter
see, with the daily alternations of light and darkness.
The cotyledons of several plants move up so much at
night as to stand nearly or quite vertically ; and in
this latter case they come into close contact with one
another. On the other hand, the cotyledons of a
few plants sink almost or quite vertically down at
night ; and in this latter case they clasp the upper
part of the hypocotyl. In the same genus Oxalis the
cotyledons of certain species stand vertically up, and
those of other species vertically down, at night. In
all such cases the cotyledons may be said to sleep,
for they act in the same manner as do the leaves of
many sleeping plants. This is a movement for a
special purpose, and will therefore be considered. in a
future chapter devoted to this subject.

In order to gain some rude notion of the proportional
number of cases in which the cotyledons of 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 deseribed
in the last chapter. Altogether 153 genera, included
in as many families as eould be procured, were thus
observed by us. The cotyledons were looked at in
the middle of the day and again at night; and those
were noted as sleeping which stood either vertically
or at an angle of at least 60 above or beneath the
horizon. Of such genera there were 26 ; and in 21 of
them the cotyledons of some of the species rose, and
in only 6 sank at night; and some of these later
cases are rather doubtful from causes to be explained
in the chapter on the sleep of cotyledons. When

6
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cotyledons which at noon were nearly horizontal, stood
at night at more than 20° and less than 60° above the
Torizon, they were recorded as plainly raised;” and
of such genera there were 38. We did not meet with
any distinct instances of cotyledons periodically sink-
ing only a few degrees at night, although no doubt
such occur. We have now accounted for 64 genera
out of the 153, and there remain 89 in which the
cotyledons did not change their position at night by
as much as 20°—that is, in a conspicuous manner
which could easily be detected by the unaided eye and
by memory; but it must not be inferred from this
statement that these cotyledons did not move at all,
for in several cases a rise of a few degrees was re-
corded, when they were carefully observed. The
number 89 might have heen 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 speeies 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.

TIn a future chapter it will be shown that the leaves
of many plants which do not sleep, rise a few degrees in
the evening and during the early part of the night;
and it will be convenient to defer until then the
consideration of the periodicity of the movements of
cotyledons.

On the Pulvini or Joints of Cotyledons.—With several
of the seedlings described in this and the last chapter,
the summit of the petiole is developed into a pulvinus,
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cushion, or joint (as this organ has been variously
called), like that with which many leaves are provided.
It consists of a mass of small cells usually of a pale
colour from the absence of chlorophyll, and with its
outline more or less convex, as shown in the annexed
figure. In the case of Owalis
sensitiva two-thirds of the
petiole, and in that of M-
mosa pudica, apparently the
whole of the short sub-
petioles of the leaflets have
been converted into pulvini.
With pulvinated leaves (ie.
those provided with a pul-
vinus) their periodical move-
ments depend, according to
Pfeffer,* on the cells of the
pulvinus alternately expand-
ing more quickly on one side
than on the other; whereas
the similar movements of
leaves not provided with pul-
vini, depend on their growth Osalisrosea: longitudinal section
5 . of a pulvinus on the summit
being alternately more rapid of the petiole of & cotyledon,
on one side than on the 2
other.t As long as a leaf tiole; /,fibro vl
provided with a pulvinus is f;‘:;ff"l‘,’r“‘“““"‘”“”"‘ biade of
young and continues to grow,
its movement depends on both these causes combined ;}
and if the view now held by many botanists be sound,
namely, that growth is always preceded by the expan-
sion of the growing cells, then the difference between
the movements induced by the aid of pulvini and

* ¢Die Periodische Bewegun- + Batalin, Flora,’ Oct. 1st, 1873 .

gen der Blattorgane, 1875. 1 Pfeffer, ibid.
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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 cotyledons of a rather old seedling
of Ozalis Valdiviana ; their distances were repeatedly
measured with an eye-piece micrometer during 8% days,
and they did not exhibit the least trace of increase.
It is therefore almost certain that the pulvinus itself
was not then growing. Nevertheless, during this
whole time and for ten days afterwards, these coty-
ledons rose vertically every night. In the case of
some seedlings raised from seeds purchased under the
name of Oxalis floribunda, the cotyledons continued
for a long time to move vertically down at night, and
the movement apparently depended exclusively on
the pulvini, for their petioles were of nearly the same
length in young, and in old seedlings which had pro-
duced true leaves. With some species of Cassia, on
the other hand, it was obvious without any measure-
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 in
causing their prolonged periodic movements. It was
equally evident that the cotyledons of many plants,
not provided with pulvini, increased rapidly in length ;
and their periodic movements no doubt were exclu-
sively due to growth.

In accordance with the view that the periodic
moyements of all cotyledons depend primarily on’the
expansion of the cells, whether or mnot followed by
growth, we can understand the fact that there is but
little difference in the kind or form of movement
in the two sets of cases. This may be seen by com-
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paring the diagrams given in the last chapter. Thus
the movements of the cotyledons of Brassica oleracea
and of Ipomeea carulea, which are not provided with
pulyini, are as complex as those of Oxalis and Cassia
which are thus provided. The pulvinated cotyledons
of some individuals of Mimosa pudica and Lotus
Jacobzeus made only a single oscillation, whilst those
of other individuals moved twice up and down in the
course of 24 hours; so it was occasionally with the
cotyledons of Cucurbita ovifera, which are destitute of
a pulvinus. The movements of pulvinated cotyledons
are generally larger in extent than those without a
pulvinus; nevertheless some of the latter moved
through an angle of 90°. There is, however, one
important difference in the two sets of cases; the
nocturnal movements of cotyledons without pulyini,
for instance, those in the Cruciferee, Cucurbitacesw,
Githago, and Beta, never last even for a week, to any
conspicuous degree. Pulvinated cotyledons, on the
other hand, continue to rise at night for a much
longer period, even for more than a month, as we
shall now show. But the period no doubt depends
largely on the temperature to which the seedlin
exposed and their consequent rate of development.

o

Qzalis Valdiviana.—Some cotyledous which had lately opened
and were horizontal on March 6th at noon, stood at night ver-
tically up; on the 13th the first true leaf was formed, and was
embraced at night by the cotyledons; on April 9th, after an in-
terval of 35 days, six leaves wero developed, and yet the coty-
ledons rose almost vertically at might. The cotyledons of
another seedling, which when first observed had already pro-
duced a leaf, stood vertically at night and continued to do so for
11 additional days. After 16 days from the first observation
two leaves were developed, and the cotyledons were still greatly
raised at night. After 21 days the cotyledons during the day
were deflected beneath the horizon, but at night were raised 45°
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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.

Oaalis (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
Dy this time had been formed. These scedlings had been kept
warm house, and their development had been rapid.
corniculata.—The cotyledons do not 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
expansion, by which time two leaves had been formed ;
even after 29 days they still rose moderately above their hori-
zontal or downwardly deflected dinrnal position.

Mimosa pudica.—The cotyledons were expanded for the first
time on Nov. 2nd, and stood vertical at night. On the 15th the
first leaf was formed, and at night the cotyledons were vertical
On the 28th they behaved in the same manner. On Dec. 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 albidu.—A secdling was observed during only 12 days,
Dy which time a leaf had been formed, and the cotyledons were
then quite vertical at night.

Trifolium subterrancumn.—A scedling, 8 days old, had its coty=
Tedons horizontal at 10.30 A and vertical at 9.15 pa.  After an
interval of two months, by which time the first and second true
leaves had Deen developed, the cotyledons still performed the
same movement. They had now increased greatly in size, and
had become oval; and their petioles were actually ‘8 of 4n inch
in length!

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

Lotus Jacobwns—The cotyledons of some seedlings having
well-developed leaves rose to an ungle of about 45° at night;
and even after 3 or 4 whorls of leaves had been formed, the co-
tyledons rose at night considerably above their diurnal hori-
zontal position.

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

Cassia sp ? (a large S. Brazilian tree raised from seeds sent us
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by F. Miller)—The cotyledons, after 16 days from their first
expansion, had inereased greatly in size with two leaves just
formed. They stood horizontally during the day and vertically
at night, but were not afterwards observed.

Cussia neglecta (likewise a S. Brazilian species)—A seedling,
34 days after the first expansion of its cotyledons, was between 3
and 4 inches in height, with 3 well-developed leaves; and the
cotyledons, which during the day were nearly horizontal, at night
stood vertical, closely embracing the young stem. The cotyle-
dons of another seedling of the same age, 5 inches in beight,
with 4 well-developed leaves, behaved at night in exactly the
same manner.

It is known * that there is no difference in structure
between the upper and lower halves of the pulvini of
leaves, sufficient to account for their upward or down-
ward movements. In this respect cotyledons offer an
unusally good opportunity for comparing the structure
of the two halves; for the cotyledons of Ozalis Valdi-
viuna rise vertically at night, whilst those of 0. rosea
sink vertically ; yet when sections of their pulvini were
made, no clear difference could be detected between tl
corresponding halves of this organ in the two speci
which move so differently. With 0. rosea, however,
there were rather more cells in the lower than in the
upper half, but this was likewise the case in one speci-
men of 0. Valdiviana. The cotyledons of both species
(3% mm. in length) were examined in the morning
whilst extended horizontally, and the upper surface of
the pulvinus of 0. rosea was then wrinkled transversely,
showing that it was in a state of compression, and this
might have been expected as the cotyledons sink at
night; with 0. Valdiviana it was the lower surface
which was wrinkled, and its cotyledons rise at night.

Trifolium is a natural genus, and the leaves of all

* Dfeffer, * Die Period. Bewegungen,’ 1875, p. 157.
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the species seen by us are pulvinated; so it is with
the cotyledons of 1. subterranewm and strictum, which
stand vertically at night; whereas those of 1. resupi-
natwn exhibit not a trace of a pulvinus, nor of any
nocturnal movement. This was ascertained 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 natural genus, Oxalis, the cotyledons of
0. Valdiviana, rosea, floribunda, articulata, and sensitiva
are pulvinated, and all move at night into an upward
or downward vertical position. In these several species
the pulvinus is seated close to the blade of the coty-
ledon, as is the usual rule with most plants. Ozalis 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 mame of O. fropeoloides, 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
described. 1t 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 plants
destitute of a pulvinus. From these several reasons
and from our having partially traced the develop-
ment of the pulvinus from an early age, the case
seems worth describing in some detail.
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When the cotyledons of 0. corniculata were dissected out of a
seed from which they would soon have naturally emerged, no
trace of a pulvinus could be detected ; and all the cells forming
the short petiole, 7 in rumber in a longitudinal row, were of nearly
equal size. In seedlings one or two days old, the pulvinus was
so indistinct that we thought at first that it did not exist; but
in the middle of the petiole an ill-defined transverse zone of cells
could be seen, which were much shorter than those both above
and below, although of the same breadth with them. They
presented the appearance of having been just formed by the
transverse division of longer cells; and there can be little doubt
that this had occurred, for the cells in the petiole which had

Fig. 64,

A

Ozalis corniculata: A and B the almost rudimentary pulvini of the coty-
ledons of two rather old seedlings, viewed as transparent objects.
Magnified 50 times.

heen dissected out of the seed averaged in length 7 divisions
of the micrometer (cach division equalling ‘003 mm ), and were
a little longer than those forming a well-developed pulvinus,
which varied between 4 and 6 of these same divisions. After a
fey additional days the ill-defined zone of cells becomes distinet,
and although it does not extend across the whole width of the
petiole, and although the cells are of a green colour from contain-
ing ehlorophyll, yet they certainly constitute a pulyinus, which,
as we shall presently see, acts as one. These small cells were
arranged in longitudinal rows, and varied from 4 to 7 innumber;
and the 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 middle part of the petioles of two seedlings, in which the
pulvinus was for this species well developed. They offer a
striking contrast with the pulvinus of O. rosea (sce former
Tig. 63), or of 0. Valdiviana. With the secdlings, falsely called
0. tropeealoides, 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
Tows 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 stracture and function.

In the following Table some measurements of the cells in
fairly well-developed pulvini of 0. corniculata are given:—

Secdling 1 day old, with cotyledon 23 mm. in length.

Divisions of
Micrometer.f

Average length of cells of pulvinus 6107
Length of Longest cell below the pulvinus 13
Length of longest cell above the pulvinus 20

Seedling 5 diys old, cotyledon 31 mm. in lengll, wi‘h the pulvinus
quite distingt.

Average length of cells of pulvinus 1l S

Length of longest cell below the pulvinus

Leng:h of longest cell above the pulvinus

Seéedling 8 days old, cotyledon 5 mm. in length, with a true leaf
formed but not yot expanded.

Average length of cells of pulvinus 5 G
Length of loagest cell below the pulyi 44
Length of longest cell above the pulvinus 70

Seedling 13 days old, cotyledon 4-5 mm. in length, with @ smlk
truc leaf fully developed.

Average length of cells of pulvinus s daiilg
Length of longest cell below the pulvinus 30
Length of longest cell above the pulvinus )

* Longitudinal sections show  pulyinus.

that the forms of the epidermic 1 Each division equalled -
cells may be taken as a fair repre-  mun,
sentation of those constituting the

=

03
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We here sce 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 seedling.

The cotyledons of seedlings 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
expansion of its cells, but on periodically unequal growth in
the petiole. By the comparison of seedlings of differenit 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 measurementsabove
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 npwards at this point; and
during the day, whilst the petiole was horizontal, the -lower
surface of the pulvinus was wrinkled with the upper surface
fense. Although the cotyledons at an advanced age do not rise
at night toa higher inclination than whilst young, yet they have
to pass through a larger angle (in one instance amounting to
63°) to gain their nocturnal position, as they are generally
defiected bemeath the horizon during the day. Even with the
11-days’ old seedling the movement did not depend exclusively
on the pulyinus, for the blade where joined to the petiole was
curved upwards, and this must be attributed to unequal growth.
Therefore the periodic movements of the cotyledons of 0. corni-
culata depend on two distinet but conjoint actions, namely, the
expansion of the cells of the pulvinus and on the growth of
the upper part of the petiole, including the base of the blade.

Jotus Jacobaus—The seedlings of this plant present a case
parallel to that of Ozalis corniculata in some respects, and in
others unique, as far as we have seen. The cotyledons during
the first 4 or 5 days of their life do not ehibit any plain noc-
furnal movement; but afterwards they stand vertically or
almost vertically up at night. There is, however, some degree of
variability In this respect, apparently dependent on the season
and on the degres to which they have been illuminated during

© The Complete Work of Charles Darwin Online



122 PULVINI OF COTYLEDONS. Cuar. 1L

the day. With older seedlings, having cotyledons 4 mm. in
length, which rise 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. Tt 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 partof the
petiole project conically, and thus differ in shape from those
over the pulvinus.

Turning now to very young seedlings, the cotgledons of which
do not rise at night and are only from 2 to 2§ mm. in length,
their petioles do not eshibit any defined zone of small cells,
destitute of chlorophyll and differing in shape esteriorly 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 thoss in the lower parts of
the same petiole, which gradually become larger in proceeding
downwards, the largest being -030 mm. in length. At this early
age the cells of the blade are about ‘027 mm. in length. We
thus see that the pulvinus is formed by the cells in the upper-
most part of the petiole, continuing for only a short time to
increase in length, then being arrested in their growth, accom-
panied by the loss of their chlorophyll grains; whilst the cells
in the lower part of the petiole continue for a long time to
increase in length, those of the epidermis becoming more conical.
The singular fact of the cotyledons of this plant not sleeping at
fixst is therefore due to the pulvinus not being developed at an

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 Owalis corniculata they decrease a little,
owing to self-division. A mass of such small cells
forming a pulvinus, might therefore be either acquired
or lost without any special difficulty, by different
speeies in the same natural genus: and we know that
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with seedlings of Trifolium, Lotus, and Oxalis some of
the species have a well-developed pulvinus, and others
have none, or one in a rudimentary condition. As the
movements caused by the alternate turgescence of
the cells in the two halves of a pulvinus, must be
largely determined by the extensibility and subse-
quent 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 pulyinus 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.
Long-continued movement would be impossible in any
part, without an inordinate increase in its length, if the
turgescence of the cells was always followed by gtowth.

Disturbance of the Periodic Movements of Cotyledons by
Light.—The hypocotyls and cotyledons of most seed-
ling plants are, as is well known, extremely heliotropic ;
but cotyledons, besides being heliotropic, are affected
paratonically (to use Sachs’ expression) by light; that
is, their daily periodic movements are greatly and
quickly disturbed by changes in its intensity or by
its absence. It is not that they cease to circumnutate
in darkness, for in all the many cases observed by us
they continued to do so; but the normal order of
their movements in relation to the alternations of day
and night is much disturbed or quite annulled. This
holds good with species the cotyledons of which rise
or sink so much at night that they may be said to
sleep, as well as with others which rise only a little.
But different species are affected in very different
degrees by changes in the light.
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Tor instance, the cotyledons of Betw vulgaris, Solanum lycoper-
sicum, Cerinthe major, and Lupinus futeus, 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 par. The cotyledons
of a seedling of Oxalis corniculata, which was feebly 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 Jasobaus were not affected by 4 h. of
complete darkness, but when placed under a double skylight
and thus feebly illuminated, they quite lost their periodical
movements on the third morning. On the other hand, the
cotyledons of Cucurbita ovifera moved in the normal manner
during a whole day in darkness.

Seedlings of Githago segetum were feebly illuminated from
above in the morning before their cotyledons had expanded, and
they remained closed for the next 40h. 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 Owalis rosca sank vertically down-
wards after being left for 1h. 20 m. 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 fo changes in the degree of light to which
they are exposed : thus seedlings of an unnamed . Brazilian
species (a large and beautiful tree) were brought out of the hot-
house and placed on a table in the middle of a room with two
north-east and one north-west window, so that they were fairly
well illuminated, though of course less so than in the hot-house,
the day being moderately bright; and after 36 m. the cotyledons
which had been hotizontal rose up vertically and closed together
as when asleep; after thus remaining on the table for 1h. 13 m.
they began to open. The cotyledons of young seedlings of another
Brazilian species and of C'. neglecta, tréated in the same manner,
behaved similarly, excepting that they did not rise up quite so
much; they again became horizontal after about an hour.

Here is a more interesting case : seedlings of Cassia tora in
two pots, which had stood for some time on the table in the
room just described, had their cotyledons horizontal. One pot
was now exposed for 2. 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 screen
in the room, where the light was very obscure, and the cotyledons
rose 63° above the horizon ; the pot was then replaced on the
table, and after 50 m. the cotyledons had fallen 33°. These two
pots with seedlings of the same age stood close together, and
were exposed to exactly the same amount of light, yet the coty-
ledons 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-
lings, both exposed to a dull light, but different in degree, and
the result was the same. The movements of the cotyledons of this
Cassia are, however, determined (as in many other cases) largely
by habit or inheritance, independently of light; for seedlings
which had been moderately illuminated during the day, wei
kept all night and on the following morning in complete dark-
ness; yet the cotyledons were partially open in the morning
and remained open in the dark for about 6h. The cotyledons
in another pot, similarly treated on another oceasion, were open
at 7 Aor. and remained open in the dark for 4 h. 30 m., after
which time they began to close. Yet these same seedlings, when
brought in the middle of the day from a moderately bright
into only a moderately dull light raised, as we have secn, their
cotyledons high above the horizon.

Sensitiveness of Cotyledons to contuct.—This subject does not
possess much interest, as it is not known that sensitiveness of this
Kkind is of any service to scedling 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 be pre-eminent
in this respect: thus, the cotyledons of C. fora, when extended
Torizontally, were both lightly tapped with a very thin twig for
3m., and in the course of a few minutes they formed together
an angle of 90°, so that each had risen 45°. A single cotyledon
of another seedling was tapped in a like manner for 1 m., and it
rose 27° in 9 m. ; and after eight additional minutes it had risen
10° more; the opposite cotyledon, which was not tapped, hardly
moved at all. The cotyledons in all these cases became hori-
zontal again in less than half an hour. The pulyinus is the most
sensitive 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-
ledons produced no effect, but an extremely fine stream of water,
ejected from a syringe, caused them to move upwards. When
a pot of seedlings was rapidly hit with a stick and thus jarred,
the cotyledons rose slightly. - When a minute drop of nitric
acid was placed on both pulvini of a seedling, the cotyledons
rose so quickly that they could easily be seen to move, and:
almost immediately afterwards they began to fall; but the
pulvini had been killed and became brown. 7

The cotyledons of an unnamed species of Cassia (a large tree
from S. Brazil) rose 31° in the course of 26 m. after the pulvini
and the blades had both been rubbed during 1m. with a twigs
but when the blade alone was similarly rubbed the cotyledons
yose only 8°. The remarkably long and narrow cotyledons, of
third unnamed species from S. Brazil, did not move when their
blades were rubbed on six occasions with a pointed stick for
505 or for 1m.; but when the pulyinus 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 §. Brazl) rose in from 5m. to 15 m. to
various angles hetween 16° and 34, after being rubbed during
Im. with a twig. Their sensitiveness is retained to a somewhat
advanced age, for the cotyledons of a little plant of C. neglecta,
34 days old and bearing three true leaves, rose when lightly
pinched between the finger and thumb. Some seedlings Were
exposed for 30m. to a wind (temp. 50° F.) sufficiently strong to
Xeep the cotyledons vibrating, but this to our surprise did not
cause any movement, The cotyledons of four seedlings of the
Tndian (- glourawere cither rubbed with a thin twig for 2m. or
were lightly pinched: one rose 34°; a second only 6%; a third
13°; and a fourth 17°. A cotyledon of C. florida similarly
treated rose 9°; ome of C. corymbosa Tose T4% and one of the
very distinet C. mimosoides only 6°. Those of C. pubescens did
1ot appear to be in the least semsitive; nor were those of C.
sidosa, bt these latter are rather thick and fleshy, and do not
rise at night or go to sleep.

Smithia sensitiva,—This plant belongs to a distinct sub-order of
the Leguminosw from Cassia. Both cotyledons of an oldish
scedling, with the first true leaf partially unfolded, were rubbed
for 1 m. with a fine twig, and in 5m. each rose 32°; thoy
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romained 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 seedling were lightly rubbed in the same
manner for 1 m., and after an interval of 82 m. each had risen
30°. They were hardly at all sensitive to a fine jet of water.
Tho cotyledons of 5. £fundii, an African water plant, are thick
and fleshy ; they are not sensitive and do not go to sleep.

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

Gaulis sensitivi—The blades and pulvini of two cotyledons,
standing horizontally, were rubbed or rather tickled for 30s.
with a fine split bristle, and in 10m. each had risen 48°;
when looked at again in 35 m. after being rubbed they had
risen 4° more ; after 30 additional minutes they were agaiirhor
zontal. On hitting a pot rapidly with a stick for 1m., the coty-
Tedons of two seedlings were considerably raised in the course
of 1lm. A pot was carried a little distance on a tray and thus
jolted; and the cotyledons of four seedlings were all raised in
10m.; after 17 m. one had risen 56°, a second 45°, a third almost
90°, and a fourth 90°. After an additional interval of 40 m. three
of them had re-expanded to a considerable extent. These obser-
vations were made before we were aware at what an extraordi-
narily rapid rate the cotyledons circummutate, and are therefore
liable to error. Nevertheless it is extremely improbable that the
cotyledons in the eight cases given, should all have been rising
at the time when they were irritated. The cotyledons of Oxalis
Valdiviana and rosea were rubbed and did mnot exhibit any
sensitiveness.

Finally, there seems to exist some relation between

* The sole notice which we 865), “les colyledons du 1

have met with on flo sensitive. pudica tendent & 55 raprocher par

nesa of otyledons, sefates fo M- Lours fnoca supéricurea lorsquion.
080 5 P. De Candollo les irrite,

ay (‘Phys Vég.: 1832, tom, i
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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 Qualis sensitiva did not rise when kept
on one occasion for 1% h., and on a second occasion
for nearly 4 h., in a dark closet. Some other coty-
ledons, as those of Githago segetum, are much affected
Dby a feeble light, but do not move when scratched by
a needle. That with the same plant there is some
relation between the sensitiveness of its cotyledons
and leaves scems highly probable, for the above de-
seribed 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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CHAPTER III.

SENSITIVENESS OF THE APEX OF THE RADICLE To CONTACT AND TO
OTHER IRRITANTS.

Manner in which mdicles bend when they encounter an obstacle in
the soil—Vicia faba, tips of radicles Lighly sensitive to contact
and other irritants—Effeets of too high a Power of
diseriminating between objects attached on opposite sides—Tips of
secondary radicles sensitive—Pisum, tips of radicles sensitive—
Effects of such sensiti in jism—Secondary
radicles—Phaseolus, tips of radicles hardly sensitive to contact
Dut highly sensitive to canstic and o the removal of a slice—Tro-
It sossypium—Cucurbita—Raph Asulus, tip not
sensitive to slight contact, highly seusitive to caustic—Quercus,
tip highly sensitive to contact—Power of discrimination~Zea
tip highly sensitive, secondary radicles—Sensitiveness of radicles
to moist air—Summary of chapler.

Ix order to see how the radicles of seedlings would
pass over stones, roots, and other obstacles, which they
must incessantly encounter in the soil, germinating
beans (Vicia faba) were so placed that the tips of the
radicles came into contact, almost rectangularly or
at a high angle, with underlying plates of glass. In
other cases the beans were turned about whilst their
radicles were growing, so that they descended nearly
vertically on their own smooth, almost flat, broad upper
surfaces. The delicate root-cap, when it first touched
any directly opposing surface, was a little flattened
transversely ; the flattening soon became oblique, and
in a few hours quite disappeared, the apex now point-
ing at right angles, or at nearly right angles, to its
former course. The radicle then seemed to glide in
its mew direction over the surface which had opposed

© The Complete Work of Charles Darwin Online



130 SENSITIVENESS OF RADICLES.  Cmaw. IIL

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 curyed 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 8 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 direc-
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-
scended perpendicularly into the damp sand.

‘When, as in the above cases, radicles encountered
an obstacle at right angles to their course, the terminal
growing part became curved for a length of between
-3 and -4 of an inch (8-10 mm.), measured from 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 thg 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.
As a little loop of fine thread hung on a tendril or
on the petiole of a leaf-climbing plant, causes it to
bend, we thought that any small hard object affixed
to the tip of a radicle, freely suspended and growing
in damp air, might cause it to bend, if it were sensitive,
and yet would not offer any mechanical resistance to
its growth. Full details will be given of the experi-
ments which were tried, as the result proved remark-
able. The fact of the apex of a radicle being sensitive
to contact has never been observed, though, as we shall

#* ¢ Arbeiten Bot. Inst. Wiirzburg,’ Heft iii. 1873, p. 398.
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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 direc-
tion, such as the stamens of Berberis, the lobes of
Dionzea, &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 {ouching object.

Sensitiveness of the Apew of the Radicle of Vicia faba.
—_Common beans, after being soaked in water for 24 h.,
were pinned with the hilum downwards (in the manner
followed by Sachs), inside the cork lids of glass-vessels,
which were half filled with water; the sides and the
cork were well moistened, and light was excluded.
As soon as the beans had protruded radicles, some to a
length of less than a tenth of an inch, and others to
a length of sev 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 radicles
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.
Scuares of about the gsth of an inch (i.e. about 1} mm.),
or oblong bits of nearly the same size, were found to
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be the most convenient and effective. We employed
at first ordinary thin card, such as visiting cards, or
bits of very thin glass, and various other objects; but
afterwards sand-paper was chiefly employed, for it was
almost as stiff as thin card, and the roughened surface
fayoured its adhesion. At first we generally used very
thick gum-water; and this of course, under the c
cumstances, never dried in the least; on the cont
it sometimes seemed to absorb vapour, so that the bits
of card became separated by a layer of fluid from the
tip. When there was no such absorption and the card
was not displaced, it acted well and caused the radicle
to bend to the opposite side. I should state that
thick gum-water by itself induces no action. In most
cases the bits of card were touched with an extremely
small quantity of a solution of shellac in spirits of
wine, which had been left to evaporate until it was
thick ; it then set hard in a few seconds, and fixed the
bits of card well. When small drops of the shellac
were placed on the tips without any card, they set into
hard little beads, and these acted like any other hard
object, causing the radicles to bend to the opposite
side. Even extremely minute beads of the shellac
occasionally acted in a slight degree, as will hereafter
be described. But that it was the cards which chiefly
acted in our many trials, was proved by coating one
side of the tip with a little bit of goldbeaters’ skin
(which by itself hardly acts), and then fixing a bit of
card to the skin with shellac which never came into
contact with the radicle : nevertheless the radicle bent
away from the attached card in the ordinary manner.
Some preliminary trials were made, presently to
be described, by which the proper temperature was
determined, and then the following experiments were
made. It should be premised that the beans were
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always fixed to the cork-lids, for the convenience of
manipulation, with the edge from which the radicle
and plumule protrudes, outwards; and it must 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, radicle beginning to bend from the atfached little square
d; B, bent at a rectangle; C, bent into a circle or loop, with the
tip beginning to bend downwards through the action of geotropism.

as about 45° inwards, or under the suspended bean.
Therefore when a square of card was fixed to the apex
in front, the bowing induced by it coincided with Sachs®
curvature, and could be distinguished from it only by
being more 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 curvature in direct
opposition to that of Sachs’, or more commonly to the
right or left sides. For the sake of brevity, we will
speak of the bits of card, &ec., 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 ot of
several specimens to show the gradations in the
degrees of curvature. We will now give in detail a
series of experiments, and afterwards a summary of
the results.

Tn the first 12 trials, little squares or oblongs of sanded card,
18 mm. in length, and 1’5 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 occasionally measured, but
were of about the same size.

(L) A young radicle, 4 mm. in length, had a card fixed be-
hind : after 9 h. deflected in the plane in which the bean is
flattened, 50° from the perpendicular and from the card, and in
opposition to Sachs’ curvature: no change next morning, 23h.
from the time of attachment.

(2) Radicle 5'5 mm. in length, card fixed behind: after 9.
deflected in the plane of the bean 20° from the perpendicular
and from the card, and in opposition to Sachs’ curvature: after
23 h. 10 change.
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(3.) Radicle 11 mm. in length, card fised behind: after 9h,
deflected in the plane of the hean 40° from the perpendicular
and from the card, and in opposition to Sachs’ curvature. The
tip of the radicle more curved than the upper part, but in the
same plane. After 23h. the estreme tip was slightly bent to-
wards the card; the general curvature of the radicle remaining
the same.

(4) Radicle 9 mm. long, card fixed behind and a little
laterally: after 9h. deflected in the plane of the hean only
about 7° or 8° from the perpendicular and from the card, in
opposition to Sachs’ curvature. There was in addition a slight
lateral curvature directed partly from the card. After 23 h. no
change.

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

(6) Radicle 9 mm, long, card affixed in front: after 9h. de-
flected in the plane of the bean about 40° from the vertical,
away from the card and in the direction of Sachs’ curvature.
Here therefore we have no evidence of the card being the
canse of the deflection, except that a radicle mever moves
spontaneously, as far as we have seen, as much as 40° in the
conrse of 9h.  After 23h. no change.

(7)) Eadicle 7 mm. long, card aflixed 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 opposition
to Sachs’ curvature. After 22h. 30 m. this part of the radicle
had become straight.

(8.) Radicle 12 mm. long, card affixed almost laterally: after
9h. deflected laterally in a plane at right angles to that of the
bean between 40° and 50° from the vertical and from the card.
In the plane of the bean itself the deflection amounted to 8° or
9° from the vertical and from the card, in opposition to Sachs’
curvature,  After 92h. 30m. the extreme tip had become
slightly eurved towards the card.

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

_(10)) Card fixed ahnost laterally: after 11h. 30 m. deflected
90° from the vertical and from the card, in a plane inter-
mediate between that of the bean itself and one at right
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angles to it. Radicle consequently partially deflected from
Sachs’ curvature.

(11.) Tip of radicle protected with goldbeaters’ skin, with a
square of card of the usual dimensions affixed with shellac :
after 11 h. greatly deflected in the plane of the bean, in the
direction of Sachs’ curvature, but to a much greater degree and
in less time than ever occurs spontaneously.

(12.) Tip of radicle protected as in last case: after 11h. no
effect, but after 24h. 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.

(13.) A radicle of considerable length had a small square of
card fixed with shellac to its apex laterally : after only 7 h. 15m.
a length of 4 of an inch from the apex, measured along the
middle, was considerably curved from the side bearing the card.

(14.) Case like the last in all respects, except that a length of
only 25 of an inch of the radicle was thus deflected

(15) A small square of card fixed with shellac to the apex of
a young radicle; after 9 h. 15 m. deflected through 90° from the
perpendicular and from the card. After 24 h. deflection utnch
decreased, and after an additional day, reduced to 23° from the
perpendicular.

(16.) Square of card fixed with shellac behind the apex of a
radicle, which from its position having been changed during
growth had become very crooked; but the terminal portion
was straight,_and this became deflected to about 45° from
the perpendicular and from the card, in opposition to Sachs’
curvature.

(17.) Square of card affixed with shellac: after 8 h. radicle
curved at right angles from the perpendicular and from the
card. After 15 additional hours curvature much decreased.

(18.) Square of card affixed with shellac: after 8 h. no effect;
after 23 h. 3m. from time of affixing, radicle much curved from
the square.

(19.) Square of card affixed with shellac: after 24 h. no effect,
but the radicle had not grown well and seemed sickly.

(20.) Square of card affixed with shellac: after 24 h. no e

(21, 22)) Squares of card affixed with shellac: after 2

h.
radicles of both curved at about 45° from the perpendicular and
from the cards.

(23.) Square of card fixed with shellac to young radicle: after
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91, very slightly curved from the card; after 24 h. tip curved
towards card. Refised new square laterally, atter 9. distinctly
curved from the card, and after 24 h. curved at right angles from
the perpendicular and from the card.

(21) A rather large oblong piece of card fixed with shellne to
apex: after 24h, no effect, but the card was found not to be
touching the apex. A small square was now refixed with
shellac; alter 16 h. slight deflection from the perpendicular
and from the card. After an additional day the radicle became
almost straight.
) Square of eard fixed laterally to apex of young radicle;
after 91, deflection from the perpendicular considerable; after
24h. deflection reduced. Refixed a fresh square with shellac:
atter 24 h, deficetion about 40° from the perpendicular and from
the card.

(26.) A very small square of card fixed with shellac to apex of

young radicle : after 9h. the deflection from the perpendicular
and from the card amounted to nearly a right angle; after 24h.
defection much reduced ; after an additional 24 h. radicle almost;
straight.
97) Square of card fixed with shellac to apex of young
radicle : after 9 h. deflection from the card and from the perpen-
dicular a right angle; next morming quite straight. Refixed
a square laterally with shellac; after 9 h. a little deflection,
which after 24h. increased to nearly 20° from the perpendicular
and from the card.

(23) Square of card fixed with shellac; after 9 h. some
deflection; next morning the card dropped off; refixed it with:
shellac; it again became loose and was refixed ; and now on the
third trial the radicle was deflected after 14 h. at right angles
from the card.

(29.) A small square of card was first fixed with thick gum-
water to the apex. It produced a slight effect but soon fell
off. A similar square was now affised laterally with shell