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Introduction
The following characteristics may be singled out as making of
Aldrovanda® specially good material for the study of the physiology
of irritability :
i. Its responsive movement is of the quickest type found in
plant movements.

[N

Its leaf has a very simple structure, and is transparent.

3. As the whorls are arranged in order, the age of a leaf is
known at a glance, and leaves of any desired age can be selected for
observations. This is difficult with Dzonaca.

4. It is a submerged plant.  Ulbricularia and Aldrovanda are
the only submerged irritable plants, and while the reaction of the former
is not very conspicuous, that of the latter is easily recognizable with
the naked eye. The submerged habit renders it convenient for study
in a good many respects :

a. Regulation of temperature is easier and more accurate than
in the case of land plants, as the specific heat of water is high. It
is also no difficult task to subject the plant to sudden changes of
temperature.

b. No attention need be paid to the atmospheric humidity.

¢.  Land plants must be in an abnormal condition when they are
immersed in water, or in an isotonic solution, whereas submerged ones
are quite normal in ordinary water. The latter are thercefore more
fitted for experiments with plasmolytic agents or chemical stimulants,

As a material for the study of irritability, however, the plant is
not without defects.  The most marked one is that the leaf recovers
very slowly from the reaction.  Though this character has teleological
significance, it makes some of the tests which are- commonly applied
to animal muscles or Armosa pulvinus, such as determination of the
threshold stimulus cte., difficult. ‘

OFf the various irritable plants, d//2z20sa has been much studied by
many authors, while the sensitive filaments or stigmata of Serderss,
Sparmanie cte,, have been precisely investigated by BOsxinag and
others lately.  These plants arc utilized for the study of nastic move-
ment, or even of irritability in gencral in the vegetable kingdom.
Having the characteristics mentioned above, Aldrovanda, too, should
serve for the same purpose. little is known, however, about the

1) The writer will use the spelling didrovairda after TUNNE'S “ Species Plantarum ™
instead of .dldrovandir which is grammatically correct as Casrary (’62) points out.
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process and the mechanism of the leaf movement, and also about the
effects of various forms of stimulation. The aim of the present inves-
tigation, therefore, is to cast as much light as possible on the leaf and
the Ieat movement of ddrevanda, so as to qualify the plant as a
material for the study of irritability.

Authors have hitherto been inclined to deduce conclusions about
dldrovanda from results obtained in experiments with Zonaca.  In
the present studies, however, the contrary method is adopted ; obscrva-
tions arc made chiefly upon A/ldrovanda, and the results are cxtended
to the case of Dronara. Thus, important featurcs difficult to unveil
from rescarches upon Dvonaca alone are found out, and then inconsistent
notions about the motor mechanism are corrected.

The scantiness of physiological studies upon Aldrovanda may be,
at least partly, due to the difficulty of cultivating it.  But the writer
has succeceded in cultivating it in the laboratory all the year round,
and so has been able to carry on the study of it with casc. IHence
this paper deals first with the appropriate cultural conditions.

One of the most interesting parts of the research described in this
paper is the measurement of the reacting force of the leaf; the changes
in that force being traced, it is made clear that the responsive move-
ment of the Aldrovarndae leaf procecds in two steps, the shuttng and
the narrowing, differing in strength and velocity.  ‘The process of the
leaf movement and that of the force acting are also compared, and
factors that hinder the movement, such as resistance of the lobe margins,
water etc., are analysed.

The most probable mechanisms are proposed for hoth of the
movements. Then, on the assumption that the same may hold good
also for the Jonaca leaf, the experimental results obtained with it by
many authors are quite clearly explained, as well as those obtained
with Aldrovanda by the present author.

The effects of various forms of stimulation, and statistical studies
on the latent period and on the reopening velocity at various tempera-
tures will be given in Parts 1t and 11, which will be issucd before long.

Betore going further, the author desires to express his sincerest
thanks to Prof. Dr. K. Korisa, for his careful guidance and criticism
in the investigations.  His gratitude is also due to Mr. TsucuHiya,
lecturer, on whose suggestion the recording of the quick phase of
the shutting movement was undertaken.
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Historical

The authors who have worked on ddrovanda will be mentioned
in chronological order ;" ‘

Hauvstierser  (1850) says that the method of cultivating this plant is a very simple
one and requives little attention, and vemacks on the necessity of protecting it from winds
and direct sunshine.  Ie says nothing, however, about the culture mediam.

F. Coin (1850) describes, with several figures, the leal,. the stem and the hairs on
them, as well as their ontogenesis; and he makes it clear that the leaf is not w “vesicule ™
buat is made up of two lobes. )

Ier. SeyroLp (1832) writes on the turion.

R. Casvary (1859) mentions a great deal of axonomic literature.  Detailed morpho-
logical descriptions are given in his work, with more fllustrations than ever, and the habits
of the plant are also described. - (His work is summarized again in * Flora, 1830, pp. 140~
144).

M. AvctE D Lassus (1861) was the first (o discover that the leaf is open and irritable
if the plant is vigorous. Ile also found that young leaves move more actively than old onecs.

R. Casrary {1862) introduces Auct DE Lassus’s discovery.  Tn continuation of his
previous paper, he gives the ontogeny and the mode of life of the plant.

B. Stein (1873) found out the irritability, independently of Aucé pr Lassus.. (Bot.
Zeitg. 1874, p. 380).

. Coirn (1875} remarks that the long hairs on the leal are sensitive to touch, this
being suggested by analogy with the case of Diviaea.  He also deals with the carnivorous
mode of nutrition of this plant.

C. Darwin (1875) compared the structure of the leaf with that of Dioncea, and made
some expzriments on the absorbing power of various processes on the epidermis.

S, Korzeuinsky (1886) studied the anatomy and germination of the seed.

K. Gorpri. (1891) demonstrated the structuve of the leaf with a half-schematic sketeh
of its cross section.

C. A, JENNER (1904) gives the newest and most precise morphological description” of
the leaf.  Fle concerns himself chiefly with the ontogeny of the leaf and of the glands born
on it, but without making any physiological experiments.

G HABERLANDT (1906) examined the sensitive hairs in defail.

A, Tin Czaja (1924) is verhaps the only one who has experimentally studied the
ivvitability of dldrovande.  MHe tried varions kinds of stimulation, mechanical, electrical,
thermal and chemical.  But he is mistaken in varions respects, and in general more inves-
tigations are needed. His results and conclusions will be discussed in their proper place.

P AL NigrmiN (1927), comparing fossil secds with the recent ones, came to the conclu-
sion that dldrovanda vesrulosa “is to he rvegarded as a relict, which is dyinz out.”

.o E. Lroyp (1933) receatly published a monograph concerning carnivorons plants,
in which many [ine pictures are given,

[f the literature is scrutinized, it will be seen that the morphology
and the ontogeny of the leaf and its appendages are known rather

1) Text-books which contain no original investigations (PFEFFER'S, JOS1'S, ARBER'S etc.)
are not mcntion(‘.d. nor are t(lx()ll()ﬂ]ic pl’l])@l".&'.
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well, whereas the irritability has been experimentally studied by no
more than one author, and hardly anything has been revealed about
the physiology of nutrition.

Conditions for Cultivation

Aldrovanda can not be cultivated well even if all the conditions noticed by FIAUSIEUTNER
be fulfiled, and Caspary (5) regards the method of cultivation as one of the unrevealed
facts about this plant.  CzaJa used water brought from the habitat, but according o the
present author's expevience, dldrovanda can not be kept in normal condition with this medium
for a long period of time. And even if that were possible, it would be very troublesome (o
bring mach water from the locality to the laboratory. Ience, in order to study the plant
experimentally, it is essential in the first place to discover a suitable medium and the other
conditions necessary for its cultivation. The results of some tests made for this purpose
will be stated in this scction.

i. Chemical nutrient solutions

If the plant is placed in water taken from the university mains, it grows weak, much
sooner than other water plants; the blades of the newly developing leaves become smaller,
and the apical bud grows slender and abnormally shaped, even within a week.  The question
of nutriment is therefore the first that arises.

Various well-known inorganic mixtures for water culture were tried for the plant, but
they brought about no better results.  IFor example, in Brn

CKE'S solution which PriNcsrim
recommends for the culture of fresh water algac, the leaf-blades and buds became abnormal,
and after a week, some plants cven perished with the leaf-blades tuned black.  Unsuitable
as the solution was, yet that with a total salt concentration 0.04 % was, so far as the author’s
tests went, rather better than the 0,08 % solution, and this again was less harmful than 0.12%
or 0.01% solutions.

Thus, no inorganic culture medium could be found which would keep the plant in the
normal form even for a week. The addition to it of some organic matter, however, such as
asparagin, peptone or the like, inevitably causes putrefaction of the medium. Though it is
not definitely known whether these nitrogenous compounds can nourish the plant or not, thosz
media which putrefy in the unsterilized culture of the plant are of practically no use.

ii. Imitation of the habitat water

In the nataral location, dldrovanda is chiefly found floating among 7ypla, Zizanza
or Phragnutes, but scldom among Nelwmbo and others. This suggested to the author that
there might be some material relationship between those plants and «/drovanda, though
HAusLEUTNER thinks that the helophytes merely protect Aldrovandae from the sun and wind,
bat, acting on the idea that dead leaves and stems of helophytes belonging fo the Gramineae
or Typhaceae may have made the water suitable for d/drovanda, the author dipped remains
of those plants in culture basins and large beakers.  The result of this trial culture was

1)  \We have plenty of the material in two marshy ponds, Ognra and J/izoro, in the
suburbs scuth and north of the city of Awefo. The plant was originally found in the formeor
and then transplanted into the latter, where it. grows luxuriantly just as in the former, except
that the plants in the latter have rather longer internodes and look somewhat more slender
than those in the former.
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satisfactory.  Tn the water thus prepared, Ad/drovanda grew quitenormally,
flowered in season and even bore sceds.

It should be noted, however, that the plant remains to be used for the culture must
be sufficiently decayed, or they will rot in the culture vessel, and the contamination will injure
Aldrovande.  Old leaves or stems of Zypha, left sunk on the bottom of a pond for a long
time, may be most suitable for the purpose. The medium remains perfectly good however
much of this decayed matter may be put into the culture vessel, while, on the' contrary, it
does not act well if not cnough is added.

Besides the plant remains from the habitat, an infusion of peat may also be used,
though the result is not so satisfactory. Decayed leaves and stems of meadow grasses also
seem to suit the purpose, though it is difficult to gather sufficiently weathered materials at
times.  Soil rich in organic matter is not always favourable.  Various concentrations of
Merck's fumic acid gave no better results than a very dilute infusion of 7y pha.

A decoction obtained by autoclaving decayed leaves of Zypla is not s0 good as the
infusion of raw material, whereas autoclaving such Jeaves with a small amount of KOFI,
followed by neutralization with HCl, furnishes a good medium. However, these decoctions
are of no use for the present purpose, for their preparation is troublesome, and worst of all,
they inevitably putrely in a fow days.

It is quite unknown why the infusion of plant remains is favourable for the life of
Aldrovanda.  Whether it serves as nutriment, or is important in buffering acidity, or rather
is ‘neeessary for maintaining an ccological balance of micro organisms or of animals of prey
is an open question. \When Aldrovanda cultivated in a large beaker, the wall of which is
eovered with a layer of paraffin, is compared with that cultured in one not covered with
paraflin, the latter may manifest an injurious effect due to the glass if tap water or an
inorganic nutrient solution only is used as the culture medium.  But if the medinm is the
infusion above recommended, .{/drowanda grows quite normally whether the glass wall is
covered with paraffin or not.  The cause of this fact will also be cleared up when the ques-

tions mentioned above are solved.

iii. Suitable culture conditions

The culture of Aldrovanda was tried with success in threee different conditions, namely
(1} in a dark room in which experiments were carvied on with clectric illumination, (2)
aitdeors in the shade and (3) in the sun, using the above mentioned medium.

1)  Iarthen warc basins, ca. 50 cms. in diameter and 20 ems. in depth, was filled with |
tap water and plant remains were placed in the bottom te a depth of about 10 cms., 100~
250 watt clectric lamps being used as the source of both light and heat. The distance be-
tween the water surface and the lamp was adjusted so as to maintain the water temperature
near 25°C.  Tap water was added from time to time, and if the water surface became
covered with a film of bacteria, this was removed as far as possible, ladled out with a beaker.
Tn this way, it is possible to have A/drovande in normal state throughout the year. Iven
in winter, the plant can be supplied for experimental use by putting turions into the basins,
for the turions thus brought into the warm water at any time commence to grow immediately,
and some whorls with sensitive leaf-blades appear in a week or so.  This fact, together
with the Casrary's note (@) that Aldrovanda does not form turions in India, demonstrates
that the rest period of the plant in winter in temperate regions is only a forced one.

Some individuals bear flowers in winter, most often in March, but the blooms do not
open out wide, and there is no typical postfloral bending of the pedicels. This may be condi-
tioned by the temperature, for in nature the blooming occurs at midday in summer when
the water temperature is over 30°C. If the culture of dldrovanda is left quite still for a
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few weeks, every individual directs its apical bud towards the centre of the basin, above
which the electric lamp hangs, owing to a phototropic growth.

2} Culture vessels were prepared in the same way as in the foregoing case, but were
put outdoors on the north side of a building.  The plant grows under diffuse sun light.  Rain
supplies water and cleans the water surface.

3) Tor the cultivation in the sun, rather deep pots were used. A\ few stocks of
Zizania or Trpha planted in the pots constantly supply the neccessary constituents. It is
better to bury the pots in the ground to avoid over-heating in summer.  In these pots, Aldro-
wanda vepeats its complete scasonal life for years, just as in its habitat.

In the other two cases, in which Zypha or the like is not planted living, attention
must be paid at times to the condition of the medium; for example, plant remains must be
supplied anew when the culture water becomes less brownish.  If, by chance, insufficiently
weathered plant remains arve introduced, putrefaction of the medium will ensue.  Thus, the
cultivation of A/drovanda without living 7¥pha has more chances of being interrupted than
that with living Zvphe.  And the cultivation in the sun with living Z'vpla scoms to be as
safe as leaving the material in the habitat.  The author has been cultivating it in this
way for the past three years, without taking any care of it except to reduce multiplying
individuals.

Each of the cultures in the threc different conditions, however, has its own advantages.
The material cultured in the room is used for obscrvations during the cold season, namely
from October to April; that in the sun is available during the warm seasons; whereas that
in the shade is useful in midsummer, when the material in the sun seems to be somewhat
weakened by overheating.

Many other water plants and algac scem also to find this medium suitable.  Sprrogyra,
for example, which is said to be difficalt to cultivate for long, grows luxuriantly init. Care
must therefore be taken not to introduce even a few filaments of this alga, or of (Vedophora,
Hydrodictyon etc. into the vessels, because they will make it awkward to take out the very
sensitive «ldrovanda from the vessel without irritation. Culture in an aquarium in a green
housc may be possible if some helophytes belonging to the Gramineae, Cyperaceae or
Typhaceae are grown sufficiently in it

Morphological Notes

Though studies upon the morphological nature of the Aldrovanda
‘leaf have been given by many authors, yvet they are not sufficient if
one wants to describe and analyse the leaf movement minutely.  Hence
morphological features which are directly concerned with the present
studies will be ¢iven with some new definitions.

i. The leaf-blade in relation to the axis

The lcaves are arranged in whorls round the stem. The petioles
arc thin and broad, and terminate in a leaf-blade and four to six
bristles®.  The relation of the leaf-blade and the bristles to the petiole,

1) HEGI has collected the opinions of various authors as to whether the so-called “ peti-
ole, ” “leaf-blade” or “bristles™ are homologous organs or not.  But, in spite of these
morphological discussions, the commonly used names are employed in the present studies.
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and of the petiole to the axis is shown in Ifig, 1. 7 s

[Fig. 1 A is the apical view of a whorl, five ; ;
out of eight leaves being cut off at their peti-
oles.  The three leaves, a, 0 and ¢, represent
the three characteristic stages of the reaction
which will be described Tater. The petioles ex-
hibit their whole breadth in this view. Ifig. 1
B is the front view, all the leaves except @ being
cut off at their petioles.  The petiole, thin in
this view, is attached to the axis a little ob-

liquely.  The angle of insertion is small in a
young whorl, and bhecome larger as the leaf
agrows older.

The dark straight line which runs through
cach petiole at the middle is the conducting
bundle, which extends to the midrib of the bi-

lobed leaf-blade. The bristles stand roughly in

R ) Fig.t  A. A whorl
a row, on the basal side of the leaf-blade. The viewed from the apical side,

five leaves being severed at

. v . the petioles. @, an open, &,
100 degrees, its midrib making an obtuse angle , ¢hut and ¢ a narrowed

with the petiole both in the apical and in the leal X35

: . B. IFront view of the
lateral view of the whorl (FFig. 1 A, @ and B, a). somve: ilooel, Nenwes escept
Thus its two lobes are situated not right and  « being cut off
left but rather up and down, and hence they are called by I[FENNER

“die obere” and ‘die untere Spreitenhilfte.”  "But as the dorsal

leaf-blade is twisted to the left by more than

side of the lamina is made to appear to be slightly ventral by the
pronounced twisting, it is more convenient to name them /i free-
stde lobe (die obere S.) and the bristle-side lobe (die untere S.), the
designation being convenient especially when isolated individual leaves
are treated.

The older internodes and leaf whorls die away successively as
new ones are formed at the apex.  In order to indicate cach whorl
according to its age, the author will use Czaja’s idea.  He writes
..., crhiclt die jingste, dessen Blitter schon funktionsfihig
waren, und die sich durch ihre abstechende Haltung von der Knospe
deutlich abhoben, die Nr. I, die folgende Wirtel zihlten weiter.”
Rather frequently there are cases in which leaves are already capable
of functioning but the internode between their whorl and the apical
bhud is not long enough to make the leaf stand apparently off the bud.
In these cases, the whorl will be denoted No, O,
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il. The leaf-blade

A leaf-blade consists of a pair of lobes, which are convex out-
wards and connected together by a midrib.  Kach lobe consists of two
portions, the central and the marginal.  The former is composed of
three cell layers, the zzer (morphologically the upper) and the owler
(lower) gpedermes and the widdle lover, and may be called the #rec-
layercd regron.  The latter is thin, and notwithstanding that it is
morphologically considered to be formed of two folded layers of
epidermis, it looks as if it were one-layered, amnd will be called here-
after Zhe one-lavercd region.  The boundary arc line between these
two regions is called by Fexner “die Verschlussgrenze,” viz. the
cnclosure-boundary, denoting the houndary line of the ultimate enclos-
ure of the prey.

IFenner distinguishes five zones in each lobe, taking the inner and
the outer surfaces separately.  But it scems more convenient to divide
the lobe into six zones, pertaining to the inner surface. Ifg. 2 is a
diagram of a lobe with the midrib
viewed from the inside, and indicates
the two regions and the six zones.

\ In the one-layered region, three

zones are distinguished by FexNig,

and they are adopted here too:
1. The mfolded rive, which is the

[
e ©
JENNEE

v
!

[
Ll

1!

S infolded portion along the margin of

Fig. 2. A schematic diagram showing  the lobe (“ Randzone” or * Rand-
six zones of a lobe (IFor definitions, sec

et saum 7)°, the bending being named
[eNLL

the mareial fold

1. the zone of quadrefid hacrs, which is studded with quadrifid
hairs on the inside surface, and two-armed ones on the outside (** Zone
der vierarmigen Driisen der Innenseite ” or * Zone der zweiarmigen
Driisen der Aussenseite ') ; and

M. e harrless zone, which is normally bare on bhoth surfaces
(* drasenlose Zone ).

The cells of the one-layered region have irregular rugged forms,
as sketched by IFexxer.  They are elongated perpendicularly to the
midrib in the hairless zone and in the proximal half of the zone of
quadrifid hairs, while they are roughly isodiametric in the distal half
of the latter. The two-armed hairs on the outside are distributed over

1) FFeNNer's designation is shown in brackets.
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a wider area than the quadrifid ones on the inside surface, and hence
a narrow distal portion of the hairless zone has a number of two-armed
hairs on the outside.

As regards the three-layered region, the author follows his own
classification, except }

. the densely-glanded sone, which is densely covered with button-
shaped glands inside, and with two-armed hairs outside (*‘ Zone der
dichtgedrangten, runden Driisen” and “innere Hauptzone der zwei-
armigen Driisen” on the outside).

The writer discriminates from the last mentioned zone,

v. the sparsely-glanded zone, within which button-shaped glands
are only sparsely distributed on the inside, and normally no hairs arc
found on the outer epidermis.

Frxner calls the midrib itself  die Gelenkzone.”  Dut the writer
wants to mean by

VI the mddle zone, the narrow zonal portion of the lobe adjacent
to the midrib, the midrib itself being excluded. In spite of the fact
that the midrib is richly studded with button-shaped hairs on the inside
and with two-armed hairs
on the outside, this zone
is generally bare on both
sides.

Zones 1 to v, and a
part of the sparsely-gland-
ed zone (v) are recogniz-
ed in the lateral view of
a shut leaf (Fig. 6 B), and
the zones of the three-
layered region, 1v to v,

arc observable in the back
view of an open leaf (Fig.
7 a). The densely-gland-
ed zone looks very dark,

owing to the numerous

VI
glands and to intercellular

spaces  containing  much B

. . o.1mm.
I'he cells in the three-

1 W reoi from those FFig. 3. Surface view of the three layered reigon.
< 7 ¥ ¥ 3 X \‘ . . . . . ~
ayeret region, 1ro 105¢ A¢ the inner epidermis; B: the middle layer; C:
adjoining  the midrib to  the outer epidermis
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those contiguous to the enclosurc-boundary, are shaped as shown in
Fig. 3, in which the midrib side is at the foot, the three zones being
denoted with the same symbols as in IFig. 2. In the outer cpidermis
(c), the cells of the denscly-glanded zone (1v) resemble those of the
one-layered region in their rugged shape, forming a striking contrast
with the cells of the sparsely-glanded zone.  The cells of the middle
zone are somewhat broader than those of the last mentioned zone.
The small circular cells scattered in the densely-glanded zone are the
basal cells of two-armed hairs.  In the inner epidermis (a), the densely-
elanded zone is not marked off in its cell forms so conspicuously as
in the above case.  The circular marks in this layer represent the basal
cells of button-shaped hairs.  The cells of the middle layer (B) are
much larger than those of hoth the inner and the outer epidermis.

As the leaf is transparent, the optical cross-section of the cells
can he observed in intact condition if a convex part of a lobe is placed
properly under the microscope (Fig. 1, PL 1x)®  The middle-layer
cells are much thicker than the cells of the epidermis.

Both the outer and the inner walls of the middle layer unite
closely with the adjoining walls of both the outer and the inner
epidermis, so that there are formed four membranc layers as a whole
(ct. Tig. 4 or 13).  As the cextensibility of these walls comes into
aquestion in considering the motor mechanism, it is convenient to
designate them beforehand :

the outermost wall=the outer (superficial) wall of the outer epidermis
the inner wall of the outer epidermis

e outer swbepidermal wall= . h :
the outer subcpidermal wall {tho outer wall of the middle layer

Lhe dinneer swbepidermal wall= {th(;)' ianr wall (?F_ th(‘." nﬁ(‘hﬂo; lzl,ym:

the outer wall of the inner epidermis

the  nncrmost wall=the inner (superficial) wall of the inner
epidermis.

In the three-layered region, chromatophores are most abundant
and large in size generally in the inner cpidermis, while in the middle
layer and in the outer cpidermis they are fewer in number and smaller
in size. The quantity of starch secems to correspond to that of chloro-
plast.  The chromatophores in each epidermis lie along the wall
which borders the middle layer, quite analogously with the case of
Dionaca (cf. Gurressere “25).  There is more starch in the midrib
than in any part of the lobes.

1) In this case, the lobe is folded at the sparsely-glanded zone Dby the weight of the
cover glass in order to make the picture as clear as possible,
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Some illustrations of the cross section of the midrib are given by
Casrary, Goeser and Haperrvanpr, but as they are too schematic, a
photograph is shown in Iig. 4.

In the infolded rim and in
the distal portion of the zone of
quadrifid hairs, the lateral walls
arc undulated.  This structure
may make the part resistant to
tearing, as I‘Exxer thinks, and
the lobe margin is made stronger
by folding.

When one slightly presses a

marginal part of the one-layered
region with a needle from the outside, it gives in concavely ; as soon
as the pressure is released, however, it springs back to its original
curvature just as in the case of a halved rubber ball. This tendency
is retained, though much reduced, even if the leaf is immersed in
plasmolytic agents, while it is very flexible and yielding if cut into
strips.  Ience the elasticity of form may be attributed chicfly to the
convex curvature itself of the region. When the margin of a lobe is
pressed from the inside, it is more resistant to deformation, than when
it is pressed from the outside as described above.  This character may
also be due to its convexity.

The densely-glanded zone is rigid in its resistance to both stretch-
ing and bending, owing to its thickness (it is the thickest in the lobc)
and its well-developed cell walls. The midrib also serves as a main
support, though not able to resist transverse bending.

The marginal fold hardly changes its shape in any stage of the
movement of the leaf. This can be easily understood if the outline
of the margin is sketched.  The enclosure-boundary also changes little,
and hence the circumference of the one-layered region is very little
deformed when the movement is going on (cf. Iig. 20).

Phases in the Leaf Movement

i. The open stage
In the sensitive condition of the leaf, the free margins of the lTobes
stand apart from cach other; it is in Zzec open stage (Fig. 5a). A
leaf in that stage lTooks as in IFig. 6 A from the bristle-side, and as in
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Fig. 7 A, from the underside (back) of it.  The midrib is roughly
straight in the lateral as well as in the back view.

A
“ig. 5. Apical views of a leaf-blade, when it is open (A), shut (B), going to narrow
C) and quite narrowed (D) X 10

Fig. 6. Lateral views of a leaf-blade from its bristle-side, when it is open (A), shut
(B) and narrowed (C) X8.5

€
Irig. 7. Back views of a leaf-blade, when it is open (A), shut (B) and narrowed (C) X 14



Studies on the Leaf Movement of Aldrovanda wesiculosa L. 153

To study the leal movement, it is essential to obse ve the leaf from any desired direc-
tion. “The leaf-blade is severed for that purpose from the plant under water by cutting through
its petiole; carefully floated in a small glass spoon, it is then transferred into a suitable
vessel containing water at a proper temperature. A\ clip which is supported by a set of
ball-and-socket joints is lowered into the vessel, and the petiole is held by it, and when this
clip is moved appropriately, the Ieaf is sct in any desired orientation. 1 the leaf is to be
observed under the microscope, the base of the clip joints is attached to an arm of a micro-
manipulator, so that the position of the leaf may be smoothly adjusted. ‘

il. The shutting

T.ong sensory hairs project from the inner epidermis.  They number
30—=40 in a leaf, half of them on the middle zone, about jo% on the
densely-glanded zonc mostly along the enclosure-boundary, and on'y
a few (109) on the sparsely-glanded zone. A sudden closing of the
leaf results from tactile stimuli, the rims of both lobes coming in con-
tact with each other. This movement which brings an epen leaf into
the shut stage, may be called the shutineg movement.

The shutting movement can be effected not only by small animals
touching sensory hairs, but also artificially through mechanical, chemical,
thermal or clectrical stimuli acting upon various parts of the leaf, as
Czaja has stated. Iigs. 5B, 6 B and 7 B show the résult of stimula-
tion with induction shocks, a pair of eclectrodes being put into the
vessel at the right and left sides of the sensitive open leaves, after
the photographs shown in IKigs. 5 4, 6 A and 7 a had been  taken.
The midrib, which is nearly straight in the open stage (Fig. 6 a)
bends upwards when the leaf shuts (Fig. 6 8).  Tence, when the
apical view of a shut leaf is photographed, the inclination of the leaf
must be adjusted a little in order to make the leaf axis stand just
vertical to the field of the view.

If an open leaf is cross-
sectioned  optically  at  the S\ /\ /‘\(\ /\ K /
A B C D 1<

middle, the marginal parts of

the Tobes show the curvation N ) )
. - N . licl Fig. 8. Diagrams showing changes of maginal
seen i Fig. 8 A, in - which portion of the one-layered region and of the

the free-side lobe is on the marginal fold, when the leaf is open (A), louse-
right side, and the bristle-side ly-shut (B), closely shut (C), in the first step

N [ > ar i i ite arrg ',‘I i<
lobe on the lefe. When the of the narrowing (D) and quite narrowed (k)

leaf shuts, the lobes in some cases come into contact as seen in Fig.
8 1, while in other cases, the shutting movement goes on further until

1) A sudden change of temperature should Pe avoided, because it gives rise to the
shutting movement, as will be shown in Part 1.
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the lobes press stronger upon cach other, taking a form like that shown
in IFig. 8 ¢. Throughout this paper the leaf will be said to be in Z/Z¢
loosely-shut stage in the former cases, and in 2ke closely-sihut stage in
the latter cases. Intermediate stages between the two can naturally
exist, the magnitude of the excitation, the rigidity of the marginal
fold ete. determining such degrees of the shutting.  Details, however,
will be mentioned later.

iii. The narrowing

While the captured animal is swimming wildly in the hollow space
between the lobes, the two lobes begin to press upon each other, and
thus the leaf passes into a very closely shut stage.  Then some minutes
later, the free-side lobe bends sharply inwards near its margin, as is
shown in Ifg. 5 ¢ and FKig. 8 .  The bending gradually travels on
from the marginal part towards the middle, leaving the portion already
recurved in an everted state and laid closely upon the inside surfacc
of the opposite lobe, thus making the two lobes asymmetrical.  This
centripetal shifting of the bending ceases at the inner boundary of the
one-layered region, where the epidermis tends to be two-layered.  Ifig.
.9 shows a part of a cross section

of a leaf near the enclosure-hound-
aries in this ultimate phase, the
free-side Tobe being shown on the
right. The marginal part is, then,
seen as in [Fig. 8 E.
When this process is finish-
ed, the three-layered regions of
~the two lobes together make a

narrow sickle-shaped space be-
tween themselves.  The animal is

Xk 5%
B eon thomsd .
Q.Y - driven into this small vesicle and

P— ~ cannot get out of the enclosure-
Fig. 9. A part of a narrowed leaf in cross-
section, near the enclosure-boundaries, the
free-side lobe being on the right. A gland  gion of the free-side lobe is evert-
is seen dark. X164

boundary. The one-layered re-

cd and applied closely to the
corresponding region of the opposite lobe in curvature, as if to prevent
leakage of digested animal matter. Though this last phase of the

¢

responsive movement is described by Czaja as *° tiberkriimmt,” it will

be called Zie narrowed stage, hereafter, the process from the shut
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stage to this ultimate stage being named the narrowinng moveincit.
The responsive movement of the leaf is, therefore, composed of two
successive movements, the shutting and the narrowing, and the two
together will be called the closing movements.”

The narrowed stage of Aldrovanda lcaves may be analogous to
that found in [ronaca by Darwix, reached when the leaves are shut
over nitrogenous matter.  And hence the designation of the movement
and of this stage with respect to Aldrovanda leaves, will be used also
for Jiwnace leaves. According to the writer’s tests, the leaf of cither
of the two plants can be brought into the narrowed stage not only by
repeated mechanical stimulation of the sensitive hairs, or by the chemical
stimulus of nitrogenous matter, but also by strong stimuli of different
kinds, clectrical, traumatic etc.®  Ifigs. 5D, 6 ¢ and 7 ¢ show the
narrowed stage, produced by a strong clectrical shock, viewed from
three directions.  In this stage, the curvature of the midrib is much
more pronounced than in the shut stage (cf. Iig. 6 ¢ with 6 ). In
Fig. 7 ¢, the one-layered regions lie on the left of the three-layered,
but arc almost out of focus. The three leaves, a, b and ¢, in I¥ig. 1 a
represcnt an open, a shut and a narrowed leaf respectively, indicat-
ing the changes of angle between the midrib and the petiole with
respect to the stages of the responsive movement.

iv. The recovery

It a leaf is excited with a weak stimulus, it will open again after
remaining a few quarter hours in the shut stage, and this movement
may be named e reopeniing movcment.  But if the stimulus given
is strong, the leaf comes to the narrowed stage and then recovers,
increasing the volume of the lobe cavity., This course, from the nar-
rowed to the shut stage, will be called tie rebiloing movcment. This
reopening and rebulging ave e recovery movements.  Normally, the
leaf begins to reopen as soon as it has returned to the shut stage
after passing through the rebulging movement.  The course of the
reopening and the rebulging movements is a reversal of the shutting
and the narrowing movements respectively, except for the time
relation.

1) By “closing” has been meant, hitherto, the shutting movement only.

2)  Macrar1LANE (1892) has obscrved that there appears secretion when the leaf is stim-
ulated with 2 glass rod or electricity, just as like when it is stimnlated with nitrogenous
maftter.
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Seat of the Movement

Fexser thinks that the motile mechanism of the leaf has its seat
in the midrib and writes as follows (p. 369): The membranes of
sheath cells which gird the central conducting bundle are very thin
and clastic, and this makes the movement casy ; and the case is also
the same with cells of the outer epidermis which run parallel to the
conducting bundle. These cells are vaulted when the leaf is opeun,
while they are flat in the shut state. Czaja also belicves that the
hinge, ‘ das Gelenk ,” which makes the two lobes movable, is situated
in the midrib, and indeed if one compares the pictures in g, 5 with
cach other, onc may form the opinion that the lobes are moved at
the midrib.

On the other hand, every author who has worked upon the leaf
movement of Dwnaca has agreed with DarwiN's assertion (p. 247)
that ‘' the chief seat of movement is near the midrib, but is not confined
to this part; for, as the lobes come together, each curves inwards
across its whole breadth.” And GurrEsBerG believes that the case
of Aldrovanda may be analogous with this.  The analogy is highly
probable, but there is no solid ground for refuting Fesxer's and Czaja’s
idea.  The present chapter deals with the investigation carricd out to
determine what part of the leaf is essential for its movement.

a. Preliminary Rescarches

In the first place, LFENNER'S observation about the change in the
convexity of the epidermal cells on the midrib was tested with an
ordinary and an “* ultropak ”’ microscope.  But the facts are quite con-
trary to his description : the epidermal cells on the back of the midrib
show no difference at all, whether the leaf is open or is closed by
electrical stimulation.

One may be at first tempted to usce the method of conﬁmring the
apical views of the leaf with respect to various stages in order to find
the chief seat of the movement. This meoethod necessarily assumes
that the outline of the apical view of a leat represents the transverse
section of the leaf, as the leaf is broadest at that part (cf. Fig. ;5 a,
B and ¢). Though such an assumption is correct with an open lcaf,
the midrib being straight (Fig. 6 a), the case is quite different with
a shut or a narrowed leaf, for the midrib curves in these stages (Fig.
6 5 and c).

Itow the curved midrib alters the apical view may be explained
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Fig. 10, A diagiam showing the relation of the apical and the lateral
views of a narrowed leaf, indicating how the median part of a lecaf is
invisible in the apical view

by Iidg. 10, which contrasts the apical and the lateral views of a lecaf
in the narrowed stage.  As a result of curving, the middle point, a,
of the midrib is shifted far above the apical point, . Thus, the cross
scction of the middle of the leaf is veac'v/, instead of venc/v/, viz. the
outline of the apical view. The outlines of apical views of a lcaf
at different stages represent the forms of the leaf scectioned by different
planes; by the planc perpendicular to the midrib in the case of an
open leaf, but by an oblique and curved one in the case of a shut or
a narrowed leaf.  They are, therefore, not comparable with ecach other
in their nature.

Czaja was carcful enough when he sketched the apical view of
a shut leaf; for, by properly focussing the microscope, he may have
caught the true curvature of the lobes at the. middle, which was hidden
behind.  In spite of that, he was mistaken when he sketched the nar-
rowed stage, and he could not get rid of the notion that the lobes
were moved at the midrib.

bh. Rescarch with the Back and the lateral Views

Many button-shaped hairs are recognized clearly in the back view.
as in IHg. 7. Now if we follow the shifting of cach of such glands
when the leat closes, we may be able to know at what portion the
bending has occurred.  Hence the back view may serve for the purposc.

The densely-glanded zone, which is perceptible in the open stage
(Ifig. 7 a), goes out of sight in the shut stage (8), and the marginal
part of the sparsely-glanded zone also disappears in the narrowed stage
(c). However, no fewer than thirty glands in each lobe arc perceptible
throughout the three stages. \When the distance between the midrib
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and cach of these glands is measured with respect to the three stages,
it is found that those glands which lie nearest to the midrib scarcely
shift their position when an open leaf comes to the shut and the
narrowed stages.

If the leaf movement were caused by the midrib itself acting as
the hinge, those glands which are studded nearest to the midrib should
shorten their distance from the midrib by ca. 2025 when the leaf comes
from the open to the shut stage, and by ca. 30% when it comes from
the open to the narrowed stage. And as no shifting of such dimen-
sions is recognized in Fig. 7, it is certain that the midrib is not the
hinge. And as it is alsc known that the portion of the lobe lying
between the midrib and the glands nearest to it scarcely moves, one
can conclude that neither the midrib nor the middle zone is
the scat of the responsive movement, or at least neither ox-
hibits any conspicuous movements.

The lateral view also serves to support this conclusion.  If the
movement were performed by the midrib, or by the middle zone, the
distal part of this zone should make its appearance in the lateral view
as the movement proceeds.  As a matter of fact, however, the middle
zone never comes into sight throughout all the stages of the movement
(IFig. 6). The zone must, therefore, remain always perpendicular to
the plane of the pictures.

c. Rescarch with the Cross Scction

The method used above is quite free from artefacts.  With it,
however, nothing more is proved than that the midrib does not take
a direct part in the leal movement as the hinge. Tence some other
method must be tried to ascertain the scat of the movement.

Above all, it is important to know the form of the median cross
section of the leaf at various stages. Rut fixed materials can not be
utilized for the present purpose, for, with them, difficulties are met
with in attaining the natural curvature of the leaf, especially of that
in the open stage. The reasons are as follows i —

a) According to the writer’s experience, only concentrated forma-
lin can fix the leaf in the open stage, while many other fixatives and
various combinations of them are certain to make the leaf shut before
they kill it.  But even with formalin, some deformation of the leaf is
recognized when it is dead.
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b) Even if the change in the curvature due to formalin is ad-
missible, the lobes will necessarily bend further or unbend, or even
shrink in the course of dehydration and paraffin-infiltration, as their
tissue is very delicate.

¢) Even supposing some leaves have been imbedded quite in
their natural form, the microtomed leaf is too flexible to retain its
natural curvature rigidly when the paraffin-ribbon is warmed and
stretched in order to be fixed on a slide glass.

d) Iinally, assuming that all these difficulties have been overcome,
it is still impossible with the fixed preparation to follow the successive
stages of curvature with one and the same leaf.

THowever, the author has contrived a method which is satisfactory
for the purpose—tie agar-imbeddine method.
Highly concentrated agar-sol is cooled down to a temperature of

D

Ifig. 11. A : Apical half of an open leaf, cut after imbedding in agar. This represents
the median cross-section of an open leaf, the leaf being hindered from closing by the
agar-gel held between the two lobes.

B-D: A thin section from the halved leaf, A. The agar being removed, the picce
shows the narrowed stage (B). The one-layered region of the frec-side lobe is severed.
The slice of leal, absorbing water, bends more and more remarkably (C and D). Xz27
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about 30" . On the other hand, the plant is transferred from the
culture medium into warmer and warmer water gradually, until ac-
comodated to a temperature of about jo’.  An open leaf is cut off
from this plant at its petiole, and carricd by means of a small glass
spoon into the agar-sol, which is roughly as warm as the leaf itsclf.
Thus, without receiving any stimulation in the agar, the open leaf is
imbedded in the agar-gel as it is, when the agar cools. The block
of agar containing the leaf is then cut in two with a razor, so that
the leaf in it is halved at the middle, perpendicularly to the midrib.
The apical half of such a preparation is shown in [Fig. 11 A, the free-
side Jobe being shown on the right.

As the cutting gives rise to strong excitation, this halved leaf
strives to bend its Iobes. THence the figure just mentioned shows a
state of equilibrium between the force exerted by the leaf in its cfforts
to close and the elastic resistance of the agar-gel.”  However, as the
leaf surface does not adhere to the agar, its closing tendency scarcely
affects the outline of the agar outside the leaf. Hence the normal
curvature of the open leaf is left moulded upon the outside agar.  This
relation of the curvature of the sectioned leaf to that of the agar is
shown in Fig. 12.  Iere, though the sparsely-glanded zone (upper
right in the figure) has separated itsclf
from the agar, the middle zone (lower
left) has not, which suggests the posi-
tion of the motile zone.?

When a hand-section is made from
such material, the agar held between
the lobes inevitably falls off, and the
Iobes immediately begin to press upon
cach other,  Ience, to investigate the

open stage, we must be contented with o.1 mm.
a halved leaf as in IFig. 11 A, instead Fig. 12. A part of a leaf lobe
of a thin scction. as in Fig. 11 A, magnified near

. the motile zone to indicate how
When the obstruction by the agar ‘ He Ao o how
. . X | the lobe separates from the agar
15 removed, the sectioned leaf comes (hatched part) owing to the nar-

directly to the narrowed stage, scarcely rowing force

1) As the lobes have bent a little, the curvature of the lobes in the lhgure may be
slightly different from that in the natural case, the undulation on the motile zone (Fig. 13)
disappearing. .

2) In this case, as the agar was a little softer than its maximal strength, the separation
of the teaf was marked.
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pausing at the shut stage, for the cutting is a very strong stimulus in
itself.  When the greater part of the one-layered region of the free-
side lobe is cut off, the rest of the sectioned picce shows very nearly
the curvature it has when unobstructed, the cut end of the frec-side
lobe pressing against the other Iobe, as in Fig. 11 5.7 The relative
position of the two enclosure-boundaries in this figure is a littde different
from that in [ig. ¢. but the natural curvature of the leaf in the narrowed
stage can be conceived well enough.  The form of the fgure is very
similar to that given by (FOEBEL.

When about a half of the densely-glanded zone of the free-side
Iobe is cut off, the Iobes are rendered freely movable again; they bend
slowly on, and after passing through such a stage as that shown in
[Gg. 11 ¢, they become sharply bent as shown in Ifig. 11 p, after a
few quarters of an hour or so. The lobes of the leaf of Aldro-
vanda are, just like those of /onaca (cf. Darwin, p. 247, BaTaLIx,
p. 108), capable of bending more sharply, if allowed, than
in the natural case of the responsive movement. And this
may also be analogous with the case of Chrisrarri’s experiment, in
which one of a pair of stigmatic lobes of A/Z/mulus bent so far that
it touched the pistil, if the other lobe was cut off.

If the four pictures in KFig. 11 are compared with cach other, it
is clearly scen that the middle portion of the leaf, i. ¢. the
midrib and the middle zones do not change their form
throughout those stages. And it is proved that the motile zones
lie on both sides of that portion, one in each of the lobes.  The width
of the immovable portion, including the midrib, is about o.5 mm.

The densely-glanded zone never changes its curvature cither, and
the bending occurs only in the sparsely-glanded zone, being especially
pronounced in a narrow portion nearer the middle zone. ‘This portion
will he called e motile zone.

Though it is not settled by the present method whether or not the
motile zone is further differentiated for the shutting and the narrowing
movements separately, it is highly probable that both the movements
are performed by one and the same zone, for casily extensible and
permeable membrancs are located in the narrow zone (sce p. 166 fF.).

In addition, the following facts arc ascertained with agar sections :

1. The onc-layered region does not take any part in the closing

1) In photographing this, the cover glass was supported by thin slices of agar in order
not to press and deform the material.  The piece used for Fig. 11 B was 0.23 mm, thick.
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movements, just corresponding in this respect to the peripheral portion
of the Dionaea lcaf’

2. The densely-glanded zone of the three-layered region is thicker
than the rest, and casily distinguishable also in a cross section.

3. The middle zone in a cross section of an open leaf is not so
well delimited as in its back view. DBut if the scctioned leaf is allowed
to narrow, the extent of the zone can be sharply determined.

4. The lohes are capable of bending in a far greater measure
than they show in the natural responsive movement (cf. p).  Therefore,
the lobes must bhe pressing upon each other with some strength,
when they are normally in the narrowed stage.

5. The free-side lobe bends to a greater extent than
the opposite lobe. The asymmetrical form of the leaf in the nar-
rowed stage is caused by this differentiated movement in the pair of
lobes, as will be discussed later.

6. The outer epidermis of the free-side lobe is stretched generally
by more than 10% as a whole, when an open leaf comes to the
narrowed stage. The percentage must be far greater if the length
is measurcd only with the sparsely-glanded zone.  In the opposite lobe,
however, the extension is far less. The change in length of the inner
cpidermis is so small that some measurements prove expansion while
others prove contraction; but in any case the magnitude of the
change is insignificant.

d. Characteristics of the Motile Zone
It has been determined that in the lobe there is a zone which
actually bends in case of the responsive movement.  This zone is also
discriminable from the rest of the lobe by the character of its cell

walls and of its cytoplasm, demonstrating ancw that the zone is a
special part in the leaf.

1. Undulation on the Lower Surface

When an open leaf is viewed under the microscope from its apex
or from the back, and the direction of the incident light is changed
variously, onc may perceive that a zone in cach lobe reflects light in
quite a different way from the rest. IFig. 2, Pl 1x represents one of

such cases. The open leaf is placed just as in IFig. 7 a, the magni-

1) In Dionaea leaves, BATALIN has pointed out that the peripheral portion of the lobe,
on the distal side of the vascular bundle anastomosis, is insensible to trawmatic stimuli and
does not take part in the leal movement.
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fication being also the same.  Only the position of the light source is
different, heing above the leaf in the present case. The dark vertical
band in the middle represents the midrib.  On the right side of it
there are secn two bright arcs, with a dark onc intervening, while in
the corresponding portion on the left side the middle portion is shin-
ing. When the light source is moved, the zones on the right and left
indicated with arrows in the plate, show a great deal of variation in
the mode in which they reflect light, so that it is perceived that the
surface and the intercellular spaces in these zones are undulated.  And
when this figure is compared with Iig. 7 A and IFig. 11, it is scen
that the zone with the undulation forms the matile zone.

The undulation on the motile zone disappears when the leaf shuts,
and does not appear again until this is quite reopencd.

The undulation is stretched when a sensitive leaf is sectioned, as
the leaf strives to narcow then (cf. p. 162 r. ., and 11 a). IHence in
order to obtain a cross-section of a leaf with the undulation, open
leaves are imbedded in agar-gel, Teft for several days and sectioned
S

0.1 mm. ’I\ ' N

Fig. 13. Cross scction of the motile zone (the portion between the

arvows), showing the undulation of the outer epidermis (Falf schematic)

after death. Tig. 13 is a half-schematic sketch of a part of a cross-
scctioned leaf treated in such a way. This figure shows that it is in
the outer epidermis that conspicuous undulation occurs, whercas in the

inner epidrrmis there is hardly any.

2. Lxtensibility of Cell 1alls
i. Tests with acectone
If an Aldrovanda leaf is immersed in acetone, methyl or ethyl
alcohol, many small blisters rise in a row on the outer surface of the
motile zone. They grow larger and larger, until at last most of them
burst. Fig. 4, PL 1x shows an intermediate state of the vesiculation on
the free-side lohe.®  Blisters on the bristle-side lobe reflect incident

1) As the blisters are colourless and transparent, the shadow of the iris of the micro-
scope was drawn very near them, in order to have them impressed in the photograph, and
hence their contours are shown much thicker than they ought to be,
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licht coming from above, and make the bright spots arranged in a flat
arc in the photograph.

These blisters are due to swelling out of the outermost wall, torn
off from the lateral walls. If the magnification is increased, detached
scars of those lateral walls are recognized on the expanding wall (FFig.
5. PLax).  If a Jeaf with blisters is immersed in absolute ethyl alcohol,
the contents of the blisters turn dark brownish and optically hetero-
gencous, the rotation of the contents caused by the penctrating alcohol
being thus made perceptible.  That may be duce to flocculation of the
cytoplasm, '

Such vesiculation never occurs on the rest of the three-layered
region® except the motile zone.  The position of the blisters can be
understood from Ifig. 3, Pl 1x. As the blisters are not casily recog-
nized in this view, they are differentiated by colouring :—An isolated
single lobe of a mature but young leaf is dipped in 802 aqueous
solution of acetone saturated with neutral red, for about 25 scconds.
After washing quickly in water, the lobe is laid on a slide glass with
its outside above, and is pressed by the weight of the cover glass,
Thus only the blisters are coloured by the dye.

(rencrally acetone or alcohol enters living cells very quickly and

raises thelr internal pressure so much as to make them burst when the
cell walls can not stand against it (c¢f. Horpnrme ’31).  In the present
case, too, acetone may raise the internal pressure of all the cells in
the leaf, but only the cells in the motile zone vesicate outwards. It
is conceivable, therefore, that the outermost wall of the motile zone is
very casily extensible, in contrast with those of the rest of the leaf.
It & leaf is left in a concentrated acctone solution for several minutes,
the blisters grow larger, adjoining ones often uniting to make a larger
one, until they burst owing to too great extension of the wall.  Giener-
ally, however, a few blisters are left without bursting on or near hoth
ends of the zone, indicating that the ductility diminishes towards both
ends of the zone.
' If a leaf is returned to water from acetone when blisters are raised
to some extent, these become smaller and smaller, as the acctone in
them gets out. But the cell walls which were once stretched con-
tract little and become rumpled when the pressure inside vanishes,
The walls are, therefore, not elastically but plastically extended.

Not only the outer epidermis, but also several cells of the middle

1) In the one-layered region, several cells raise small blisters.
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layer raises its outer wall outwards, when imumersed i acctone or
alcohol.  Hence the outer subepidermal wall is also easily extensible,
though not so much so as the outermost. wall. The thickness of the
middle Tayer is increased only by 1.5 times at most, even where over-
Iying epidermal cell have burst already.  Vesiculation never occurs on
either side of the inner epidermis, and the rise in the internal pressure
of the middle layer never makes the inner subepidermal wall swell
towards the inside, but necessarily causes the outer subepideérmal wall
to swell outwards, Thus it is concluded that the outermost wall
is the most easily extensible, the outer subepidermal wall
less easily, while the two inner walls are least extensible.

ii. Tests with ammonia

It an Adldrovanda leat is immersed in a strong ammonia solution,
maccration occurs in the outer subepidermal wall, and owing to the
pressure suddenly liberated in that wall, the outer epidermis suddenly
bulges outwards and the two inner layvers inwards. Such bulging out
takes place only on the motife zone,” and hence the outer subepider-
mal wall scems to be differentiated at the motile zone from the rest
with respect to its chemical character, in that it is easily subject to
maceration.  The blisters raised by ammonia look, to the naked eye,
just like those raised by acctone, except for the colour: the leaf is
oreen when treated with acetone, while it is dark brown when treated
with ammonia. ‘

After that bulging. the outer epidermis is much more clongated
than the two inner layers.  This fact also demonstrates that. the walls,
the outer as well as the inner, of the outer epidermis are very easily
extensible within the motile zone.

iii. Tests with mechanical tension

Tf the densely-glanded zones of both lobes of a leaf are nipped
with small clips from opposite directions, and the clips are drawn
gradually apart from each other, the leaf is in general torn in two
when the tension reaches t1o-z20gms., the break occurring at the
motile zones. This indicates that the leaf has least mechanical strength
at that zone (except the one-layered region), and this may be duae to
the high ductility of the two outer walls.  And if the outermost wall is

1) Somec cells in the one-layered region also swell out, just as in the case of acetone
{reatment,
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observed microscopically, it behaves as if it were a paste at the instant
when it is broken by the tension, which suggests that that part of the
wall is highly swollen and is of the nature of a sol.

3. Dermeability of Cell 1all
i. Tests with alcohol

Capillary-active substances such as alcohol, acctone ete., rapidly
enter the intercellular spaces, and drive out the air which filled them.
When an Aldrovande leaf is immersed in such chemicals, the air in
the transverse intercellular spaces of the lobes is driven away, often
in such a way that the air which is present between the motile zone
and the midrib flows towards the midrib centripetally, while that be-
tween the motile zone and the thickly-glanded zone flows towards this
zone centrifugally, This fact indicates that alcohol or acctone centers
those intercellular spaces most rapidly through the cell walls of the
motile zone,  The permeability of the cell walls, therefore, is different
in the motile zone from that in the rests of the three-layered region.

It is detected from the bubbling out of air that the broad inter-
cellular spaces in the midrib have their openings near its tip.  Such
openings often serve for the entrance of alcohol, so that some lines
of intercellular air in the midrib arc often shifted towards the petiole
hefore those in the lobe are transferred. In such cascs, the latter are
often driven centrifugally towards the enclosurc-boundary. DBut such
cascs have nothing to do with the above reasoning, that various
substances, at least alcohol and acetone, pass through the wall in the
motile zone more easily than through the walls in the rest of the leaf.

if, Tests with osmic acid

It an Aldrovanda leaf is dipped in 2% osmic acid for one minute,
the motile zone is coloured dark brown, turning blackish after ten
minutes.  As no other part shows this change in colour, the motile
zone is differentiated from the rest (see Fig. 14). A detailed figure
of the inner epidermis in the most deeply blackened part is shown in
Fig. 6, PL 1x”.  The staining seems to be due to the cell contents.
The cells adjoining the motile zoue are also stained, the stain being -
deepest at the ends nearer to the zone, but fading towards the oppo-
site ends.

1) The outer epidermis also looks like this.
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Fig. 14. A part of the three-layered region, immersed in 2% osmic

acid for 10 minutes. The motile zone (m-72') is darkest. X067

It is ascertained by further tests” that the staining procecds from
the cells into which the osmic acid has penetrated rapidly, and in
cach cell; from the side through which the acid has entered. Hence,
Text-fig. 14 and Iiig. 6, Pl 1x, may demonstrate to some extent, the
distribution of the permeability of the cell walls to osmic acid.  Thus
it may be stated that the cell walls in the motile zone are very per-
meable to osmic acid, as well as to alcohol and acetonc.

A Tutracellular Ileatures

i.  The chromatophores are smaller in the motile zone than in
the other parts, and hence the green shade is lighter there on the whole.

ii.  The zone is very poor in starch.  Hence the zone can be
marked off from the rest of the lobe by adding iodine.

. If a leaf which has received a traumatic stimulus is immersed
in 0.3 mol sucrose solution for several hours, the cells of the outer
and the inner epidermis in the densely-glanded zone and in the one-
layered region show the so-called * perfekte Systrophe” (cf. Grrm
’32), whercas the cells of cither epidermis in the sparsely-glanded and

1) If a lobe is cut into picces and dipped in an osmic acid solution, the cat cells on
the edges blacken first, and then the inner cells, the side of them adjoining the cut cclls
blackening carlicst.
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‘i ”»

the middle zone show ** Vakuolenteilung ” or ' Vakuolenzerkliftung,”
similar to what (GErM observed with Droscre tentacles.  In the motile
zone especially, the cleavage of the vacuoles is so pronounced that
no large vacuoles remain, whereas the vacuoles are cleft into fow

parts in the other portions.

¢. Motile Zone in the Dwnaca 1.caf

In order to confirm the widely accepted idea of the localization
of the seat of the movement in Zonaca leaves (cf. p. 158), optical
cross-sections of the leaf were made with respect to different stages
of its movement?.  In the lateral view, the mideib of Donaca leaf
is curved upwards through all the stages of the movement, so that the
simple apical view does not represent the shape of the median cross
section. A fine white cotlon thread
was thercfore attached transversely
with paste to the under surface of
the leaf along its middle tine. The
outline of the thread, not being hidden
behind the apical part of the leal,
roughly represents the transverse curv-
ature of the outer surface. ligs. 15
A, B and ¢ were thus drawn in three
successive stages, and overlapped into

one.

5 min.
When a leaf is fully open (a), —————

both of the lobes are normally concave

. - Iig. 13. Cross section of the
towards the under side, though Gur-

outer surface of a Divnace leaf, when
TENBERG ("26) holds that such arc it is open {A), shut (B) and nar-
exceptional cases.  If the open leaf rowed (C)

is excited, the two lobes become convex outwards, and the margins
coming very necar to cach other, the marginal spikes become inter-
crossed.  If the excitation is caused hy touching the sensory hairs a
few tim{_ls, the shutting movement goes most commonly so far that
the spikes intercross at their middle (8).” This stage may correspond
to the shut stage of the Aldrovanda leaf.

But if such a shut leaf is still further stimulated, by touching it
several times with a glass rod inserted between the margins, it shuts

1) No sketches of cross sectioned opzn leaves avc found in the literature, except
Kuri2’s diasrammatical one.

25 The sth frame of Fig. 3, Pl. XV in Lirovn's paper shows this stage.
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up completely, thp, spikes intercrossing at their bases.  And as the
lobes press upon cach other with inereasing force, their marginal zones
are forcibly everted, until at last the spikes become nearly paraltel {¢).V
This may be called the narrowed stage.

H we compare the figures, we see that the curving of the lobes
takes place at some distance from the midrib, the motile zones being
much broader in proportion than those of Aldrovanda leaves.  The
everted portion of cach lobe which corresponds to the one-layered
region of Aldrovanda is narrow in proportion.  In IFig. 15, as the
Jeaf was viewed from its apex, the lobe on the left hand corresponds
to the frec-side lobe of didrovanda? 1t is interesting also to note
that this lobe bends more than the opposite lobe in many instances,
though not so decisively as in Addrovanda. ’

Mechanism of the Leaf Movement

A. Introductory Considerations

The responsive movement of .Aldrovande leaves can be divided
into two, the shutting and the narrowing movements.  The former is
of a rapidity rarely found among active movements of plants, while
the latter proceeds so slowly that it may take some scores of minates
to complete itself.  These two steps can be clearly separated from cach
other (cf. Fig. 29 a, b and p. 223). lence in considering the mecha-
nism of the leaf movement, cach should be treated by itsclf.

As Aldrovanda resembles Dionaca in its leal structure and in its
mode of movement, the two belonging to the same family, theorics
concerning the motor mechanism of the latter will be referred to,
though most of them peortain to the shutting movement only. And
after the motor mechanism of Aldrovande has been clucidated, that
of the Dwnaca will also be discussed.

a.  Possible Mechanisms Common to the Shutting
and the Narrowing Movements
Both the types of movement are caused by sharper bending of
the motile zones, as was proved in the foregoing chapter.  As the
motile zone consists of three layers of cells, and as guick movements
of plant organs are, in general, caused by changes of turgidity, any
of the following four cases can cffect the shutting or narrowing move-

1) ‘The extreme form of this stage, generally assumed by cut leaves, is shown by
Liovn, Ivig. 6, I’L. X,
2) In Lrovps Fig. 6, PL N, the right and left is reversed o the present case.
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ment. Of them, the first two relate to an increase of turgor, and the
latter two to a decrease.

As it has hitherto been assumed that the leaf movement of A/ldro-
vandae is performed by the midrib, there is no need to mention here
any of the statements made about this plant.  Buot, with regard to
Dionaca, we have many plausible theories, which may be cited in
their proper category of possible mechanisms. In the motile zone of
Diwonaeca, there is a considerable pile of cells, while in Aldrovanda,
there are only three cell layers. The following correspondence should
be, therefore, assumed when the motor mechanism of either one is
deduced from that of the other.

Aldrovanda Dionaca
the outer epidermis only,
the outer epidermis. the outer half of the parenchyma,
or both of them.
the middle layer. the parenchyma as a wholc.

the inner epidermis only,
the inner epidermis. the inner half of the parenchyma,
or both of them.

A) Increase of turgor

1) Active elongation of the outer epidermis

Brown ("16) thinks that the closure of Dionaea leaves s largely
due to the increase in volume of tissues lying near the lower leaf
surface.” Such tissues must mean the outer cpidermis in the case of
Aldrovanda.

2) Increase in turgidity of the middle layer

It the cell walls on the outside of the middle layer are, on the
whole, more easily extensible than those on the inside, the outer epi-
dermis will be elongated more than the inner when the turgor of the
middle layer increases, thus making the leaf shut.

The outer two walls in the motile zone of Aldrovandae leaf have
been proved, by means of acetone and ammonia, to be far more casily
extensible than the inner two walls in that zone. HMence the mecha-
nism in question is possible. GurTENBERG attributes the shutting move-
ment of Donaea leal to an increase of turgor in the swelling tissue,
asserting that the leaf has a necessary construction for that mechanism.
B) Decrease of turgor

1) Decrease in the thickness of the lobes

If the cells of the motile zoue contract in their thickness propor-
tionately more than in their length when their turgidity diminishes,
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the lobe will he bent more sharply than before.  No one has as yet
proposed this type of mechanism.

1) Decrease in turgidity of the inner epidermis

If the turgor of the inner epidermis were decreased or annulled
by excitation, the bending of the lobe would be brought about through
cither of the following two kinds of mechanism :

a)  Cell walls which had been stretched by turgor, would contract
clastically, and this shortening would cause the movement.  DArRWIN'S
(73) and pr Caxporrr’s ((70) views fall into this category. MAcranr-
rane (g2) has an allicd notion, but guided by BURDOX-SANDERSON'S
» common to both the vegetable and the
animal kingdom, he attributes the contraction of the cells in the inner

idea of *irrito-contractility’

parenchyma not to the clastic force of the cell walls, but to muscle-
like contraction of the cytoplasm.

) The foree of the outer layers would be allowed to come into
action and bend the Iobe, owing to the vanishing of the antagonistic
force of the inner epidermis. This possibility is proposed by Bararnix
(77), who writes (p. 139): " Der Zustand, in welchem sich das un-
cereizte  Blatt behindet, ist das Resultat des (sleichgewichts zwischen
zwei Krdften: einer, dic sich bemitht das DBlatt zu schliessen—und
eincr andern, die sich bhemiht dasselbe za offnen.” " Wenn sich in
Folge der Reizung aus den Zellen der obern Scite Wasser ausscheidet,
so wird das Gleichgewicht gestort—."

Zizcrnsrrck ((28) holds a similar opinion, but he thinks the im-
portant factor is loss of turgidity in “die Schlossgewebe,” the hinge
tissue, which lies over the vascular bundle, and this can not be held
in the case of Aldrovanda, for there is no corresponding tissue in
action.

Combinations of certain two of the above four cascs are also
possible.  For example, Muxk (76) regards both the relaxing of the
inner parenchyma and the active stretching of the outer one as the
shutting mechanism.  Though DBrows thinks the increase in size of
the cells in the ventral or convex region plays an important role, as
mentioned above, he is also inclined to believe that a contributory
cause is U a decrease in the turgor of the tissues near the upper sur-
face.”  Baranix, however, in spite of his own measurements which
prove an actual extension of the outer swrface during the shutting,
refuses to acknowledge that there is any active functioning of the outer
tissues and regards such an extension as being of a passive nature.
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I, Kvidence against Decrease in Thickness as
the Mechanism of the Movement
As it is casily proved that a decrease in thickness of lobes causcs neither shutting nor

narrowing, this will be given in the first place as the counter cvidence.
Let ABCD (Fig. 16) represent the cross scction of the motile

zone of a lobe, assuming that the two surfaces of the zone make P\V

concentric arcs.  The length of the outer surface, o, and that of (as

the inner surface, 7, can be expressed with the radius of curvature \r

of the inner surface, 7, the thickness of the zone d, and the angle,

«, which AD and BC make at the centre of curvature, P: D, i' (o
{z':ar !

el m B
G == (l—i—a’) A 0_)

Now, if @ and - Dbecome o' and /' respectively, when J .. . .

i , . o Fig. 16, A diagram

changes into &', 0 and 7 remaining constant, .

v to show geometrical re-

N lation between the thick-
L

ness and the curvatare of
Eliminating 7, o, 7 and 7 from the above four equations, the lobe.  For explana-
we have tion, sce text.
d’ o

e F (1)
d o Y

In the open stage of Adldrovanda leaves, a::z;‘°X~~ﬁI;v 0.4 estimated large enough;

8o
while in the shut stage, &'=0.82, at a rvough cstimation. Fence
d'
- 220,49
pr =0.49 5

that is to say, the thickness of the motile zone should be reduced to half, if an open leaf
were shut owing to a decrease in the thickness of the lobes.  But the thickness of the zone,
viewed as in Fig. 1, Pl 1X, shows no pronounced changes as the reaction proceeds, not (o
speale of such a great diminution as one half.

The above calculation has been carried out upon the assumption that the outer and the
inner surfaces do not contract, even if the turgor may be decreased so much as to malke the
lobes thinner.  But they would also contract when the turgor diminishes.  And hence the
thickness of the motile zones should be reduced to less than a half when the feaf shuts, The
case is similar when a shut leaf comes to be the narrowed stage.

In addition, the middle layer, which is the thickest of the three layors, is prevented
from reducing its thickness by the special structure of its walls (cf. p. 193 and Fig. 18).
Thus a decreasce in thickness of the lobes can not be the causce cither of
the shutting or of the narrowing movement.

c. On Osmortic Values of Cells

Some authors mention the osmotic values of leaf colls of Zonaca.
But as sectioned pieces of leaves are in the narrowing phase, the
distribution of the suction pressures in the leaf in the open or the shut
stage cannot be discussed with such sectioned material.
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All the cells of an Aldrovandae leaf can be observed without sec-
tioning, as it is transparent.  DBut cells in the motile zone do not
normally exhibit plasmolysis. They will show systrophic contraction
of vacuoles if the leaf is immersed in sugar solutions cte., or if they
are deformed, e. ¢, flattened under a cover glass, or if some cells in
the three-lavered region arc wounded, or il ¢lectrical shocks are given
previouslyv. In such cases, the volume of the contracted vacuoles has
no numerical connection with the concentration of the plasmolytic
agent used, as there is no normal plasmolysis.  Hence it is impossible,
for the present, to find the osmotic suction pressures of the various
cells of Aldrovanda Teaves by the usual plasmolytic method.

B. Mechanism of the Shutting Movement
a.  Decrease of Turgor as the Cause of the Movement

Boxsing ((2¢) has proved that there is an excretion of coll sap
from the sensitive cells of the filaments and pistils of various plants
when they react upon stimulation; (rurresserc (C28) and his pupil
Wazampricn (*30) hold that the first effect of excitation in the pulvinus
of Mrmosa is loss of turgor on the under side; and lately CHRISTALLE
('32) has demonstrated an oozing out of a fluid from the cut surface
of a pistil of A/7meelus when it reacts.  Thus, it is considered in
general, that a quick movement of a plant organ can be  attributed
far more probably to a decrease of turgor in some tissue, than to an
increase in another.”

In spite of all those examples, should the guick movement of
Donaca, and ot Aldrovanda, he attributed to an increase of turgor,
as (rUrTENBERG asserts 7 Even he says (p. 674):  “ Die Deutung Zus-
GrnspEcks hat zweifellos den Vorzug, dass die Annahme eines Turges-
cenzverlustes als Ursache ciner raschen Bewegung plausibler ist als dic
ciner Turgescenzerhohung.”  The following experiment demonstrates
that the shutting movement of Adrovanda leaves is not caused by
an increase of turgor in any tissue:

If an open leaf of the age of No. 1, or No. IV is immersed in
a 0.15 mol sucrose solution, and is stimulated one minute or two after
that® with a finely pointed stick, it reacts and shuts. But if the

1) Such notion has prevailed since the time of Prrresr (cf. Presver pp. 458 3%
2} The leaf is moved about in the solution so as to be Drought into thorough contact

with the intended concentration as rapidly as possible.
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stimulus is applied when the leaf has been kept in that solution for a
slightly longer time, it cannot shut completely. The longer the immer-
sion in the solution is prolonged, the smaller becomes the shutting
movement called forth by the excitation, and at last, after being kept
for | minutes.in the solution, the leaves do not react at all” Such
behavior is not due to a diminution of excitability, but is duc to a fall
in the power of reaction ; for the threshold stimulus to induction shocks
does not rise in degree during the course of that inactivation, just as
in Kokersu’s case of Aimosa ("27). The case is also demonstrated
by GurreENBERG (C235), who covered the outer and the inner cpidermis
of a Lronaca leaf with glycerin, the sensory hairs being left free, and
showed that touching of these did not cause the reaction.”

Tow is the reactivity lost in the sugar solution? I the shutting
movement were due to sucking in of water from the medium by a
certain tissue, the immobility in a o.135 mol solution should mean that
the suction pressure of that tissuc is lower than that of the solution.
If so, the leaf should be incapable of shutting at the instant of contact
with the solution, and should not need to be kept in the solution for
sceveral minutes. The shutting movement, therefore, is not caus-
ed by sucking in of medium water by any tissuc. On the
other hand, in respect to the narrowing movement which is caused by
increase in the turgor of the outer epidermal cells, the leaf becomes
hardly able to move as soon as it is immersced in a sugar solution (p.
1839).  And the latter fact suggests that in so far as the bending is
effected by the increase in the turgor and the volume of the cells,
water from the outside is required, the water out of other tissues being
not sufficient for that. As, however, the shutting movement is not
due to water in the medium, it is concluded with high probability that
this movement is not due to an increase in the turgor of any tissue”

b, New Theory on the Shutting Mechanism

(rurrexsErG (23) has tried to interpret the shutting of Jonaca

1) The leaves regain their motility if veplaced in water, though they often vespond to
the stimulus of a sudden change of eavironmental osmotic pressure.  The relation of such
disappearance and recovery of motility with the concentration of the solution, or with the
age of the leaf will be studied in Part 1.

2} Besides, he describes that Jeaves covered with glycerin shut slowly when the midrils
is wounded.,  But this case belongs to the narrowing process, contrary to his idea.

3) The 0.15 mol solution distarbs the shutting movement by decreasing the twrgur of
the cells which are to propel the movement (cf. p. 183). Fence the suction pressure of those
cells scems to be lower than that of the o.15 mol sucrose solution.



Studies on the Leaf Movement of Aldrovanda wvesiculosa L. 177

leaves as due to a Joss of turgor, that being the most probable expla-
nation; " Das DBlatt ist offen, so lange alle Zellen der Spreitentldchen
ihre volle Turgescenz besitzen.  Jo hoher der Turgor der Innenepider-
mis ist, um so mehr verlingern sich ihre Zellen, um so mehr offnet
sich also das DBlatt.  Erlischt ihr Turgor, dann fillt tatsichlich cin
Widerstand weg fir den IFall.”  This view is convineing, being quite
similar to that of Baravix. But he has heen forced to give up this
provisional interpretation owing to three difficulties which wﬂ] be men-
tioned later (p. 180).

The writer, however, has reconstructed the theory of the shutting
movement boing due to a decrcase of turgor, and, hy his theory, not
only are the dificultics which GrurTENBERG met with solved, but also
all the other features related to the shutting movement are accounted
for. The new theory will he advanced with respect to Aldrovanda,
and will be extended then by deduction to the case of /onaca.  The
_descriptions will deal only with the motile zone, unless otherwise stated.

As has already heen shown in the case of the acctone treatment,
the outermost wall is far more casily extensible than the outer sub-
cepidermal wall, and this wall, again, than the inner subepidermal wall
(cf. p. 157). Owing to the walls heing of such a character, the outer
epidermis and the middie layer are endowed with an ability to bend
the lobe with their turgor force. The inner two walls, however, aroe
thick and the least extensible of all.  Hence the deformation is only
slight however strong the turgor may be; and the greater the turgor,
the more inflexibly is the original curvature of the layer maintained.
Thus when the three layers are all in a turgid condition, the outer
two layers strive to bend the lobe, while the inner epidermis resists
that.  As the inner epidermal cells are thick-walled, they can withstand
the hending moment of the outer two layers,” the lobe thus being put
in the open stage of unstable equilibrium.

The outer epidermis is wound sinuously when the leaf is open,
as shown in Iig. 13, which suggests that the layer is restrained from
free elongation, namely from bending the lobe, by the rigidness of the
inner epidermis.

1ot it he assumed that when an open leaf is stimulated, the per-
meahility of the cells of the inner epidermis is increased as the reaction.
Then, sap from the cells may be pressed out by their own wall pres-
sure and also by the force of the outer two layers. If the turgor of

1) A thick-walled toy-balloon withstands a bending moment with less flexibility than a
thin-walled one.  Verification of the theory of the open stage is found on p. 192,
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the inner epidermis vanishes in such a way, the outer epidermis may
be allowed to elongate itself, and hence to bend the Iobe. This may
be the shutting movement.  Burpox-Sanpirsox’s finding that the elec-
trical change which occurs when the Dvonaca leaf is stimulated, has
its scat at or near the upper surface of the lamina, is favourable to
this assumption. for bioclectrical change (especially towards negativity,
as in the cited case) is belicved to be accompanied by increase of
permeability.  In the above it is assumed that the change in perme-
ahility occurs only in the cells of the inner cpidermis, the outer two
lavers remaining quite turgid.  That assumption is not far-fetched ;
it has bren shown by BiOsxixe (30, p. 53) that the irritable cells of
Sparmanne filaments occur only among the epidermal cells.

The writer’s view deviates from ZIEGENSPECK’S in that the latter
thinks the hinge tissue playvs the most important role, while the former
attributes the mechanism to no other parts of the Ieaf than the motile
zone.  The writer’s opinion differs from Baraviy’s in two points: 1)
The latter believes that when the leaf is open the inner side, which
is intrinsically shorter than the outer, is clastically stretched so that it
becomes longer by strong turgor. 2) Tle assumes an active contrac-
tion of tissue, which is not combined with loss of turgidity. The first
point is also the important point in which the writer’s interpretation
diverges from GuUrreNBERG's provisional one{quoted on p.r77).  As the
extensibility of the cell walls of the inner cpidermis is very small, as
demonstrated already, the assumption of a highly clastic elongation
of it is of course improbable. '

The special feature of the newly introduced view is that in it a
conspicuous contraction of the inner epidermis is not indispensable to
the shutting movement, and that only the relaxing of this epidermis
forms the cause of the movement. Tt is the inner epidermis that
reacts upon the stimulation, but it is the outer two lavers
that propel the shutting movemoent.

Baranin thinks it necessary to assume active contraction- of the
upper parenchyma ; he considers that, without this assumption, the lobe
would not bend when immersed in water, because the upper paren-
chyma would absorb no less water than the outer one. But according
to the writer’s theory, the inner epidermis does not absorh water, for
it has lost its semipermeability, and when any part of the parenchyma
absorbs water and expands. the Iobe should bend inwards, since the
inner epidermis withstands the extension.

While a leaf is open, a component of the turgor force of the
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outer epidermis is working in such a direction that it thickens the
layer, and makes it meander sinuously (of. Fig. 13).  But as soon as
the turgor of the inner epidermis  vanishes, most of the turgor force is
used to stretch the meandering and then to clongate the cells of the
layer.” At last, however, the bending of a lobe is blocked by the
opposite one, when their marging come in contact with cach other,
namely when the leaf reaches the shut stage.

The suction force of the outer epidermis, Sz is conditioned by
the formula, ‘ ‘

S‘E:ASV?"’"(JJ + ”')

where .S7 denotes the suction pressure of the cell content, 11 the wall
pressure, and o, the pressure exerted by the inner epidermis to opposc
the bending. The excitation reduces 4 to the minimum, and henee
makes S5 larger.  Therefore, when the leaf is shut, the outer epider-
mis sucks in water and increases its volume a little, notwithstanding
that .S remains constant. Circumstances as such, however, will be
discussed in the next chapter.

¢.  Shutting Mechanism of the /wonaca |.eaf

It is highly probable that the mechanism of the shutting of Zonaca
leaves is analogous with that of Aldrovanda leaves.,  But the circam-
stances are different in the two plants, hecause the lower superficial
wall of the Zwonaca leaf is cutinized as in ordinary land plants, and
is accordingly far less extensible than the corresponding wall of the
Aldrovanda 1eaf ; 1) it never puts out vesicles in acetone, and 2) when
a surface scction is made, the picce that consists of the lower epider-
mis and some piles of underlying parenchyma cclls curves with the
epidermis as the concave side, the epidermis being negative in tissue-
tension to the parenchyma.

The cuticle of the lower leaf surface, however, is thinner than
that of the upper surface, as is stated by 3acrarnaxe.  And when
the upper epidermis alone or with one more subepidermal layoer is
parcd at the part of the lobe where the movement is most pronounced
at the shutting, this part of the lobe curves, making the Tower epider-
mis convex, to the same extent as an intact lobe shows in the shut
stage (B in IH2. 15). When both the inner and the outer epidermis
are pared off, the parenchyvma mass left naturally shows more pro-

1) This view was fust introcuced by ZirGENSPECK in discussion about the action of “die
Schlossgewebe,™
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nounced curvature than a lobe from awhich the upper epidermis alone
is severed.  This bending force of the parenchyma overcomes the
resistance of the lower epidermis (more properly, its cuticle). and bends
the lIobe (without the upper cpidermis) to the extent just mentioned.”

After a leaf has reached a certain maturity, the transverse growth
of its upper epidermal cells surpasses that on the Tower side.  Thus
the Iobes are unbent, the bending force of the parenchyma being
overcome by the turgor force of the upper epidermis, until the Iobes
hecome rather concave and are curved towards the outside—the open
stage of the leaf. DBut as soon as the co]}s of this epidermis lose their
turgor from excitation, the lobes are curved inwards by the paren-
chyma. Thus the Dwnaca leaf shuts in a way analogous to that in
which the Aldrovanda leaf closes. While excited Aldrovanda leaves
normally perform a complete closure, of the all-or-nothing type, fionaca
leaves normally show 7 partial closure,” as MacrarrnanNe and DBrowx
have already described and as is now shown in IFig. 15 5.2

The bending of Aldrovanda lobes proceeds until the opposite lobes
meet together, because the outermost wall in the motile zone is very
casily extensible ; whereas Zionaca lobes cease to curve before such
external obstruction appears, as their bending is restrained by the
cutinized wall of the lower epidermis.  This is the most important
difference bhetween the shutting movements of the two plaits.

d. Criticism of GurTENBERG's Interpretation

The three reasons why GuUrTeENBERG has abandoned the view
(p. 177) that the shutting movement is to be attributed to a decrease
of turgor in the inner epidermis are as follows i—

(a) According to Browx’s measurements, the shortening of the
inner surface upon shutting is so small as to be doubtful ; if the leaf
woere shut by the assumed mechanism, the elastic contraction of it
would be considerable.

(h) No movement takes place, when the upper surface is covered

1) As will be discussed later, a wound given to the irritable part of a leal-blade causes
the narrowing mechanism to work, which is an increase of turgor in the parenchyma cells,
different from the shutting mechanism.  But this does not preclude the conclusion from the
above observation concerning the extensibifity relation among the piles of cells.

2) Partially closed Dronaca leaves may close completcly, if the stimulation is continued
repeatedly. ‘This, however, is a veaction to be accounted for by the narrowing mechanism.
Hence the “partial closure” is the final stage of the shutting movement, and the shutting
reaction of Dionaea is, properly speaking, of all-or-nothing nature, as well.
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with a concentrated glveerin solution, that is to say, when the tissue
near the upper surface is deprived of water through the surface.

(¢} Sudden immersion of a /lonaca leaf in boiling water does
not cause it to close, as Darwin found by experiment, whereas fila-
ments of Berberes, Sparmanizie and Feliand emveenr which are believed
to react with loss of turgor, show the responsive movement however
quickly they are dipped into boiling water.

These three points can be answered with the writer’s theory.

(a) Though the loss of turgidity in the upper epidermis induces
the shutting movement, highly clastic contraction of it is not essential
to the movement, for the movement is propelled by a mass of colls
Iyving on the outside of that layer.

(h) Water must pass through a thickly cutinized wall incompa-
rably more slowly than through an uncutinized one.  Hence, when
the upper surface is covered with a concentrated plasmolyticum, the
water that are deprived slowly from the upper epidermal cells through
the cutinized wall (if that should occur) must be readily supplicd from
the underlying parenchymatous cells successively.  Therefore, if there
is a sufficient supply of water in the conducting system, no cells in
the leaf lose turgor, while if there is insufficient water, there occurs
“eine Gesamtwasscrabgabe,” as (GUTTENBERG himsclf says (p. 180),
“nicht aber......(die) einscitigen THerabsetzung  des Turgors.”? In
cither case, the shutting movement cannot be caused.

{c) The reaction of Derderds cte. takes place when sensitive cells
contract with the clasticity of their own walls {(cf. BOxnixe ’29).
Hence the reaction may occur when those cells lose their turgor
through bring injured by heat, no matter whether other cells in the
filament are turgid or not. On the contrary, as the movement of a
Donaca loet is propelled by turgor of the parenchyma, and not by
the force of the sensitive upper epidermis itself, the movement may
not occur if cells of the latter are injured by heat at the same instant
as the former. Such a difference is shown by the fact that the latter
undergo no change in their reactivity even if deprived of so much
water that plasmolysis occurs, as stated by BUsnixe (30, p. 58), while
the loss of the powoer of reaction in the former gees parallel awith
Joss of turgor.

On the boiling water fixation of open Jonaca leaves, the writer
can add a new observation : the leaf shuts when immersed in boiling

1) The discussion is essentially intended to dispute MUnK’'s view (as in p. 173).
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water, if a sensitive hair is stimulated once or twice just before the
immersion.  In general, sensitive hairs must be stimulated twice, three
times or more before the leaf reacts, as Macrarvraxe, Browx and
Snare, and Brows have proved by experiment.  The stimulation or
stimulations preceding the last one may perhaps be raising the irrita-
bility of the leaf, that is. perhaps be bringing the inner epidermis into
a condition in which it is ready to react. Tence, when a leaf stimu-
lated  beforchand s immersed in hoiling water, the upper epidermis
which has been brought into a highly sensitive condition may react
sooner than the motor cells are injured by heat. On the contrary, in
a leaf which is not previously stimulated, the less sensitive upper
epidermis can not react so quickly as to precede the injury of the
motor cells.  The sensitized condition of the upper epidermis scems
to vanish in a fow minutes, for if leaves are immersed in hoiling water
several minutes after the preliminary stimulation, they do not react
and hence die open.  Aldrovande leaves arc more sensitive than
Dnaca leaves, the latent period of the shutting movement being
shorter, and the movement itself being quicker.  Hence an Aldrovanda
Teaf shuts without fail, however quickly it may be immersed in boiling
water, as the inner epidermis reacts to the thermal stimulus before
the outer two layers are injured by heat.  The fact that Aldrovanda
and sensitized Deonace leaves react upon sudden immersion in hoiling
water, just as filaments of Berberss ete., suggests that the shutting
movement of the former has a common cause with the bending
movement of the latter.

I'rom what has heen said above, it is clear that there are no
grounds left for rejecting the theory that the shutting movement is
to ha attributed to the loss of turgor.  In the next place, the most
important four of the facts which (GGurtENBERG considers as supporting
his theory of swelling tissue {p. 172), will be mentioned :—

(a) The lower epidermis is more casily extensible than the upper
one,

(b)  The leaf becomes immovable in sugar solutions.

(c) An isolated single lobe of a leaf, or a cross-scctioned strip
of it. bends stronger than cver if Teft in water; while it unbends if
transferred into a sugar solution.

(@ A surface-sectioned lamella of a lobe curves itself invariably
in such a way that the epidermis is on the concave side, whichever
epidermis it may be, the upper or the lower.  And the curving be-
comes so pronounced as to cause rolling in of the lamella, when it
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is immersed in water; while it unbends when transterred into  an
osmotically active solution.

(rurTENBERG's and the author’s interpretation of these four facts
will he given in the order in which they are stated above :—

() The casiness with which the lower epidermis is extended is
essential for the writer’s interpretation, as well as for (GUTTENBERG's.

(b) Gurrexsere holds that this fact proves that an increase of
turgor is the cause of the movement. On the contrary, however, the
allied experiment with Aldrozandae showed, by the time relation, that
the shutting movement is not due to an increase of turgor (cf. p. 176).
A lobe cannot hend however sensitively the upper epidermis may react,
if the cells which are to propel the movement have been dopri\'(\d of
turgor by the sugar solution.

The latter two facts, (¢) and {d), concerns material which is hurt
or cut. .\ traumatic stimulus given to a three-lavered region of an
Aldrovanda leaf, causcs a strong excitation in it.  And the leaf thus
wounded gets into the narrowing phase, passing through the shutting
phase.  The mechanism working in the former case differs from that
in the latter, as will e proved later. The portion of a ZDmwnaca lobe,
corresponding to the three-layered region of an Aldrovanda lobe, namely
that surrounded by the midrib and the anastomosis of vascular bundles .

> Observations made with

near the margin, has a similar character.!
sectioned pieces of the lcaf, therefore, have a bearing upon the nar-
rowing mechanism, but not directly upon the shutting mechanism.
No authors have discriminated these circumstances.  IFact (¢) is quite
in accordance with the wwriter’s interpretation of the narrowing mecha-
nism of Lonaca, which is quite similar to what (rurTENBERG holds to
bhe the shutting mechanism.

Though fact (d) concerns wounded material, it is important also
in the discussion of the shutting mechanism, for it reveals the exten-
sibility  relation of cell walls in the leaf.  The small extensibility of
the wall of the lower cpidermis (of Jonaca) scems, at first sight, to
he very favourable to (rUTTENBERG'S theory, and not to the writer’s.
But, just like other facts, it is quite in accordance with the latter, as

was discussed on pp. 17¢9-180.

1} Monk found that cuttings into the mergingl vegion of a Mionaca leaf do not cause

excitation in the leal at all.
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¢, Klongation of the Outer Epidermis
1. Lrreversible xtension of the Quier 11 alls

When a shut leaf of Aldrovande is immersed in a sugar solution,
it doecs not open wide, only the margins of the two lobes coming
apart.  An analogous effect is scen in Jhionaca.  Thus, leaves of
cither plant can not shut, and stay open even if stimuiated,
when the turgor is lost while they are open; while they do
notreturn to the open stage if they lose turgor after they
have once shut. GUTTENBERG attributes this irreversibility to a fixa-
tion of the extension of the cell walls by growth, while ZIEGENSPECK
maintains that it is due to over-extension of the cell walls.  The former
bascs his opinion on the fact that some minutes are nceded for a shut
Dionace leaf to become irreversibly shut, while the latter holds that
some duration of time is necessary cven for a fixation of moere over-
extension.

According to the writer’s observations, leaves of cither plant often
do not reversibly open, even if they arc immersed in sugar solutions
at the same instant as the shutting takes place.  The irreversibility is
pereeived with fewer exceptions when Aldrovandae leaves are made to
shut in ice water, and transferred into the sugar solution after being
kept some minutes in the former. Hence, over-extension may be the
more probable interpretation.  And there seems to be no need to
assume a real growth of the cell walls, since the walls of the outer
epidermis are highly plastic, as mentioned before.  Experiments with
acctone (cf. p 192) show that the ductility of the outermost wall of the
motile zone decreases as the leaf grows older. Hence that wall is
growing larger and thicker, perhaps undergoing physico-chemical
changes at the same time, until the leaf becomoes quite old. Therefore,
growth {(intussusception and apposition) certainly exists. dnly, it
should be distinguished from passive and plastic stretching of the
wall” resulting from the shutting movement.

2. Contraction of the Outer 11ulls
i, Sugar solution

Sugar or glycerin solutions influence cldrovanda and Dwiace
leaves in two ways:
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1) Deprivation of motility by, diminishing turgor (influence upon
motor cclls, sce p. 183, b);

2) Stimulation by change of osmotic state (influence upon  irri-
table cells, see Part 11).

In case the first effect appears sooner than the second one, open
leaves become immobile as they are, while in the reversed case, they
shut.  Which of these two cases actually takes place depends upon
the concentration of the solution and the condition and character of
the leaf.  As Dronaca leaves are fairly cutinized and are massive, the
first effect is apt to lag behind the sccond one, hence it is more com-
mon for open leaves to shut and shut leaves to shut closely.  Aldro-
vande lecaves on the contrary, since they let water pass casily and are
not massive, seldom shut in sugar solutions.

If leaves {of cither plant) are immobilized in the open stage, they
unfold a little wider, and, if they are made to shut or shut closely,
their lobes come apart from cach other afterwards. It takes several
hours for shut Jonaca leaves to unfold markedly as they are slow
to losc water, while several minutes to half an hour suffices for A/Zdro-
vanda leaves to do so. DBesides, young leaves open quickly
and wide, even to the extent of being half-opened, while the
velocity and the extent of the unfolding decrcase as they
grow older. Cross-scctioned thin picces of a Jwonaca leaf spread in
sugar solution quickly—in several minutes—as water is very casily lost
in this case.

Such unfolding of leaves in sugar solution is naturally duc to
disappearance of the turgor which has been striving to hend the lobes,
resulting in a contraction of the walls, chiefly on the outer
(lower) side.

. Boiling water

When Zwnaca leaves are suddenly dipped into boiling water, open
ones (not preliminarily excited as in p. 182) unfold wider at the instant
of the immersion, and narrowed ones relax the tightness with which
the Tobes are pressed together.  The unbending of the lobes is most
clearly scen when cross-sectioned picces of leaf are dipped in boiling
water.  The cause may be the same as that of the unfolding produced
by the sugar solution, for the cells lose turgor by dying. Only with
shut leaves the effect is different.  They scem to be in a very sensi-
tive condition, ready to narrow, for they shut more closely when
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immersed in boiling water.”  The effect of contraction of the outer wall
is so small that it is not rccognized in this case.

When Aldrovanda leaves, open, just shut or left shut for some
minutes, are immersed in boiling water, they come, before dying, to
the closcly-shut stage {(Ifig. 8 ¢), or cven to stages a little more
narrowed (D3, if they are old. 1f they are very young, on the contrary,
their lobes come apart from ecach other after the close shutting-up,
sometimes even becoming half opened (if immature). Thus, the
younger the leaf, the more the outer wall contracts in boil-

ing water, just as in sugar solutions.
iii.  Alcohol

If a shut Lrwonaca leaf is transferred into more and more concent-
rated alcohol and then at last into xylol, it becomes open. Though
this phenomenon was falsely explained by Browx by the osmotic
relations in the dead leaves, it may be accounted for by dehydration
of plastically extended cell walls at and near the lower surface of the
motile zone, for the distance between pairs of dots such as Browx
marked on a leaf decreases as the leaf is transferred from water to
alcohol, and from this to xylol (cf. Table vi in Browx "16).  Shut
Aldrovanda leaves also open, though only partially, when dehydrated
in the same manner. .

As to the unfolding of leaves in sugar solutions and boiling water,
it is not decided whether that is due to clasticity, 'in addition to the
plasticity, of the walls on the outer (lower) side, or to a decrease of
swelling, i. e. dehydration, caused by such treatment. However, judging
from the alcohol-xylol treatment, the latter cause scems to play a more
important role than the former.

C. Mechanism of the Narrowig Movement

Notwithstanding that Darwin noted the intense pressing together
of the halves of a narrowed Dronace leaf, some authors after him
have paid attention only to the flattening of the lobes in that stage:
Barariy attributes the narrowing movement to shortening or contrac-
tion of the outer surface of the leaf; and (rurTeENBERG considers an

1} Leaves which have been in the shut stage for more than a quarter of an hour scarcely
reacts on immersion, perbaps owing to depression of the sensitivity.  The phenomena of
the sensitization of open leaves by preliminary stimulation, and the disappearance of such
sensitized condition with time (p. 182) may be analogous to the preseat ones.
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epinastic growth to be the cause, when the leaf is prevented from
reopening by an ever renewed chemical stimulus. It has also been
widely believed that the narrowing movement is effected only by
chemical stimuli.  This idea is presented typically by Munk, who named
this movement " die Resorptionshowegung,”  discriminating it from

‘ i

“die Reizbewegung 7 which is our shutting movement, and he even
thought that the former was conditioned by chemical changes on the
exterior of the leaf, while the latter was caused by forces in the leaf
itself.  Pronounced bending of an isolated single lobe has been supposed
to be due to the shutting mechanism (of. (GUTTENBERG cte.).

Observations upon Aldrovanda, however, have proved that the
narrowing movement is effected by a sharper bending of the lobes,
just as in the case of the shutting movement, only the velocity and
extent of the bending being different. And sectioning of the leaf as
in the case of IFig. 11 has shown that not only a chemical but also
a traumatic stimulus causes the narrowing movement.

That the case of [ionuca is analogous is demounstrated by the
following experiment : A Donace leaf was cut into two halves,
through the midrib longitudinally, and when both the halves had bent
markedly in water, an attempt was made to make the cut surfaces
come into complete contact with cach other as before. - Some force
was needed for that procedure, as the marginal portions of the lobes
resist.  When the cut surfaces were restored to their original contact,
the lobes were flattened, their marginal portions recurving outwards,
as in Fig. 15 ¢ Thus, it is shown not only that a Dronaca leat is
hrought into the narrowed stage by a traumatic stimualus, but also that
the lobes are flattened and arce recurved along their margins
not by a force causing them to unbend. but ‘by a force that makes
them bend themselves more strongly.  Dronace leaves are
narrowed also with induction shocks.  Thus the circumstances are
analogous in  wllddrovanda and  Dwnaca, and the mechanism  of
the narrowing movement may, thercfore, be analogous in the two
plants.

No theories have been put forward with respect to the narrowing
mechanism of clldrovande leaves, nor have any precise studics been
made concerning that of Zonaca leaves. The writer is going to
demonstrate a narrowing mechanism which is almost the same as what
GrurreENpeRG holds to be the shutting mechanism. GUTTENBERG'S two
items, (¢) and (d) on p. 182, are, indeed, concerned with the narrowing
mechanism, though he took them for the shutting phase.  Other facts
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which support his theory of swelling tissue uphold, as a matter of
course, the present theory of the narrowing mechanism.
The original proofs will be given with Aldrovandae :

a. Observation with Sugar Solution

In an carlier chapter (p. 176), it was noted that leaves become
less and less movable, the longer they are left in a sugar solution,
becoming at last quite unresponsive to stimulation, and that fact was
used to prove that the shutting movement is not due to suctioning of
water.  In what manner, then, is the narrowing movement conditioned
by the sugar solution? As this movement starts from the shut stage
of the leaf, sugar solution of a certain concentration can be applied to
either the outside or the inside alone, or to both sides.

In order to fill the leaf cavity with sugar solution, the finely pointed
spout of a pipette was inserted between the lobes of an open leaf, and
when the leaf shut upon the spout, the solution was poured into the
leaf cavity. As the sensory hairs must have heen stimulated by the
Howing in of the solution, watcer was also pourcd in, even in the case
of the control which contained water inside, so as to make the seismon-
ic stimuli given as much alike as possible.  The leaves were thus
filled with a sugar solution or water, and immersed in a solution or
water, so as to make four kinds of combination :

(a) water on both sides (normal condition) ;

(B) sugar solution inside, water outside ;

(c) water inside, sugar solution outside;

(p) sugar solution on both sides.

It did not take 10 scconds to pour the solution or water into the
leat cavity and then to transfer that leaf into the next medium, picking
the petiole with a pincette. Then a strong induction shock was ap-
plied as soon as the leat was immersed in the sccond medium, followed
by two more shocks with an interval of 20 seconds between each.

The progress of the narrowing movement was expressed by the
diminution of the distance between the enclosure-boundaries of oppo-
site lobes, the distance in the shut stage being assumed to be io.
Fach experiment was made with leaves belonging to the same whorl,
one or two leaves usually being put in cach of the four conditions.

Figs. 17 4, B, ¢ and n represent the narrowing process of four
leaves belonging to a whorl of the age of No. II, each in one of the
above-mentioned conditions, A, B, ¢ and b respectively.  The suc-
rose solution was 0.2 mol in concentration.  The cases given are
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IFig. 17. Modes of progress of the narrowing movement represented
by boundary-distance (shut stage==10), when, A : water is present on both
sides of the leal; B: water outside, 0.2 mol sucrose solution inside; C:
water inside, sucrosc outside; and D : sucrose on both sides. Iach ar-
row indicates the instant of application of a strong break shock.

representative, and there were often cases in which less apparent
distinctions could be perceived.

It is obvious from the figure that a rather conspicuous movement
occurs soon after the first stimulation, if any one side of the leaf is
in contact with water, while only a negligible movement can follow
the strong excitation, it the sugar solution is present on both sides
of it. This forms a striking contrast with the case of the shutting
movement, in which an open leaf can shut almost completely if stim-
ulated within a few minutes after immersion in the sugar solution.
The narrowing movement must be due, therclfore, to the sucking up
of medium water by some leaf tissue, whercas the shutting is not.
In a o.15 mol sucrose solution the narrowing movement can proceed,
though only gradually, whercas as described before, the shutting
movement cannot, if the immersion is prolonged. '

As the narrowing movement is caused by the sucking in of
cnvironmental water by the cells which propel the movement, progress
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of the movement in o.t5 mol solution necessarily means that those
cells have a stronger suction pressure than that solution.  In the
shutting phase, on the contrary, as those cells are deprived of the
turgor and at last become incapable of causing the movement, they
must have a lower suction pressure than that solution. Thus, it is
deduced that when the leaf is in the narrowing phase, the osmotic
suction pressurc of the propelling cells is raised from a lower to a
higher value than that of the o.15 mol sucrose solution. But the
suction pressure is not raised as high as that of the o.2 mol solution,
for the movement docs not proceed in this solution.

b.  Observation with Acetone

Acetone, or alcohol penetrates into living cells of Aldrovanda
leaves very quickly and raises their internal pressure so much as to
produce vesicles in the walls of the outer epidermis and of the middle
layer in the motile zone, as shown in IFigs. 4 and 5, PL x. 1t is more
interesting, however, to notice the-quickly proceeding narrowing move-
ment in acctone, and the connection of it with the progress of the
vesiculation.

As soon as a shut leaf is immersed in an acetone solution, the
margins of its lobes begin to press upon cach other, and it finishes
the narrowing movement within !IO scconds, or within a few scores
of seconds in the slowest case. Such a quick narrowing movement
never occurs when the Jleaf is ordinarily stimulated, however intensely.

As acetone is capillary-active, it might be able to enter into the
cavity which is enclosed by the lobes, through the rims of their mar-
gins. DBut hardly any quantity of it can get in, as water is constantly
fHowing out through there while the narrowing movement proceeds.
Therefore, it is only the outer surface of the leaf that is in contact
with the acetone, and acectone must penetrate first into the outer epi-
dermis, then into the intercellular spaces and the middle layer. Hence
the internal pressure of the outer epidermis is raised markedly first,
and then that of the middle layer. Thus, the above experiment dem-
onstrates that the narrowing movement can occur if the
turgor pressurc of the outer epidermis increases much.
The role of the middle layer is also indisputable, for its internal pres-
surc must be raised to some extent, side by side with that in the
outer cpidermis.

Generally, slight vesiculation can be readily scen when the nar-
rowing movement is finished.  But if the vesiculation proceeds so
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quickly as to cover most of the motile zone hefore the narrowing
movement comes to its end, this goes on no further, and the leaf dies
injured by acetone at some intermediate stage between the shut and
the narrowed. This fact shows that the narrowing movement
can progress no further if the cells in the outer epidermis,
or thosc in the middle layer, too, do not increase their transver-
sal tension as a result of the bulging out of the outer walls.

When the internal pressure of the motor cells is raised quickly
by immersing the leaf in a concentrated acetone solution, bothh the
narrowing movement and the vesiculation proceed quickly. But the
former cannot be accelerated so much as the latter when the acetone
is highly concentrated, for the motor cells must overcome various
hindrances when they arc promoting the movement, as will be men-
tioned later (p. 229). Thercfore, when the acetone is too highly
concentrated, the vesiculation proceeds faster than the movement, thus
making the leaf narrow no more than to an intermediate stage. Even
in concentrated acetone, however, no vesiculation occurs, if the leaf
is so old that its membranc has lost its high extensibility. In such
cases, the narrowing movement can be completed.

In order to sec the effect of the concentration of acetone and the
age of the leaf, every open leat from No. 1 to VIIL in age, of an in-
dividual plant, was immersed in one of four different solutions (20,
40, 60 and 80%). The time required to finish the narrowing move-
ment in the solution, and the time elapscd before the formation of
small blisters, were measured, the result being shown in Table 1. The
duration of the movement was denoted as infinity if it stopped before
reaching the narrowed stage, whether the movement was stopped at
the closely-shut or an almost narrowed stage.

Table 1

Time is in scconds.

% of | No. of the whorls
acetone ! 1 1 IV VI VIL VI
8o movement 0 o o =5} o oo o o
b . .
vesiculation 5 7 10 20 40 35 o 30
60 movt, oo oo o o 45 45 6o 53
vesi. 7 i 10 10 45 05 o oo
40 movt. 20 20 75 75 0o 30 93 45
vesn. 20 20 90 70 80 40 oo ©
20 mevt. 55 65 120 150 8 -~ — 0o
vesn. 25 Q0 e 150 (30 ~— — oo
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It may be seen from the table that there is a tendency for both
the movement and the vesiculation to occur faster, the younger the
leaf. The movement of young leaves proceeds faster than that of older
ones, because the various factors which oppose the movement arc
weaker in the former; and blisters rise quicker in the former, because
the cell walls are more easily extensible.

When a leaf of the age of No. I was dipped into 209% acetone,
the vesiculation appeared much sooner than the movement (cf. the
table). DBut as the blisters grew and extended slowly, most of the
motile zone was free from vesiculation before the leaf narrowed.  Hence
the movement could be finished.

[f leaves are left in an acetone solution for several minutes, all
of them become widely open, whether they have narrowed completely
or have stopped narrowing at some intermediate stage. This may be
due to penetration of acetone into the inner epidermis, after it has
penetrated the outer two layers, and the writer's interpretation of the
open stage, that the inner epidermis strives against thce bending of
the lobe when it is turgid, is confirmed here again. In the above case,
as the outer two layers have lost the force which enables them to
bend the lobe on account of the vesiculation, the leaf opens wider
than the normal widely-open stage, each of the lobes presenting the
characteristic curvature of the turgid inner epidermis alone.  The inner
epidermal cells lose the semipermeability when the leaf shuts, but
acetone is able to raise the hvdrostatic pressure of those cells by its
quick penetration through the cell wall. k

Immature leaves open in acetone very quickly, perhaps owing to
quick penctration.  For example, when a leaf of the age of No. [ was
immersed in 80% acetone solution, it instantly became closely-shut,
the vesiculation began in 35 sceconds, and a sudden separation of the
lobe margins took place 50 seconds after the immersion. The leaf
went on gradually opening, and became fully open 8o scconds  after
the immersion.

Of the above two observations with sugar (a) and acctone solu-
tions {b), the former has demonstrated that the narrowing movement
is due to taking in of surrounding water by some cells of the leaf,
and also that it is accompanied by an increasc in the suction pressurce
of the cells ; while the latter has proved that the narrowing movement
can take place if the internal pressure of the outer epidermal cells,
and perhaps also of the middle layer, is raised, and also that the move-
ment can not procecd if those cells lose that pressure. [t may be



Studies on the Leaf Mcvement of Aldrcvanda vesiculosa L. 103

certain, therefore, that the narrowing movement is caused by
an increase of osmotic value and turgor pressure in the
cells of the outer epidermis or of the outer two lavers,  Then,
in what a relation does the middle layer stand to the outer epidermis
in its action of propelling the movement? The osmotic values of the
cells in Aldrovanda leaves cannot be measured by plasmolytic tests,
as was noted before, and hence we are obliced to adopt indirect
methods ;—

¢.  Observation with Agar-Sections
When an open leaf imbedded in agar-gel is cross-sectioned, the
lobes, striving to narrow, come to the state shown in Fig. 12, [f the
motile zone of one of such lobes is examined with high magnification,
figures such as those seen in g, 18 A can be often observed.

sy, / //////////////////
7 7 -w- —_—
/// 7,
b’

A IOO 15

Fig. 18, Cross section of the motile zone, A: when the bending of
the lobe is hindered by the agar (hatched), and B: when it is allowed
by removing this. C: The profile of thickenings and furrows on the
side wall of the middle layer seen through the outer cepidermis, the
lobe being pressed flat
In the lateral walls of the middle layer, there are numerous trans-
verse lines, really thickenings and furrows which may be also clearly
seen in the flat position of the lobe highly magnified, as shown in
Iig. 18 ¢.  They can support, without doubt, the thickness of the
middle layer unaltered, so that the outer subepidermal wall is restrained
from approaching towards the inner epidermis.
1f the agar held between the lobes is removed, the lobe in IMg.
18 A is allowed to bend freely, reaching the state shown in 18 B:
the effort of the outer cpidermis to bend is accomplished, and the
swelling out and wrinkles of its inner wall vanish. Such behavior of
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the outer cpidermis reminds us that the turgor expansion of the layer
plays a major rdle in the narrowing movement.  The walls of the inner
epidermis are puckered forcibly in Ifig. 18 B, proving that that layer
does not participate actively in the narrowing movement.

d.  Thickness of the layers

IFig. 1, PLix was taken under pressure of the cover glass. Dut
similar figures are observed along the most curved motile zone, with
leaves which are supported in water quite freely. Ience the thickness
of the cells in this zone can be measured at the open, the shut and
the narrowed stages of a leaf.

Though the change is very small, the outer epidermal cells are seen
thickened while the leaf is just narrowing, approaching then roughly
to the original thickness as the stage draws nearer to the ultimate
narrowing. To our regret, however, the change in the thickness of
the middle layer cannot bhe measured accurately, because the inner
subepidermal wall is not well focussed.

e, Miseellancous Remarks on the Narrowing Movement

i. Role of the middle layer

The observations made with agar-sections (C), seem to prove that
the middle layer plays a less active rdle in the narrowing movement,
rise of turgor in the narrowing phasc being doubtful. But even if it
may not work actively, it has statical functions: 1) it maintains the
rigidity of the lobe, 2) makes a cushion hetween the inner and the
outer epidermis which stretch or unstretch in different manners, and
3) may help to hend the lobe with its usual turgor, as its outer wall
is more casily extensible than the inner <wall (p. 167).

it.  Water supply to motor cells

According to IFig. 17, the narrowing movement proceeds faster
when water is present on the outside of the leaf (B), than when the
water is on the inside (C), suggesting that the motor cells take in
necessary water chiefly through the outer surface. The circumstance
may be effected by two conditions; a) that the motor cclls are in the
outer epidermis, and perhaps also in the middle layer, but not in the
inner epidermis ; and b) that the walls of the oufer epidermis may he
very permeable to water, just as to acetone, alcohol, neutral red and
osmic acid.
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When the inner surface is in contact with a sugar solution (1),
the movement proceeds more slowly than when both surfaces arc
touched by water (Ay.  Dut as the difference is very small, it is deduced
that the water which is necessary for the nzn-roMng movement is
hardly supplicd through the inner surface of the Ieaf. And as the
narrowing movement is not retarded even if the petiole is lifted above
the surface of the water, the water must be supplied chiefly
through the outer surface of the lobes.

iii.  Analogy with Aroscra tontacles

ITeokrr ('17) has demonstrated that the inflexion of  Jroscra
tentacles **is produced by an acceleration of the rate of erowth on the
convex side and the median section.”  This work is mentioned by
(rurrensire ((25) to confirm his view of the shutting mechanism.
But as the bending movement of /J)rescra tentacles is to he regarded
as corresponding to the narrowing movement of Aldrovandae and
Dionaca leaves from the slow rate of the movement, Hooker’s observa-
tions corroborate the writer’s interpretation of the narrowing mechanism.

If a group of Drosera tentacles is immersed in a diluted peptone
solution containing sucrose dissolved in it so as to make a o.4 mol
solution, and another group into the same peptone solution containing
no sugar, the former tentacles do not react at all while the latter bend
perfectly.  Such a fact is analogous to the case of the narrowing move-
ment of Aldrovanda and Dionaca.

iv. TPlastic extension of outer cell walls

By immersion of the leaf in a concentrated sugar solution, its
narrowing movement may be sustained, but the stage which the leaf
showed at the instant of immersion cannot be reversed markedly by
such deprivation of turgor, for the outer walls are extended plastically,
just similar to the case of the shutting movement. Inflected Drosere
tentacles also do not unbend in sugar solution, and though HooKER
attributes this irreversibility to growth, it may be more proper to refer
it to plastic extension of the cell walls, just as in the case of the shut-
ting and narrowing movement of dldrovanda and Dionaca leaves.

v. Mechanism of the cversion of the free-side lobe
Almost all Aldrovandae leaves have their free-side lobe everted
when they narrow.  Why does not the bristle-side lobe evert? When
shut leaves are pressed chiefly upon the bristle-side lohe with a pincette,



196 J. Asnipa

the conversely narrowed stage is not seldom reached, the bristle-side
lobe being cverted. Hence a gradual progress of the movement, as
in the normal case, scems to he rather important to cause the eversion
exclusively in the free-side lobe.

The force of the motile zone causing it to bend itself can be
dissolved into two components, one making the lobe margin press
against the opposite lohe, and the other drawing the lobe margin
nearer to the midrib. Tdence, as the free-side lobe has a tendency to
bend more markedly than the other lobe (p. 164), it may strive to fold
itself nearer to the midrib than the opposite one, both of them at the
same time pushing against each other. DBut as the margins of them
thus pressing do not slip, the free-side lobe bends when the bending
force is greatly increased, leaving the marginal part attached to the
corresponding part of the opposite lobe—it is everted at the margin.
After it is once everted, the eversion is casily spread towards the middle
of the lobe, as the motile zone continues to bend on.

Besides the above mentioned differentiation in the bhending force
of the two Iohes, the physical character of the onc-layered region in
them may also differ inherently, for young leaves growing from the
bud at one time take a shape corresponding to the narrowed stage,
hefore they attain the open stage for the first time. And when
Aldrovanda leaves arc immersed in strong plasmolytic or fixing
agents, the free-side lobe often everts of itself.

The distance between the motile zone and the midrib is a little
larger in the free-side lobe than in the bristle-side lobe.  That may
also help to produce eversion of the free-side lobe instcad of that of
the other.

In the narrowed stage of a [wnaca leaf, both the lobes recurve
at the margins.  DBut cases in which the lobes that correspond to the
free-side lobes of Aldrovandae leaves® recurve more markedly than
the other Iobes, arc met more frequently than the reversed cases, or
cases in which paired lobes recurve to the same extent. This may
be due to the stronger tendency of the former lobes to bend them-
selves, analogously with the case of Aldrovands. When lobes of a
[ionaca leaf are severed separately, the lobe in question hends more
strongly than the other lobe.

f.  Narrowing Mechanism of /onaca 1.caves

The narrowing movement of the Aldrovanda leaf is due to an

1) The lobes which are on the left hand when leaves are viewed from their apices.
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increase in turgor of the outer cpidermis and the middle layer, the
former being supposed to work far more actively than the latter.
But in the Dronaca leaf, the lower epidermis scems not to play an
important part, but rather to hinder the narrowing ; for the lower epider-
mis has a negative tension against the underlying parenchyma cells
(cf. p. 179). Tence, an increase of turgor in the swelling tissuc may
he the causce of the narrowing movement. It is not decided, how-
ever, whether the turgor is increased more in the lower portion of
the tissuc analogously to the outer epidermis of Aldrovanda leaf, or
whether the turgor is raised without such differentiation. But the
former case scems to he the more probable, as only the lower par-
enchyma works as a swelling tissue in the midrib (cf. p. 199).

If a drop of peptone solution is spread over the inner surface
of a leaf which has been scvered from the plant at the petiole, the
petiole being dipped in water, the lobes are recurved along the margins,
but the cversion hardly proceeds any further, or if at all, incomparably
more slowly than in the normal casc. It a leaf is cut off from the
petiole at the junction, stimulated in the same way, and laid in a moist
cell, it narrows in a similar way, though rather more slightly. Thus
the water necessary for the narrowing movement scems to be supplicd
from the root system, perhaps helped by the root pressure.  But when
severed leaf-blades are soaked with water, the movement proceeds
more quickly than in normal ones.

D. Curvature of the Midrib
a. Midrib of the Aldrovande 1.caf

[t has been often noticed that the midrib of the «dldrovanda leaf
curves upwards more and more pronouncedly as the responsive move-
ment proceeds (cf. Fig. 6). If both of the lobes are cut off from
the midrib when the lcaf is in the shut or in the narrowed stage, the
midrib retains roughly the same curvature as it has shown before the
lobes are severed. [Ffrom this, it may be judged that the midrib has
been curved passively, and is retaining the given curvature plastically.
If the curvature of the midrib in the narrowed stage of a leal were
duc to an active mechanism of the midrib itself, the midrib would
curve more when cut off from the shut leaf, for the traumatic stimulus
thus given would bring its cells into the narrowing phasc.

When an isolated midrib is immersed in a sugar solution, the
curvature becomes much more pronounced than it would he in the
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narrowed leaf.  Hence the mild curvature of a turgid midrib must be
due to the turgor force of the parenchymatous cells lying under the
conducting bundle, and it may also be judged that the cell walls of the
under epidermis are more extensible than the conducting bundle,

A midrib uncurves when it is returned from a sugar solution into
pure water, and passing through the original curvature it becomes at
last roughly straight, as if it lay in an open Ieaf. On heing touched
with a pincette such an isolated midrib bends and unbends within
certain limits, as if it were a’ piece of lead wire. These observations
demonstrate that, though the midrib has a weak tendency to
straighten itsclf, it can not persist in that tendency, and
vields plastically to external forces. Of course, the midrib is
quite unable to promote the responsive movement by active hackward
curving (cf. p. 200).

How the midrib is curved upwards when a leal shuts and
narrows can be understood easily from the morphological features.  As
the motile zone forms an arc, it is farthest from the midrib at the
middle (cf. Text-fig. 14 and Fig. 2, PL 1x). Hence at the middle part

of a leaf, a rather wide portion of the
lobes on both sides of the midrib is
left flat cven when the leaf is narrowed,
as seen in Fig. 11 B, while near both
ends, the lobes are bent as in IFig. 19.
On the other hand, the enclosure-
boundary hardly changes its shape
with progress of the responsive move-

Fig. 19. A cross-section of a ment, as it can be secen projected upon
narrowed leaf near its basal end

a parallel plane (Fig. 20). Thercfore
when the leaf narrows, the distance be-
tween the motile zone and the enclos-
ure-boundary is relatively more short-
ened at the middle than towards hoth
ends of it.  Thus the midrib is curved
upwards in the manner shown with a

broken line in Fig. 20.

Fig. 20. A leaf in the open (un- . . . .
broken lines) and the narrowed (brok- Besides the curvature of the motile
en lines) stage, projected on a vertical . f eforat el £ it T o
plane lying Dbetween the enclosare- 200G the distribution of the bending
boundary () and the margin (M).  capacity in that zone makes the midrib
The inflexion of the midrib (MR) in

the narrowed stage is shown, more curved; the zone hends most
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sharply at the middle part and much less towards both extremities.
The shut stage differs from the narrowed stage only in degree (slight
in all respects). ‘

b, Midrib of the Dwnaca 1.eaf

The midrib of the Dwnaca leaf is different from that of clldro-
vanda chiefly in two points: (1) it is more massive, and (2) the
transition from it to the lobes is less distinet. It is large cnough to
be cut longitudinally, and the cut picces can retain their own curvature
hardly influenced by external forces.  Hence in order to investigate
the midrib, it is more convenient to use Dionaca than Aldrovanda.

Munk (76) is inclined to believe that the curvature of the midrib
diminishes when. the leaf closes; while Baranin ('77) states -that the
curvature becomes more pronounced in that case, asserting, at the
same time, that its upward curving has a promoting cffect upon the
leaf closure.  The writer’s own observation accords with the former
author’s : if the curvature of the underside of a midrib is sketched with
a camera lucida, with respect to the successive stages of the responsive
movement, the cuwrvature shows hardly any changes, except in the
narrowed stage, in which the curvature is, it any thing, rather diminished.

When both the lobes are cut off from the midrib, this takes on
a curvature the same as, or a little less curved than, that in the nar-
rowed stage, uncurving a little more when left in water. When
isolated midribs are immersed in a sugar solution, their curvature is
increased strikingly, as in the case of Aldrovanda; and when they are
put into water again, they unbend, though not so much as to becomae
straight. Tlence it can be concluded that the midrib is stretched by
the turgor of the parenchyma which lics on the underside of the con-
ducting bundle, just like that of an ldrovanda leaf.

Even if the upper epidermis is pared off, or a portion or the entire
depth of the parenchyma overlying the conducting bundle is cut off
with it, the curvature changes little.  This also confirms the view that
the curvature of an isolated midrib is maintained by the turgidity of
the parenchyma underfyiig the conducting bundle, giving tension to the
bundle and the lower cpidermis, and that the conducting bundle must
bz less extensible than the lower cepidermis.  In spite of GUTTENBERG'S
notion that the parenchyma of the midrib overlying the conducting
bhundle is a continuation of the swelling tissue of the lobes, it has become
apparent that it is the lower parenchyma that forms the continuation.
And that fact is favourable also to the assumption that the paren-
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chyma in the lobe is differentiated in such a way that the cells under-
lying the conducting bundle swell more actively than those overlying
it, just as in the case of Aldrovanda, in which the outer epidermis
swells more than the middle layer. .\ similar feature, that paring off
of the upper epidermis hardly affects the curvature, was also found
in the motile zones of lobes {cf. p. 179). It may be duly supposed,
therefore, that the motor mechanism is extended into the midrib,
though much weakened, and the midrib has a tendency to uncurve
itself in the narrowing phase.  Accordingly Baranix’s idea of the
inflexion of the midrib promoting the leaf closure should
now bhe abhandonced.

When Dronaca leaves shut and narrow, their midribs do not curve
upwards as in the case of Aldrovanda, for (1) the motile zones are
broad and do not hend so sharply as the latter’s, (2) the lobes and
the midribs are massive and are not so sharply delimited from each
other, and (3) the midribs themselves have a strong tendency to un-
curve, not being so yiclding as those of . Addrovanda leaves.

E. Mechanism of the Recovery Movements
a. Reopening

ach author’s interpretation of the mechanism of the recovery
moevement in /woraca naturally depends on his idea of the mechanism

3

of the closing movement. On the assumption that * the several layers
of cells forming the lower surface of the leaf are always in a state
of tension,” Darwin believes that “ the Tobes begin to separate or ex-
pand as soon as the contraction of the upper surface diminishes;”
Muxk took the rcopening mechanism to be the reverse of the shut-
ting mechanism, and hence due to an elongation of the upper surface
and a contraction of the lower surface.

However, since Baravnix proved that the lower surface clongates
when the leaf shuts but hardly contracts when it opens, every author has
epinasty ;7
and Gurrensere all do so. Browx’s measurement, demonstrating that

o ’

attributed the reopening movement to Bararix, Browx
the transverse enlargement of the under surface of the lobe is much
greater during the period of shutting and reopening than in normal
growth, is the most cogent evidence in support of the theory.

The present writer, too, endorses this view, with respect to both
Dionaca and Aldrovanda . the upper epidermis, which lost its semi-
permeability and turgor on excitation, recovers its normal permeability
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and accordingly the turgor. The wall undergoing appropriate alteration
(increase of plasticity, after HEvx), this epidermis grows chichy trans-
versely-——namely longitudinally with respect to each cell. The reopening
movement is very slow because it is caused by real growth.

The lower surface on the motile zone of the Adldrovanda leaf has
a simple curvature when the leaf is shut, but it becomes wavy (as
in IFg. 13) when the leaf has reopened wider than a certain degree.
Such an undulation of the lower epidermis is duc to the unbending of
the lobe, for by this, the noncontractile Tower cell walls are made a
little too long for the attained curvaturc.

The leaf does not open very widely, but stays in a half opened
stage, if it is older than No. IV or so, or if the temperature is lower
than about z35". A young leaf at a very high temperature opens fully.
These facts make one conjecture that a strong force is .needed to
unbend the lobe over a certain limit, against the bending moment of
the outer two layers.  The reopening velocity is also differentiated into
two speeds, fast from the shut stage to the half opened and very
slow from this phasce to the widely openced, as will be shown later.

bh.  Rebulging

As the walls of the lower epidermis are irreversibly stretched also
in the narrowed stage, the rebulging movement may he due to
a growth of the upper epidermis, in the same way as the re-
opening. If the distance between the enclosure-boundaries of the two
lobes of a leaf is measured when the leaf is just shut, and then when
it has rebulged after narrowing, the leaf proves to have grown a
lavger amount in width than would be expected from the normal rate
of growth in the width (cf. Fig. 35). This fact confirms the above
idea. In the rebulging phase, the turgor of the lower epidermal cells
which s raised at the narrowing, may have returned to the valuce
which is characteristic in the open and the shut stages.

The case of Dwnace may probably be analogous.  IHooker has
proved that the unbending of Droscra tentacles is also * caused by an
increase in the rate of growth on the concave side and in the median
section, accompanicd by compression of the convex side.”
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Process of the Leaf Movement

A. General Method
1. How to Register the Ileaf Movements

As the reaction of Aldrovandae leaves comprises both very quick
and slow movements, the method of recording them must be properly
selected for cach of them, or even for a portion of one. However,
any phase in the whole leaf movement can be registered by the change
in the distance between some two points, one on each of the pair of
lobes.

The opening of a leaf is represented in the most magnified form
by the distance between the margins of its lobes at the middle, and
this measurement will be used very often, being denoted the margin-
distance.  This distance is greatest when a leaf is open, and converges
to minimum when it shuts. Hence it is best suited for registering the
shutting and the rcopening movements, but it can never be used for
the study of the narrowing and rebulging movements. In these cases,
therefore, the distance between the enclosure-boundaries, fie bowndary-
distance, will be recorded.” To measure the margin- or the boundary-
distance, the apical view of leaves should be given. Hence a device
for getting desired views of leaves by using ball-and-socket joints (sce
p. 155) must be adopted before the recording is commenced.

2. Method of Stimulation

As application of seismonic stimuli to sensory hairs would often
cause some shifting of the position of the leaf, it is most convenient
for observations and autographic recordings to use electrical . stimu-
lation. In the experiments now to be described, single break shocks
from an induction coil of Du Bois-Reymonp’s type were chiefly used,
though a direct electric current was cemployed in one case. In all
the cases, the electrodes were a pair of aluminium plates, 3x 3
cm?®, dipped in the medium {(water) parallel to each other, with the
leaf to be stimulated midway between them. Czaja’s method of stimu-
lating with small-surfaced metal electrodes is not only inconvenient
for the present purpose, but is less preferable, as will be discussed

1) The margin-distance does not necessarily mean the distance between the poiuts which
lie at the very marging of the lobes and just in the middle, but may also include that be-
tween appropriate points selected for the purpose in the neighbourhood of the defined spots,
and similarly with the boundary-distance.
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in Part 1. \When large metal plates are used as the clectrodes, a
leaf can be put in as uniform an electric ficld as possible, though the
uniformity of the current would necessarily be disturbed by the leaf
itself.

Of innumerable orientations of a leaf relative to the direction
of the electric current, three characteristic ones are shown in Fig. 21
the direction of the current T
flow being indicated with |, \l/ W i/ J/

?

\1/

arrows.  Kven if cach of

the three leaves, A, B and

C, is rotated wwith an axis

parallel to the direction of

the current flow, the re-

lation of the leaf to t . b ¢
ation o o les o > - . - o .
atio ! ea i Fig. 21, Three characteristic positions of
clectric current  does  not the leaf relative to the stimulating electric carrent,

. ateral (), £4 3) ¢ itnding )
change. Therefore, A, B lateral (A), dorsal (B) and longitudinal (C)

and ¢ in IFig. 21, which may be designated as lateral, dorsal and
longitudinal respectively, are representative of three modes of orienting
the leaf to the clectric current.  ‘The threshold stimulus of a break
shock is found to he much higher when the leaf is in the longitudi-
nal position (), than when it is in the lateral -a) or the dorsal (1)
position.” In stimulating a leaf with clectricity, thercfore, the dirce-
tion of the current in counection with the leaf should be noticed.  [n
all of the following observations, the lateral position was adopted,
except in one case (p. 203) in which the dorsal one was used.

B. Quick Phase of the Shutting Movement

The shutting movement is very quick in the carliest period, though
is retarded afterwards. It was possible to record the process of that
quickest movement on rotating photographic film, free from artefacts.
Descriptions of the method and the results, and discussions on recorded
types of the movement follow.

a.  Apparatus

The diagrammatic plan of the apparatus is shown in g, za.
The whole is set up in a dark room. In a large box (B), is placed
a 100-C. b, Ediswan projection lamp () as a light source on one
side.  The wall of the box on the opposite side of this has a hole,

1) These facts will be discussed in greater detail in Part 11
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into which a horizontal microscope (M) is inscrted, the cobjective lens
being pointed towards the light source. Between the lamp and the
microscope is placed a glass case (¢) filled with water. Two metal
clectrodes are placed in this case, 7.5 cms. apart from each other.

M Ba |
) [
\ . L___Q«j
o ——
/ Mo =]
S
T |

Sh
Fig. 22. Diagrammmatic plan of the apparatus for recording the
quick phase of the shutting movement. IExplanation in text

Care is taken to prevent the light inside the box escape out, except
through the microscope (). The light coming through this micro-
scope is projected on a screen (sh), which has a slit (¢8), 6 cms. long
and about o.7 mm. wide. And as this slit stands vertically, the light
beam which is permitted to come through the slit marks a vertical
bright line on the drum of a myograph (D). A pen projects from
a tip of a tuning-fork (1) and makes a dark point on that bright line.

An argon light tube (a) is fixed upon the box (B), over the
microscope, the light from this tube being focused by a lens upon
the upper end of the slit. (As A overlaps M in the plan, it is drawn
to the side of its due position in Fig. 22). The argon tubc is con-
nected clectrically in parallel with the electrodes in the case ().
Hence, at the very moment when the stimulating circuit is closed by
a key (0, the tube is lighted without any loss of time,” because its
lighting is caused by a discharge in the gas, and the moment of
stimulation is cxactly impressed on the film which is wound round
the drum (D) to record the leaf movement.

. Method

A severed leaf-blade is transferred into the glass case (C), and is

1) Theoretically, the electrical capacity of the tube and of the electrodes in the case
(C), together with the inductance of the connecting wire, may delay the lighting of the tube.
However, this nced not be considered for the present, the lag being perhaps of the order of
10~ % secs.
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fixed in the position as scen in Fig, 22, i e. in the dorsal position.
The apical view of the Ieaf is projected on the screen (shy and the
images of the tips of the two lobes arc made to fall just upon the
slit ¢$). - The ocular lens of the microscope (M) being shaded, a sheet
of photographic film is wound round the drum (D). The tuning-
fork is sct vibrating, and the screen on the microscope being taken
off, the myograph is started revolving, followed by a closure of
the key (), a moment after. By means of the image on the screen,
the leaf is scen to have shut.  Measurement of the temperature of
the water in the glass case (©), and development of the photographic
film completes the procedure.

Llectricily wsed for stimulation.-—The battery (Ba) was of 110
volts. There being a resistance in series and the argon tube in paral-
lIel, the potential between the clectrodes for the stimulation was 96
volts, and hence the potential gradient was 1.3 volts per cm. The
current passed through was about 23 m.amperes at the instant of
the closure of the key, and as the arca of cach electrode was 15 sq.
cms., the mean current density was about 1.6 mA./cm®.

c. Record

By the method described above, the shutting movement of leaves
of various ages was recorded at various temperatures. Five of the
myograms are shown in Ihigs. 1—5, Pl. X. The record starts at the
left end of each print.  The two black lines, which are apart from cach
other at the left end of the print and come in contact or become
nearer to cach other at the right end, are impressed by the tips of
the two lobes of a leaf, the bristle-side lobe being put over the other.
The sine curve is the trace of the shadow of the pen point jutting
out from the tuning-fork, which vibrates s0 times a sccond.  The
parallel dark straight lines are impressed by bristles.  The argon tube
marks a bright band along the lower margin of cach of the prints,
Henece the left end of this band indicates the instant at which the
stimulating current was started, and in cach of the myograms this
instant is marked with an arrow. Near the left end of cach print,
a white line is drawn transversally to indicate the inclination of the
slit, the inclination at cach recording being impressed by over-cx-
posurc upon an cnd of the film. Hence all the points lying on any
one line parallel to that white line represent the same instant.
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i, ‘The latent stage

The normal process of the shutting movement is shown in Fig.
1, PL ~, which is a myogram made with a leaf of whorl No. [l at
30", The reaction of the bristle-side lobe begins at «, i. . about 0.0y
seconds after the stimulation, and the opposite lobe starts to move
almost at the same instant.  The latent period of the shutting move-
ment is largely conditoned by the temperature, the intensity of the
stimulus, and the age of the leaf, as will be explained in detail in
Jart 1L At a low temperature, for example, the latent period is
much prolonged, as is scen in IFig. 3, PL X, which was printed with
a leaf from No. VI at 10’. But, however greatly the latent period
itself may be altered, the two lobes of a leaf start to move almost at
the same time, notwithstanding that each lobe has its own motile zone.
Thus, it can be concluded that the two lobes of a leaf show the
same reaction time when they receive o stimulus of the same in-
tensity, under conditions common to both. And this may also mean
that the two lobes of a lcaf have always the same irvitability.

An electric current stimulates both lobes of a leaf at the same
instant.  In order to stimulate a single lobe only, a tactile stimulus
was applied to sensory hairs of a lobe with a micromanipulator. But
no reaction lag of the unstimulated opposite lobe could be perceived
by mere ohbservation.  Excitation must therefore be conducted from one
lobe to the opposite one very quickly, as in the casc of Dwonaca.

ii. The quick phase

After the latent period is over, the lobes move very quickly, and
pass through about four fifths of the shutting course within about
one fifticth of a sccond, in the case of IFig. 1. In this case the shut-
ting velocity measured at the margin of the free-side lobe is about
g.4 cm./scc. at the quickest instant of the shutting movement.  But
at b, the movement is retarded. The period a-b may be designated
the quick phase of the shutting movement and the one following it
the slote plase. Most of the curves pass very smoothly from the
latent stage to the quick phase, and from this to the slow phase, as
is seen in Fig. 2 or 3, PL x, the former being printed from a leaf
from whorl No. 1L at 27°. These curves, however, will show a similar
form to that in [Fig. 1, if they are condensed in length.  The maximal
velocity of the lobe margin is 8.3 and 1.6 cm./sec. in the cases of
[Figs. 2 and 3 respectively.  The quickest record the writer has meas-
ured is 16.1 cm./scc.
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The two lobes of a leaf shew a slight difference in the progress
of the quick phase ; not only does the free-side lobe wavel a longer way
than the opposite lobe, as can be seen hy comparing Text-fie, 5 B
with A, but also the movement goes on in a different time relation.
In g, 2, PL x. for example, the bristle-side lobe is moving a little
more quickly than the other one at one instant, and at another instant
this relation is reversed.  Roughly speaking, however, the movement
of the two lobes proceeds rather symmetrically.

As the movement passes gradually from the quick to the slow
phase, it becomes more difficult to determine the duration of the quick
phase than that of the latent period. Nevertheless, rough estimation
shows that the duration of the quick phasce is short at high tempera-
tures, and long at low temperatures—about 1/100 sec. at 35°. 1/100
to 1/50 sec. at 25, 1/50 to 1/20 sec. at 177, and 1/50 to 1/5 see. or
still longer at 10",

The shutting movement must be retarded by water, because the
fobes have to move against the friction of it, pressing out a certain
amount of the water which is present between them while the Teaf
is open.  If an clectrical stimulus is applied to a single isolated leaf
Hoating freely in the water, it moves suddenly backwards, as it shuts
and presses out the water to its front.

iii.  PPausc inn the quick phase

Usually one out of three myograms shows that the quick shutting
movement pausecs temporarily on its way, as is shown in Ifgs. 4 and
3, PL x. The former was recorded with a leaf of No. Il at 277, and
the latter with one from No. [ at 27" In Fig. 4. the movement
which started at @ pauses at ¢ an instant, starting again with greater’
velocity than ever.  In [Kig. 5, the movement stops at ¢ and does not
start again till ¢'.

As these myograms show only the movement of the margins of
the lobes, such two-stepped curves would be produced if the pliant
one-layered regions were to swing once while they are shutting, even
if the movement of the motile zones were continuous and one-phased.
BBut observations of the movement under the microscope prove that
this is not the case; the one-layered regions do not swing, and yield
little to the water pressure,” and hence the two-stepped curves of

1) The oue-layered vegion has due rigidity owing to its convexity and to the infolded

rim {p. 133L
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the myograms represent a type of shutting movement which pauses
on its way. Perhaps Fexner may have observed this type of shutting
movement when he stated (p. 374) that the leaf movement is not
continuous, but * sich zitternd und ruckweise vollzieht.”

The pause in the shutting movement may perhaps be due to some
resistance of the cell walls that have to be stretched when the Iobes
shut. So far as the writer’s observations go, this phenomenon takes
place at various temperatures, but not at high ones; in leaves of vari-
ous ages, though most frequently in very young or old ones; and
after electrical as well as mechanical stimuli, provided they arc very
weak.

If the mechanical structure of the stalk which connects the leaf-
blade to the petiole is weak, the leaf-blade yields to the reaction of
the water which is forced out by the lobes. The undulation of the
curves at the beginning of the slow phase as seen in Fig. 4, PL x,
may be due to swaying causced in such a way.

C. Slow Phase of the Shutting Movement

After the quick phase every shutting leaf passes into the slow
phase before the margins of its lobes come in contact, the movement
going on more slowly than ever. In cach of the myograms, Figs.
1~5, Pl X, only an early portion of this phasc is shown, from & on
to the right end of the print.

As the movement in this phasc is too slow to be recorded with

i a myograph, cinematography was adopted,
3 “T with average exposures of 22,2 a second.
The margin-distance plotted with respect to
every frame of film is shown graphically in

Fig. 23, The movement is rather quick at

[N
T

the beginning of this phase, but becomes
very slow after about half a second.

As this slow movement continues further
for some minutes, its velocity cver decreas-

-
i

Margin-distance in mms.

ing, the change in the margin-distance was

&__\__ obscerved under the microscope, with an ocu-

! ; I lar micrometer.  Fig. 24 A is a record thus

Time in seconds obtained, with a leaf of No. V stimulated with
Jig. 23, The shutting move- ~ o s e
ment represented by the mar- @ break shock, the coil distance being 8 cms,
gin-distance. The arrow indi-
cates the instant of stimulation.
At X, the margins of the in- only the lower part of the graph is shown,
folded rims of the lobes touch |
cach other. the open stage and most of the quick phase

As the scale of the ordinate is magnified,
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5 heing omitted. The first point in
] h the hgure represents the tenth second
o after the stimulation.
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¥ig. 24 A. The slow phase of the 2 1
shutting movement of a Jeaf [rom No. 8\‘1 r
V, stimulated by a weak shock (8 cms.) 3
at 25°.  The open stage and most of ; "
the quick phase is omitted. X : the -
loosely-shut stage 2 T L . ! L

B. The shutting force exerted by a = 0 1o 20 32 40
leaf from the same whorl, in the same Time in minutes
conditions as A. In the abscissa, the . . .

11l g i\ B P . ARTS fe

distance Dbetween the silica rods of a Fig. 25 A-B. Just analogous to Fig. 24

A and B, only the age of the leaf differs,
i.e. No. O. X: the loosely-shut stage. Up-
ward curves mean reopening (in A) and de-
crease of the force (in B).

dynamometer is taken upwards and hence
the sum of the forces exerted by the
two lobes is taken downwards.

The movement is comparatively quick within the first one minute,
hut after that becomes so slow as to The

Some leaves stop moving in

be hardly distinguishable.
leaf is then in the looscly-shut stage.
this stage, while others do not, as in the case of IFig. 24 A, moving

quite a little more. Thus receiving the same stimulus, some leaves

reach the looscly-shut stage, some others the closely-shut, while others

reach some intermediate stages between the two.  The cause of such

differences will be shown later.  Also, the shutting rcaction may be
said to be subject to the all-or-nothing principle, if the closeness of
the shutting is neglected.

A case of the slow phase is shown more precisely in Ifg. 23 a,
which was obtained with a very voung leaf (No. O) of the same in-
dividual as used for Ifg. 24,
slow phase takes fiftecen minutes, while a mature leaf completes it

stimulated in the same manner.  [ts
within a minute or so, which shows that the movement in the slow
phase is not uniform in its velocity.

The ahsolute value of the margin-distance must vary with the
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size of the leaf and the points with which the - measurement is made.
But Figs. 24 a4 and 235 A& may be compared with cach other, though
without legitimate accuracy, if the values of the margin-distances in
the looselv-shut stage are assumed to correspond. It the two graphs
are compared with cach other in such a way, the following is under-
stood @ The quick phase of the former ceases long before the lobe
margins touch cach other.  (Note the position of the mark x.) It
takes only 22 minutes for the former to reopen, but much longer for
the latter.

Though many voung leaves behave somewhat alike, such slow-
ness of the movement as in Mg, 25 A, is a rare case.  In general,
the leaves of No. Il and seme of No. I shut closer in the first
moment, finish the rather auick movement within 4 minutes, and then
the indistinguishably slow movement continues for several minutes.
They begin to reopen 23 to 30 minutes after the stimulation if the
coil distance for the stimulating shock is 8 cms,

D. Progress of the Working Mechanism

In the above, the whole process of the shutting movement is
clucidated.  However, the force that is acting cannot be analysed from
that alone, for various forms of mechanical resistance must come into
play in the movement. In order to And out about. the original force
exerted, and at the same time the intervening resistance, the writer
measurcd the force exerted by the leaf when it strives to shut, the
changes in that force with dme being followed.

a.  Apparatus and Method

The apparatus is a simple one, as shown in Idg. 260 Two fine
silica rods ¢, 8, ca. 0.2 mm. in diameter, are inserted into a glass tube
(& and fixed there with sealing wax (hatched), parallel to and at a
suitable distance from cach other, their free ends being out of the
glass tube.  Ink marks arc put ncar the tips of the rods, one on cach,
the distance between which (d) is that to be measured. The glass
tube is fixed upon an arm of a micromanipulator, a sct of ball-
and-socket joints holding the leaf to be experimented on being fixed
upon the other arm of it, and the two placed together in water in a
petri-dish.  The silica rods and the leaf are set in the position shown
in the figure, so that the middle part of cach margin will touch one
of the silica rods when it reacts to a stimulus, Thus the Iohes will
push the silica rods nearer together when they strive to shut.



Studies on the Leaf Movement of Aldrovanda vesiculosa L. 211

The distance between the spots marked on the silica rods s
measured before and after the leaf is stimulated.  And as the con-
nection between strain and stress in cach of the silica rods s previ-

ously calibrated with a torsion balance. it is possible to deduce from

/ \ \
/ A
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do deesk F<
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Fig. 27. TIixplanation in text
Fig. 26, A diagram of the silica-

dynamometer with a leaf in its proper

position,  lxplanation in text

the distance hetween the rods the strength of the force exerted by
two lobes of the leaf at every instant.  Such a set of silica rods for
measuring the force of reacting leaves will be called, for the present,
the silica dynanmomectoer. .

Notwithstanding that cvery portion of the motile zones is engaged
in the bending of the lobes, only the marginal points of the lobes at
the middle are resisted by the silica rods.  Hence the portions of the
lobes beside the middle are drawn nearver to cach other.  The lobes
are greatly deformed and a complicated relation of strain and stress
must exist in them.  But as the acting force of the leaf is as a whole
in equilibrium with the clastic force of the silica rods, the leaf can be
regarded as a rigid bhody in this state. '

Therefore, the entire force produced by the leaf at every moment
is expressed by the silica dynamometer.  IFig. 27 represents the cross
section of a leaf lobe pressing against a silica rod ¢s). et the motile
zone of this lobe be MX, its width being » and let this lobe touch s
at a point A, and the distance ax be A, If the magnitude of the
forece produced by ax be /£ the leaf is pressing against § with a
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moment of force /7. Now if § be reacting to the leaf with a force 77
which is perpendicular to s itself and makes an angle € with A,
the leaf is receiving a moment of force X-/sin 6.

Therefore the relation Sr=FRsind holds for one lobe, and
Sl = [ Rsin 0, for the opposite lobe of the leaf.

(74 77) can be measured with the silica dynamometer, and assum-
ing that r=s/, R=R and 0=0, (f+/) can be calculated. DBut
as those three constants are only roughly measurable, the reacting
forces of leaves will be given in the form (/74 /') in the following,
and not converted into  (/+/7).

Thus, by observing the changes in the distance between the silica
rods, the process of the entire force exerted by the leaf
to move the lobes can be directly measured, the effects of
hindrances, normal or accidental, to the leaf movement heing rejected.

b, Result
1. Old Leazes

IFig. 24 B represents the process of the reacting force of a leaf
measurcd by the above-mentioned method.  The leaf used helongs
to the same whorl of the same individual as that used for I¥g. 24 a,
stimulated in the same way. HMence this figure may serve to give
information about how the force works when the leaf is moving in
the slow phase.

The free Iength of the silica rods of the dynamometer used was
1smms. The distance ‘between the marks on the rods was 1.2 mm.
when unacted on by external forces, and became 1.0 mm. when each
was acted on by a force of 235 mgms.

Fig. 24 B shows that the leaf exerts a force of about 46.5 mgms.
at the first instant of the reaction. After remaining constant for a
minute or two, the force increases gradually, until it amounts to a
little more than 49.3 mgms. The process of the exertion of the force
forms a striking contrast with that of the movement, for the move-
ment proceeds .conspicuously farther in the interval between the 1oth
second and the 1st minute (cf. TFig. 24 a); but afterwards, both the
movement and the force show a slight and gradual progress.

2. forms of Resistance to the ddovemcnt

As the movement does not proceed parallel with the force causing
it, some factors must be impeding it. The various obstacles which
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the lobes have to contend with in their movement will be mentioned
here.

(A) Water.

1) One form of water resistance is that due to the rotatory
motion of cach lobe —chiefly the form resistance (cf. Kavurmany, p.
218).  This comes into question only when the velocity of the move-
ment is very great.

2) Another form is that which comes into play when the water
is pressed out through the opening between the lobe margins—the
frictional resistance.  This grows very large when the leaf is on the
point of being quite closed, as the friction near the houndary layer
rapidly increases (cf. Kavrmaxy, p. 210 ff.).

(B) Resistance by parts of the leaf.

3) Elasticity of the marginal fold: The form of the marginal
fold of an open leaf is shown in Fig. 8 A. It becomes B, C or some
intermediate form between them, when the leaf shuts. In general,
old leaves show the loosely-shut stage (B) and young ones the closcly-
shut stage (€. This is represented also in ISig. 24 A and I¥g. 235 A,
for the movement after the looscly-shut stage (marked x ) is continued
further in the latter than in the former case.  Such a difference with
the age of the leaf is conditioned hy the clasticity of the marginal
fold, for the force acting to make the leaf shut is weaker in a young
leaf than in an old one, the cell walls of young leaves being more
yielding than old ones. The elasticity of the marginal fold varies with
individual plants, and perhaps from leaf to leaf in a whorl, the form
of the shut leaf being conditioned greatly by that character. It can
thus be understood that the marginal fold resists the movemgent after
the margins of the lobes are in touch with cach other.

4) TFirmness of the lobe: If a marginal portion of a lobe is cut
off, that leaf shuts, when stimulated, so far as to make the cut end
of the lobe touch the opposite lobe.  This shows that the shut stage
is only an inhibition of the shutting movement, in which the lobes
meet together. TEach lobe must withstand the pressure of the opposite
Tobe which does not yield.  And such firmness of the one-laycred
region is supplied chiefly by its convex curvature, as already - stated
(p. 153). This firmness of the lobo is the last and an unsurmountable
ohstacle to the shwuttirg movement.  When, however, the bending force
of the lobes hecomes so strong as to overcome it, the movement enters
the next stage, the narrowing.  The last mentioned resistance (3) is an
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expression of the present one, but as it directly conditions the form
of the shut stage, it is put in a separate’ category.

In the apical view, the rim of an open leaf is not straight but
slightly convex near the midrib (Fig. 5 a).  Hence for the margins of
the Iobes wholly to meer cach other, they must become -flat,  Such
a deformation, as well as the upward curving of the midrib, needs
little energy, and will play no coffective role in impeding the movement.

3. Relalion among the Aolrle Alechanisin,
the Resistance and the Movenent

It an open leaf is stimulated, the turgidity of the inner epidermis
vanishes suddenly, setting free the force of the other two layoers which
causes them to bend inwards.  Iach lobe strives to hend itself with
an average force of ahout 23 mgms. (in the case of Fig. 23 B). Dut
the 1st and 2nd forms of resistance (cf. p. 213) do not permit the
shutting to be accomplished in an instant. The movement is rather
quick at first—the quick phase, but it is much retarded when the
margins of the lobes are drawn necar and the 2nd form of resistance
grows large —commencement of the slow phase.  The 1st form of
resistance bhecomes negligibly small when the movement is  greatly
retarded.  And after the margins of the infolded zones have touched
cach other (x in Fig. 23), the 3rd form of resistance begins to act,
the z2nd growing grcater than cever.  The movement is held up
temporarily  minute afier the beginning of the quick phase (% in
Pig. 24 a), the force of 30 mgms. and the 3rd and gth forms of
resistarce being cquilibrated. This is the looscly-shut stage, and the
movement up to this stage has been advanced by no other force than
that exerted at the first instant of the quick phase.  Hence that phasce,
an carly part of the slow phase, may be called #2e residual geuck
phase. The outer epidermis (and the middle layer) in the motile zone
of an open leaf has a suctdon force .Sz conditioned by the formula,

Se=Sr—=(A+T17) (cf. p. 170).

The pressure in the inner epidermis, [, vanishes when the latent
period is over.  But as it is replaced by the resistance of water which
impedes the movement, that factor is not nullified in an instant, but
decrcases gradually, to become minimum when the leaf is loosely-shut.
Then S5 is maximum, and the two layers of cells suck water in, thus
strengthening the shutting foree again,  And this gradual increase of
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the force effects the slow sccondary shutting movement following the
residual quick phase.  The phase may be called e sloto pliase propert

The progress of the force as measured by a silica dynamometoer
must be somewhat different from the normal, for the lohes do not
bend to o normal extent when the dynamometer is used.  In this casce,
a fraction of A is replaced by the elastic force of the silica rods, the
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maximal increase of .S, being hindered.  However, the result obtained
with the dynamometer may not deviate so much from the normal
case as to prevent the presumption that the force follows its normal
course; for, as cach lobe is supported by a silica rod at a single
point, the portions of the lobe on both sides of that part bend o an
extent only a little less than in the normal case, and the forces ex-

1) This phase is discriminated from the narrowing phase (see later) by the constancy
of .S;, Sy being increased only by disappearance of ~f.  In the narrowing phase, however,
; increases much (cf. p. 193).

2)  As to resistance in the narrowing movement, see Fig. 32.

el
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cerred by these poi‘tions secondarily owing to a decrease of 4 and the
suction of water, are applied to the silica rod.

The movement in the slow phase proper continues for several
minutes, striving against the 2nd and the 3rd forms of resistance, and
ends when the sccondarily increased force of 49.3 mgms. comes into
cquilibrium with the 3rd and 4th forms of resistance. Pressure by
the opposite lobe (1) takes the place of A in the suction force equa-
tion of the outer two layers, which, therefore, suck in water until the
equation Se=.S7— (A +117) is fulfilled. The equilibrium will he main-
tained until the shutting force is reduced by the reopening mechanism
(namely by an increasc of A), or increased by the narrowing mechanism
(namely by an increase of .S%).

Though the magnitude of the force and the velocity relation
of the phases vary with the leaf, they can be represented by Figs.
24 A and 24 B.  And the above-mentioned connection between  the
motile mechanism, the various forms of resistance, and the resulting
movement holds in general, and can be summarized as in Table 2.

4. Young Leaves

g, 25 B was obtained with a lcaf helonging to the same whorl
as the one used for Fig. 25 A, and hence represents the course  of
the shutting force in very young leaves. The leaf exerts a shutting
force of about 35 mgms. at the instant of the quick movement, and
about 41 mgms. at the maximum. The force is apparently weaker
than in the case of the old leaf., Young leaves have much narrower
three-layered regions than old ones, the immaturity being much pro-
nounced in the motile zone, notwithstanding that the one-layered
regions have ncearly the maximal arca already. Thoerefore, the moment
of the force exerted upon the marging of the lobes; i, e. upon the
silica dynamometer, is naturally smaller. The weakness of the shut-
ting force, however, may be chiefly due to some immaturity of the
motile mechanism itself.

As the shutting force is weaker, the young leaf enters the residual
quick phasce when the opening is still wider than in the case of the
old leaf, as is scen in g, 25 A, and the slow phase proper begins
while the movement is still proceeding in the foregoing phase, as the
suction of water by the outer two layers reveals its effect during this
phase.  The resistance by the marginal fold is very small in the young
leaf, for the membranes are still very flexible. Flence the very
closely shut stage can he casily reached in young lecaves
in spite of their weak shutting force.
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Ig. 25 is a case of an extremely young leaf, as was noticed
before, and hence most young leaves react in some ways intermediate
between those shown in IFigs. 24 and 25.

Young leaves begin to reopen very soon, and the measurements
show that a decrease of shutting force occurs parallel with this (cf.
IFigs., 25 A and 25 8). The rcopening begins sooner in IFig. 235 B
than in 25 A. This may perhaps be owing to an elastic force in the
silica rods helping the growth of the inner epidermis.  An analogous
example was observed by Bose (p. 50) with A/7mosa, the pulvinus of
which recovers from the reaction when helped by an external force.

5. Age of the Leaf and the Shutting Force

The shutting force varies with the age of the leaf, as may be
understood by comparing Ifigs. 24 B and 25 8. Table 3 gives the
mean shutting force of cevery two leaves with respect to whorls of
one and the same individual, measured 1 minute after the stimulation.
Each pair of leaves showed quite similar values. The stimulus was
a single break shock, the coil distance being 8 cms., not much over
the threshold intensity.

Table 3

Whorl No. i VI VII VI \% v 111 1T 1 (6]

36.5 51.0 54.3 456 478 45.0 39.8 387 218

The shutting force becomes stronger as the leaf grows
older, the leaves of No. IV, V' and VI having roughly the same
value.  But very old leaves exert a weaker force, e. g. No. IX and
such lcaves often do not shut even if the silica dynamometer is taken
away after the measurement. This may be due to a decrease in the
extensibility of the outer cell walls.

6. Marg-Liislance and the Shatling Force

The lobes can move little if the distance between the silica rods
of the dynamometer is large, while they shut half-way or cven more,
if that distance is small.  In the former case the dynamometer in-
dicates the shutting force of the leaf in a widely open state, while
in the latter case, it shows that in a half open state or so.  Measure-
ments made in such two cases are given in Table 4, the force being
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determined 1 minute after stimulation.  The distance between the
points on the outside of the silica rods is 2.27 mm. in the large

dynamometer, and 1.2 mm. in the small one, when they arc unacted

Table g

Whor! No. X OIX VI VIT VI vV IV Qi 11 1 Sum Ratio
Large 3 -
oy dy::f*:; 55 70 67 76 78 67 jo 61 358 32634 100

in mgms.

Small . B Y. - -
d;};:‘m' 47 43 54 47 54 45 4

e
[}
9%}
=2
[
(M
S
)
~3

6.y

.

ot by any forces. They diminish to 2.11 mm. and 1.0 mm. respect-
ively when a force of 25 mgms. is applicd to cach of the rods to
bend it inwards. The result with the latter dynamometer is naturally
smaller than with the former, for the turgor of the outer two layers
must be lessened when the lobe is considerably bent as in this case.
Though the dynamometer gives (74 /%), and not (f +/7), the difference
in the results with the two dynamometers shows that (/+/7) varies
to a corresponding extent, for sin  changes only about 3% while A
hardly varies, in the equation,

(f+/)r=R-sin 0 (/+ F"). (cf. p. 212)
IFigs. 24 B and 23 8 and Table 3 were obtained with the smaller
dynamometer.  When the large one is uscd, the secondary increasc

in the exertion of force is scarcely recognized, as the outer two layers

A N ¢ D suck in less water.  The type

scen in IGg. 28 A is common

O
T

in such a case, and also there
are some similar to IFig., 28

or 28 cC. When the small

Force in mgms.

dynamometer is used, the types
of Iig. 28 B or 28 ¢ are also

[T R RS N seen, as well as those of Tig.
0o 3 0 §5 0 § O § 10
Time in minutes

Fig. 28 A, B, C: types of the esertion ondary increase of force is
of force in the, shutting process measured
with the large dynamometer; B, C, D:
those with the small one, B & C being com- (:hzmgmg‘ the type of Fig. 28 ¢
mon to both of the cases

24 B and 235 B, though the sec-
recognized in most cases, thus

in that of IYg. 28 D.
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= Temperature and the Shdlong Force

When o leaf left at 10° for a foew hours is stimulated, it will
shut slowly after a long reaction time, as is recorded in Iig. 3, PL
x. The movement stops when the lobe margins just touch cach other,
“and sometimes even hefore that.

These facts are clearly explained by dynamometer measurements,
for the force exerted is very weak at low temperatures ; there was even
a case in which a leaf of No. Il exerted a force of only 12 mgms.
upon the small dynamometer at 10”.  Such weakness may be due to
incomplete change of permeability and turgidity in the inner epidermis.
The shutting movement is greatly retarded at low temperatures, as a
weak force cannot casily overcome the 1st and z2nd forms of resist-
ance, and it is stopped by even a slight action of the 3rd and 4th
forms.

R Lutewsitv of the Stimidus and e Shutting lorce

All the experiments given above are on the reaction of a leal
to a stimulus hardly over the threshold value, the coil distance of a
Du Bois-Reymonp coil being 8—g cms. I strong stimuli, say coil
distance=o0 cm., are applicd, many more leaves reach the closely-shut
stage than when the weak stimuli are used, though some leaves ex-
ceptionally stop in the looscly-shut stage, showing no difference from
those in the latter case.  Such a difference in the ultimate shut stage
is caused by a difference in the strength of the shutting force.

Leaves of various ages, from No. O to No. VI, were stimulated
with break shocks, the coil distance being o em. in one case, and 8
cms. in the other, and their shutting force was measured with the
‘];u'gu or the small dynamometer, at 1+ minute after the stimulation.
The mean strength of the force with three individuals s shown in
Table 3.

Within the limit of Table 3
the intensity of stimulus

L7 in mgms,
used, the stronger the

Coil dist. N ]
stimulus, thestroneer Large dynam. Small dynam.
was the shutting force o cn. 64.7 19.0
of a leaf, no matter 8 cms. 61.0 ; 46.7

which  of the dynamo-
meters was used. There may be leaves the marginal folds of which
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are resistant enough to shutting forces called forth by weak stimuli, but
‘not to those of strong stimuli, Such leaves may come to the looscly-
shut stage if stimulated weakly, and reach the closely-shut stage if
stimulated strongly.  Difference in the shutting forces caused by
strong and weak stimuli may perhaps be due to the degree to which
turgor is lost in the inner epidermal cells.

The progress of the movement and its mechanism with swong
stimuli, will be shown in the following scction.

E. Narrowing Movement
1. Process of the Movement

It has been stated above that a leaf which is excited by a strong
stimulus passes through the same course in shutting as one weakly
stimulated, except that it is inclined to shut more closely. The stronger
the initial stimulus, the longer is the commencement of the reopening
delayed ; and when this exceeds a certain intensity, the leaf narrows
instead of reopening.  The stronger the stimulus, the earlier the narrow-

ing movement begins.

IFig. 29 A represents

the change in the bound-

20l ary-distance of a leaf of

. No. I at 23°, stimulated
?E; by a break shock, coil
; . distance ocm. The open
g IS5 leaf, which is st imulated
; at «, shuts and finishes
2 the residual quick phase
TEE Lo at 6. This is a more
é closely-shut state than in
the case of weak stimuli.

The slow phase proper

o5 ends 1o mins. after the

l ‘ | , t stimulation (¢) and no

o 1 2 further movement is per-

Ti in hours . :
fme i hours ceived. Between  the
Fig. 29 A. A representative narrowing process; p . .
a: the open stage, the stimulus being given at the 26th and the 28th min.

arrow ; b: tl]]e log)se!y-slmt stage; ¢: the closely- (L"), however, the nar-
shut stage; ¢’z beginning of the narrowing movement; . A ‘
d: eversion at the margin of the free-side lobe; rowing of the boundary-

. arrowed i . .
ei the narrowed stage distance hegins, the lobe

margins being more tightly pressed together than in the casc of
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I9g. 8 ¢. Then the movement is stopped temporarily and starts
again at &, the free-side lobe being bent along its margin and coming
into a state like that in TfHg. 8 . The movement is accelerated

[T
[e]
i

Torce in mgms.

100

"A\._\_/_\/

]l . i :
[e} 1 pesd 3

Time in hours
Fig. 29 B. A representative process of the exertion of force in
the narrowing phase

for a time as soon as the free-side lobe is bent, and then it goes
on rather uniformly, though not quite cvenly. The bending of the
free-side lobe is gradually shifted towards the enclosure-boundary, as
the boundary-distance narrows, and the portion where the recurving
has passed on is left lying closely upon the opposite lobe.  The
movement becomes inconspicuous at ¢, though the leaf is found' to
be a little more narrowed a few hours later. At ¢, the leaf is in
the narrowed stage as scen in Fig. 5 D, the free-side lobe being
bhent as in g, o, and the onc-layvered regions of the two lobes lic
upon cach other as in Ihg. 8 .

In the course of the narrowing movement, the enclosure-boundary
of the free-side lobe is hidden behind the one-layvered region in the
apical view.  Ilence while observing an carly portion of the narrowing
movement, one should sclect another point as the mark, say o two-
armed hair on the densely-glanded zone of that lobe, in order to make
use of it after the cenclosure-boundary is hidden.  The distance meas-
ured with the newly adopted mark can be casily  transformed by
calculation into the boundary-distance, if both are measured in parallel
while the latter is still measurable.

Fig. 29 A represents the change in the boundary-distance, and
hence the sum of the movement which cach of the Iobes displays.
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It was, however, proved (by THg. 11) that the free-side lobe bends
more than the opposite onec.

It must be noted that an apparent pause eXists between the shut-
ting and the narrowing movement (Fig. 2g A, c—¢/), though the
relation of the duration of such a pause to the velocity of the narrowing
movement following it is not determined.  For example, the leaf used
in Ifig. 35 showed a quicker narrowing movement (duration ca. 30
mins.) after a longer pause (ca. 30 mins.), while another Ieaf of the
same whorl showed a still slower movement (ca. 100 mins.) after
a pause of the same order, under the same conditions.  Such
relations are complicated by many factors which will be discussed
later. In general, however, the following tendencies are noticed : the
stronger the stimulus, the shorter is the pause before the narrowing,
and also the greater is the narrowing velocity ; among the leaves of
Nos. II—V, the younger the leaf, the more quickly the movement
proceeds ; the lower the temperature, the greater is the duration of
cvery phase.  These tendencies cannot be shown here numerically, as
individual deviations are so large.  lLeaves show varied types of the
narrowing process if observed in various conditions, but the critical
phases arc all represented in Fig. 29 AL

2. Haler i the Leaf Cawity

The volume of the cavity enclosed by the lobes is smaller when
the leaf is narrowed than when it is shut.  Therefore, some of the
water in that cavity must be préssed out during the narrowing move-
ment.  In order to find out how water Hlows out, a concentrated
solution of neutral red was enclosed in the cavity of a shut leaf, and
this leaf being made to narrow with a strong stimulus in pure water,
the way in which the dyve solution flowed out was obscrved.

At the beginning of the narrowing movement, the red soladon
gets out from the whole margin, but the path is gradually restricted
after the free-side lobe margin is everted.  When the water surrounding
the leaf circulates slowly, the pressed out dye solution is constantly
taken away by the stream.  ence the marginal parts where the dye
solution is stopped are seen clearly contrasted with the remaining
parts, where the dye solution is still coming out continuously.

While the bend of the recurving free-side Iobe is passing over
the zone of four-armed hairs, the leaf is prevented from scaling itself
closely, so that the water can get out in a wide range.  But after the
hairless zones have come in close contact with cach other, the water
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inside can flow out through only one outlet or two, a red line or two
being noticed at the margin of the leaf.” If such a red line is
observed with the microscope, small particles suspended in the outer
medium are scen repelled vigorously at the outlet, which indicates
that the coloured water is flowing out of the leaf cavity with some
-apidity, and also suggests that the pressure in that cavity is raised
considerably.

In Utricularwe Hladders the water is believed to be pumped out
through living cells (cf. Kruck 31, or LLoyp ’31). But such is out
of question in the case of dldrovanda, for the water can flow far
more casily between the lobes than through living cells.

3. Lrocess of the Narrowing [Force

While a leaf stmulated with an 8 em. break shock reopens from
the shut stage, one to which a o em. break shock is given narrows
further. The shutting force measured 1 min. aftert the stimulation is
stronger in the latter case than in the former (Table 5, p. 219). A
representative result of dynamometer measurements when leaves are
stimulated by a -0 cm. break shock is given in Fig. 29 B. The leaf
used helongs to the same whorl as that used in Fig. 29 a. The
conditions arc also the same, except that a dynamometer is inserted.
The dynamometer was the large one used before.

After the maximal shutting force is produced, the force is weak-
ened a little, and varying irregularly for 30 mins., it begins to increase
steadily. If Fig. 29 B is compared with 29 A, this steady increase of
force is understood to he the cause of the narrowing movement.  And
the pause in the movement before the narrowing begins
is proved not to be duce to external hindrance, but to
latency of the narrowing mechanism itself.  The separation
of the forces in two steps as illustrated here, suggests that the nar-
rowing movement may be caused by a different mechanism
from the shutting movement.

The process of the exertion of force in the interval between the
shutting and the narrowing differs according to the leaf, hut is not
much differed from that shown in Fig. 29 8. In many leaves the
decrease of force after the maximal shutting occurs later than in the
present example.  The variation of the force in this period is much

1) The site of the oudlow is not definite; it scems thercfore to be determined by
mechanical conditions that parts of the onc-layered region may happen o be in.
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more pronounced when a strong stimulus is applied (Iig. 29 B), tlmn
when a weak stimulus is given (Figs. 24 B, 25 B, and 28).

The force continues increasing with the narrowing, then it de-
creases a little, and afterwards increases to the maximum. The
maximal strength of the force differs with different leaves, but gen-
crally docs not deviate much from 130 mgms. In IFig. 29 B, the in-
crease of force looks as if it were uniform because the points were
taken gencrally every 2 minutes.  But continuous microscopical obser-
vation proves that the force increases little in one small interval, and
very much in another. This may perhaps be due to irregular action
of the mechanism. '

While the narrowing movement stops temporarily some minutes
after starting (¢/ —d in Lig. 20 a), there is no hesitation in the in-
crease of feree corresponding to that.  Thercfore, it is obvious that
the unevenness of the movement in that phase is con-
ditioned not by the causative mechanism, but by external
hindrances. :

.o Lloninadion of the Resestance due lo
DPressing Out of the Haler

The narrowing movement must necessarily be accompanied, and

hence hindered, by

N
e
!

the pressing out of
water through the
shutting up of the

N

B

©
o
I

lobes, as explained
above. If a pore
is made by a nec-

-
wt
1
o
o

a dle in  the one-
layered region of
the bristle-side

]
T

lobe this resistance

Boundary-distance in mus.

will be nullified,
_ 5 - and the water in

o5 N the lobe  cavity
{ ! i 1 ! allowed  to flow
0 1 2
Time in hours .
Ifig. 30 A, The narrowing movement of a leaf, the bristle- only the coffect of
side lobe of which is hored as shown in B. a, b, ¢, d and
¢ as in Fig. 28 A, Below XX, the porc in the lobe no  the other resist-
longer serves as the direet outlel for water from the leaf
cavity ance, namely that

out frecly. Tence
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of eversion of the free-side lobe will he manifested in the process of
the movement, for (1) the irritability of a leaf is not altered by a wound
in its onc-layered regions, quite unlike the case of the three-layered
regions, and (2) boring the hristle-side lobe has naturally nothing to
do with the physical character of the opposite lobe which dlone is
ceverted when the narrowing takes place.  Fig, 30 4 shows the process
of the narrowing movement of a leaf, on the bristle-side Iobe of which
a pore has been made as shown in b [t is interesting to compare
IFigs. 29 A, B and 30 A with cach other, for the first represents the
case in which the movement is affected by the two forms of resistance,
the pressing out of water and the cverting of the lobe, the sccond,
by neither of them, and the third, by the latter form only, the ex-
ternal conditions being the same in all cases,

The narrowing movement does not occur until the zoth minute
after the stimulation, just as in the case of the normal unbored leaves,
in spite of the fact that the resistance due to the outHow is nullified
in the present case. A\ leaf, therefore, is kept in the shut stage only
by the resistance of lobes, withstanding a shutting force of about z0
mgms. The resistance due to water is proved to have nothing
to do with the maintenance of the shut stage.

The narrowing movement is retarded soon after its starting, Just
as in the normal unbored case.  Here, it is proved again that the
pausein the movement in the carly stage of the narrowing
movemaent is duce to difficulty in everting the free-side
lohe margin, and not to the resistance of water at all. As the
resistance of the lobes does not depend upon the velocity of the
movement, the delay of the movement indicates insufficient strength of
the force.  Hence the duration of that temporary retardation denotes
the period during which the force has gathered strength so as to be
sufficient to overcome the hindrance.

The movement is accelerated as soon as the lobe margin is everted
(), just as in che case of a normal leaf.  DBut the velocity after that
is incomparably greater in the present case. The line xx' indicates
the critical point, below which the pore no longer serves as a direct
outlet of the cavity water, as the eversion of the free-side lobe has
passed over the pore on the opposite lobe.  The movement is retarded
as soon as the lohe cavity is deprived of its artificial water outlet.

The quickest narrowing movement is not uniform in its velocity
in certain cases, 1/6 to 1/7 of the whole narrowing movement is
performed within only 3 seconds; a slower movement follows, then
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after about 1 minute, a very quick one again cte. One minute plot-
ting shows nothing about such minute changes.  Such an alternation
of quick and slow movements indicates lack of homogenity in the
mechanical structure of the one-layered region of the free-side lobe,
for example accidental thickenings of cell walls (sec also p. 227), as
well as irregular action of the mechanism (p. 224).

The ahove experiment proves that the velocity of the nar-
rowing movement of a normal leaf, after the margin of the free-
side lobe is once cverted, is limited by the velocity with which
the water is pushed out.  The circumstances are also confirmed
by the following observation.

If the dynamometer is removed from a leaf when the leaf is
exerting the maximal force (ca. 120 mgms.) upon it, the two lobes
suddenly come in close contact and press upon cach other.  However,
a quarter of a minute is necessary for the leaf to come into the state
shown in IFig. 8 b, and a minute o1 more, for the narrowing movement
to advance half way on its course. This indicates that even if an
open leaf ‘should suddenly cxert a strong force quite sufficient to
bring it into the ultimate narrowed stage, the leaf would not narrow
in an instant, being retarded by various hindrances. The dominant
resistance in this casc must be that of water, for the eversion of the
lobe can be completed in an instant as the acting force is strong
enough. '

5. Lhysical Characlers of 1he Lobe

When the bristle-side lobe is cut off along the midrib, the frec-
side lobe, attached to the midrib, shows the
form seen in g, 31 a, the middle cross
scction of the lobe heing denoted by a thick
IV - line. This lobe has bent as far as possible,
for the cutting is a strong stimulus and
obstruction by the opposite lobe is absent.
When this lobe is everted carcfully with a
) pincette and fingers, it gets into a state of
Fig. 31. Apical view of )

the frec-side lobe attached o unstable cquilibrium, showing a form like
the midrib, the other lobe
being cut off. The cross-sec- . .
tion is shown with a thick line,.  one-layvered region in A bhecomes concave
A nataral (over-narrowed) in B, the convexity of the three-layered
state ; B: an equilibrated state, . e R o . . .
when the one-lagered  region region being preserved.  The thick line in

is everted B corresponds to that in a.

that in Fig. 31 B. The convex dome of the
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It is probably no casy task for a leaf which has just started
narrowing, to cause eversion along the whole margin of the lobe,
and hence the movement is suspended a while before the eversion
occurs.  But once it has taken place, much less force is required to
move curving inwards, for the lobe is coming nearer to an cquili-
brated state (Fig. 31 B); henee the narrowing movement can go on
very quickly, provided water in the lobe cavity can get out freely as
in the case of Idg. 30 a.

¥ a thin-walled rubber ball is cut into two halves, and one of
them is everted half way, just to correspond to the case of.b‘ig'. 31 B, the
equilibrium in such a state is quite unstable and the rubber wall will
either wholly cvert itself or will spring back to its original state. In
the case of the lobe, the three-layered region and the midrib prevent
the entire eversion of the lobe, and hence the lobe would only return
to its original state, a, through its own clastic force. Hence a foree
is needed to shift the eversion inwards, though quite a weak force
suffices for it.  And more foree is required when the bending comes
nearer to the enciosure-boundary, namely when the eversion of the
one-layered region is about to be completed; for the cells become
thicker and then, at last, two-layered (cf. Fig. g). The resistance of
the lobe comes to its maximum, and the narrowing movement is
stopped in the state shown in g, o.

In the narrowed stage, the lobes are constantly pressing upon cach
other, to keep the one-layered region of the free-side lobe wholly
everted. And when the force of the lobes diminishes, the lcaf
going to rebulge, the eversion of the one-layered region is recovered
centrifugally through its own clasticity.  In some leaves, however, the
free-side lohe remains unaltered in the wholly everted state, cven
after reopening.  These leaves are found generally to be quite im-
mature or abnormally formed.

In an carly phase of the narrowing movement, the eversion does
not occur along the whole margin of the free-side lobe, or only at
the middle part, and then some folds are formed at the boundaries
between the parts cverted and those not everted.  These folds hinder
the narrowing movement greatly.  Accidental thickenings of cell walls
in the one-layered region of the free-side lobe which may be detected
with the microscope, also hinder the centripetal progress of the ever-
sion from time to time.  The pregress of the narrowing movement
is conditioned not only by the usual resistance of the water and the
lobe, as mentioned hefore, hbut also by those accidental impediments.
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6. Stomulalion of the Narrowone Yoveniend!

There is a latent period of about 30 minutes before this move-
ment starts.  The whole process of the stimulation is, however, not yet
known. Briefly considered, the shutting movement may seem to give
rise to the narrowing movement.  But when the stimulation, cither
seismonic or electrical, is wealk, this later movement does not foliow,
so that the shutting movement itself may not account it, that is to
say the narrowing movement must depend upon its own stimulation.
In the natural case this is realized by repeated tactile stimuli coming
from the prey that must be transmitted through the inner epidermis,
and the movement goes on quickly if the stimuli are given very often
(p. 230). It scems therefore probable that repeated shocks from the
inside may causec a ph_vxio]og‘iéal change in the outer lavers which
effects the narrowing movement. \Whether the reaction in the case
of electrical shocks follows the same procedure or whether these are
perceived directly from the outside, is also a question, but from the
results cobtained with tetanic clectrical stimulation (cf. p. 231 and Part
11), the latter case scems to be the more probable,

7. Recapitulalion of the [uctors Condilioning

the Narrowing 3ovenrent

The narrowing movement was demonstrated to be causced by
active clongation of the outer epidermal and the middle layer, though
chiefly by the former (p. 193). The turgor of the outer epidermal
cells beging to increase after the latent stage, and the narrowing
movement starts and goces on, overcoming various hindrances.  The
relations among the chief factors in the narrowing movement, namely
boundary-distance (a), velocity of the movement (i), force exerted
by the Iobes (¢), the resistance offered by the free-side lobe (p) and
the resistance of water (1) are shown diagrammatically in THig. 32. In
this figurc the abscissa indicates, not the time rvelation, but critical
points in the movement, and the values of the ordinates are only
imaginary.

Through the sccondary increase of bending force (¢) at 4, the
narrowing movement (a) begins.,  But this is stopped at ¢ by increase
of p, in spite of the continuous increase of ¢. And as soon as the
margin of the free-side Tohe is everted by the increased strength of
¢ at 4, p decreases abruptly, and the narrowing movement proceeds
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markedly.  Though r might progress parallel with 1 in gencral,
it grows comparatively  greater as the narrowing  motement  goes
on, and especially so after the shutting up of the leaf cavity has
come to the hairless zone, Accidental hindrances  are omitted  in

the diagram.
a b d f

In Idg. 298, the
force  diminishes  after
the leaf has once ex-

Movement

crred nearly its maximal

strength, growing strong-

er again in the 2nd hour.

Such a decrease of foree

Veloeity

may be due to the defor- \

mation in che outer two r

layers of cells as shown

IForee
o

in I4g. 33. This figure is

sketched with a cross-
sectioned leaf, when the
space between the three-

Resist. of

the lol

|
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—
.

layered regions was not

fAlled with agar; the mo-
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=

tile zone has bent to a

Resist, of

certain degree, hut as

N
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the one-layered regions

movt,

of the lobes are fixed

novt.
movt.

movt.

by the agar in their

nd. of conspic-

original position in the

Recommencemt.
Supplementary

Temporary stop.
of nar.

Beginning of
of nar.

Stimulation
nar. movt.
uous nar.

nar.

T

open  state, the  distal

A

part of the mntile zone O - > -
Lo Shut  Narrowing movt. Narrowed stage
is forced to bhoe concave. SEAZC <o ey oo .
The condition may be Ifrec-side Conspic-
lobe not uous nur.

the same when a (1)’1]2L~ everted yet  movt.
mometer is opposing the Fig. 32, Diagram showing the relation of progress

. r » O coleet 2 s erregared ~
approach  of the  one- of .Lhn movement  (A), \vdouly (B), force exertion ((,?,
. . vesistance of the lobe (D) and that of the water (19)
layered region while the
motile zone is striving to bend itself sharper.  A\fter the force grows
strong enough, cells in this part may he subjected to such  defor-
mations as those shown in IFg. 33, the force exerted upon the
dynamometer being  thus decreased. - The forece of the motile zone,

however, is still growing greater, and as the deformed part of the
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lIobe does not lose its rigidity, the dynamometer reading increases
again. .\ Teaf which has once exerted the maximal force upon a
dynamometer does not reopen.  This . o
may Dbe due to the injurious cffect of & N &R\N&\i\
such deformations in the cells,  From 3 NANNRENRNS
the above reasoning, it is to be supposed \
that in a normally narrowing leaf, the
decrease of force before the maximum

may not appear, and the process of the N \igf\\\\im
force may he as shown in IFig. 32 ¢ . &\ ‘\{\N\\\\\\\\\\\\

N
~
Usually a very slight narrowing -

O.1 mm,
oceurs after the conspicuous movement Fig. 33. A deformation of
has once finished, as seen at the sth the cells of the outer epidermis
) $ I
hour in IFig. 35 or at f in Irigs. 32 A and the middle layer, when the

. . . narrowing movement is hindered
and 32 n.  In spite of the smallness of be the o o

. L. . w the agar

this additional movement, the causing -

force {c) must be very strong, for both of the resistances (p & 1)

=

are very large then.

8. In the Case of Caplurimg the Prey

All the observations above mentioned were made with leaves to
cach of which no more than a single clectrical shock had been given.
They served for analysing the phases and factors in the shutting and
the narrowing movements.  But the case must be different when a
leaf captures a small animal, for 1) the leaf is stimulated mechanically,
not clectrically and  2) the stimuli are given repeatedly, instead of
once.  Hence the movement of a leaf when it capturcs an animal will
he described here.

An open leaf is hxed under the microscope so as to show its
apical view, and many individuals of Bosuwura, which are most com-
monly found captured by .[drovaide in our culture, are put in that
vessel, They swim about quite at random, and seem not to be at-
tracted by the leaf; some even swim into the space between the
pair of lobes and get out of it again unconcerndly.  But when one of
them, swimming among the sensory hairs, touches a few of these by
chance, the leaf reacts and shuts the animal in.

The captured Bosmeia swims wildly in the space which is sur-
rounded by the whole inside surface of the leaf.  But when the narrow-
ing movement begins and goes on, the free space becomes smaller
and smaller, until at last, when the leaf is quite narrowed, it can swim
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only within the enclosure-boundary. The process of the movement
when an individual of Aesmina is captured is shown in Fig. 33. The
animal was ca. o.47 mnm. in length,

It stopped swimming after about 3 y
e i . 4

hours’  imprisonment, though  still i

moving its appendages, and  then EENN

died a good many hours after that. =

[t is not determined whether such in- g

animation and killing of the prey is 7 b g

due simply to its suffocation, or to
some special poison as Kruex ('31)

Boundary-di
]

has proved in Ufricularm,
The process in the present case i \\\w
N . ~e . e
differs from that in IFig. 29 a in the | | I :

respects that 1) the interval hetween 0 10 20 30
Time in minutes

the  shutting  and  the narrowing . -
. FFig. 34. The movement of a
movement s very short, 2) the leaf when it captures a living prey
narrowing movement goes on more (at the arrow). a, by d and ¢
rapidly, and 3) the movement is as in Fig. 29 A
quick in its ecarly phase hut much retarded in the later half of the
process.  But the temporary cessation of the movement () when the
margin of the free-side lobe is about to he everted is also apparent
in the present case.

The narrowing movement can be called {forth by chemical stimu-
lation by some dissolved nitrogenous matter. But when the leaf has
captured a small animal, substances from this animal have not enough
time to cffect the narrowing, for this movement is finished within
half an hour or so. Henee it is very conceivable that the movement
is conditioned only by seismonic stimulation of the sensory hairs, while,
as will be stated in Part 1, a few touches applied to sensory hairs
never cause narrowing but only shutting,  Thercfore, it is to be con-
cluded that the captured animal gives weak but tetanic stimuli to the
Jeaf. Swimming amuck in the leal cavity, it strikes scusory hairs one
by one, and again and again. thus causing irritation in the leaf re-
pratedly, as soon as any of the hairs recovers ifs sensitivity.

The above conclusion is verified by imitation of the case with
weak and tetanic clectrical stimuli: When weak break shocks (coil
distance 8 cm.) arc applied to a leaf cvery minute or more frequently,
the narrowing movement occurring shows the above mentioned three
characteristics,  Application of strong and tetanic stimuli causes much
faster movement, and finishes the narrowing within 10 minutes or so,
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F. Recovery Process

Czaja has deseribed  that if the stimulus applied to the leaf
of _dldrovanda be weal, the leaf reopens after six hours, whereas if
it he strong, it does not open till after twelve hours, He has also
stated that the leaf can open again and again, it its preys are small
while it never reopens after it has preyed upon a comparatively large
organism, for too much refuse is left inside of it.  However, no de-
seription has yet been given of the phases through which the leaf
passes when it opens again from the narrowed stage, or from the

shut stage,

a.  Rebulging Movement
1. 1rocess
The course of the rebulging movement is a reversal of that of the
narrowing, except in the time relation; the houndary-distance grows
larger, and the bending of the everted free-side Tobe is shifted back
centrifugally, and when the lobe has regained its original convexity,
the Teaf is in the shut stage and the rebulging movement is over, the

- a -l
‘R =R
!
|
w2 .
g Q- l
2k b
=
= 1 i
¢
{ 1 ! : ' ! i [ ! ; 1 | I
o 1 2 k 4 5 6 7 8 9 10 IT

Time in hours

IFig. 35. The whole process of the leaf movement, shutting (a-b-¢), narrowing

{d-c-), vebulging (-d-b), and reopening (b-a). a, b, ¢, d, ¢ and the arrow, as in
IFig. 29 AL PP’: the boundary-distance of the shat stage defore the narrowing as

in c; QQ': that affer the narrowing; RR': that of the open stage before the

stimulation

movement, then, entering the reopening phase. g, 33 shows the

changes in the boundary-distance of a leaf when it is shut, narrowed,
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rebulged and then reopened.  In order to have the course completed
quickly, a young leaf belonging to No. [T was used and the water
was kept at a temperature as high as 327 €. The stimulating electrice-
ity was a momentary fHow of a constant stream of 30 volts, the
clectrodes being 8.5 cms. apart from cach other.

The narrowing proceeds very slowly until the sth hour after the
stimulation, but the movement is reversed in the 6th hour, conspicuous
rehulging appearing in the Sth.

The cversion of the lobe margin exerts great resistance against the
progress of the narrowing movement in its carliest phase, as has often
been stated above.  Making an interesting contrast with this, the re-
bulging movement is accelerated by the clasticity of the
lTobe in its latest phase. The free-side lobe has a force in itself
which enables it to regain its original convexity, as soon as the Jeaf
recovers from the equilibrated state (as in Mg, 31 B).

Such clasticity can be also recognized under the microscope by
touching the lobe with a glass rod attached to o micromanipulator ;
the margin of each of the lobes can be sharply bent by the glass rod
cither to the outside or to the inside, but it springs back again to its
original form without leaving any traces of such bending.  This charac-
ter must be very convenient in the rebulging movement, for the leal
has only to unboend the motile zone, the one-layered region
regaining its convexity by itself.

The rebulging movement is caused by active growth of the inner
epidermis (p. 201).  But its latest phase must be accelerated by the
elasticity of the free-side lobe, thus causing passive clongation of the
inner epidermis (and also compression of the outer epidermis).  Hence,
when the rebulging is finished and the stress of the lobes has  dis-
appeared owing to their coming apart, the recovery movement may
naturally ccase or be retarded until the foll mechanism of the real
growtlr overtakes the passive clongation of the cells (cf. g, 33).
The boundarv-distance at the shut stage is greater after the leat has
rebulged ((QQ7) than before it narrowed (P77 =¢). This proves that
the leaf has grown in breadth during the course of narrowing and
rebulging, though the numerical difference does not represent  the
amount of the growth, for the rebulged leaf is more loosely shut,
than before the narrowing.

2. Jatrance of ilaler rulo the Leas Caviy

As the volume of the cavity hetween the Tobes increases when
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the leaf rebulges, water must get into the cavity as the movement
progresses. Lo order to determine through what route the water
enters, a narrowed leaf was put in a solution of phenol red and was
allowed to rcbulge in it.  The dve solution had entered the cavity
when a half rebtﬁged leal was examined in pure water. This dye
never enters living cells, even’ the two-armed hair cells which would
take up various dyes and. substances very easily. IHence the dye
solution must have come into the leaf cavity not through
living cells, but necessarily through the narrow space between
the one-layered regions, which is analogous with what happens
in the narrowing movement, in which the water is pressed out by
the same route.

3. Llinnation of 1later Resistance by Borieg

The velocity of the narrowing movement is limited by that of
the pressing out of the cavity water. In order to determine if what
happens in the rebulging movement is analogous with this or not,
the recovery process of the leaf (Ifig. 30) was observed, the result
being plotted in Fig. 36. The abscissa indicates the time after the
initial stimulation, 10 hours being omitted between IFig. 30 and the
present figure, because the process in this interval is similar to that of

the 2nd-7th hour
in Ifig. 35. The
broken line, X7,
has the same
meaning as in
Fig. 30.

The move-
ment is very slow,
until the bending
of the free-side
lobe reaches the
X X/ A%5 pore on the op-

Boundary-distance in mms.

e posite lobe. [3ut

Tz 03 " as soon as water

Time in hours is able to flow

. ‘ freely into the
Iig. 30. Continuation of Fig. 30 A, representing the re- X A .
bulging movement of a perforated leaf. ¢, d, b and XX/, leaf cavity (l‘lg‘.
as before 30, A\;\'/), the re-
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bulging is accelerated suddenly.  This indicates that the leaf has
been striving to rebulge, but has been limited by slow in-
flow of water. The movement is, however, retarded again.  The
rebulging mechanism, i.e. an active growth of the inn r epidermis,
follows gradually and hence the movement is slow, limited hy
the progress of the mechanism itself, cven if sufficient water
is supplied. Perhaps the seccond acceleration of the movement may
be doe to an accelerated active growth, slightly helped by the clastic-
ity of the everted free-side lobe.  After a retardation, the rebulging
goes on quickly, accelerated again by the clasticity of the free-side lohe.

Ao Sunemnary of the Rebulgrng ddovemeit

The various forms of resistance to the rebulging movement are
shown in Table 6, in comparison with the case of the narrowing move-
ment.  While the narrowing movement takes place when the thin-

Table 6

l t Narrowing | Rebulging
1. Inextensibility of walls of .
9 R small large
active cells L
Internal
resistances 11, Antagonistic force of non-
L ) small large
: active «cells (by turgor)
LIl Resistance of water flow | large E large
lichrnul - ) o sm “ (11 ac T
. . . - small (large N
resistances IV. Resistance due to clasticity at the St'llb't negative .o,
of the onc-layered region y - helping
Y i & the end) | ielping

walled very oxtensible cells of the outer epidermis stretch themselves,
the rebulging is carried out by active growth of the inner epidermis
which has thick and less extensible walls,  And while the stretching
of the outer epidermis, in the former, is hardly resisted by the inner
“epidermis, the growth of the inner epidermis, in the latter, is opposed
by the outer two layers. The “internal resistances” in the table
indicate these features.  The ' external resistances” are two in number,
one duc to the pressing out or sucking in of water from or into the
leaf cavity, and one duc to the elasticity of the one-layered region ot
the frec-side lobe. The rebulging movement may be summarized as
follows —The movement is caused by an active growth of the inner
epidermis, and is helped by the elasticity of the free-side lobe to some
extent, the extent heing increased as the movement draws nearer to
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its end (the shut stage). Its velocity is limited by the inflow of water
through the gap between the pair of lobes.  Hence the pressure in
the Ieaf cavity is negative while the movement is going on, just the
reverse of the case of the narrowing movement.  But even if the
resistance of the water flow is nullified, the movement is not accelerated
so much as the narrowing movement is, for, as can be understood
from Table 6, the rebulging movement must still overcome two other
kinds of resistance (1 and 1), while in the narrowing movement therc
is hardly any more oppositiot.

h.  Reopening Movement

[f a leaf is made to shut by a weak stimulus, it will reopen
directly from the shut stage, while if excited by a strong stimulus, it
reopens after narrowing and rebulging.  However, according to the
writer’s expericnce, the reopening process does not differ in those two
cases, except in the earliest phase of the movement., Ifg. 25 A shows
an carly phase of the former case, and Iig. 335, the latter case, the
former being represented by the margin-distance, and the latter by
the boundary-distance. These graphs do not, as a matter of course,
indicate the movement of each of the lobes separately.  In this respect,
photographic recording of the movement is superior te measurement
of the margin-distance.

In the following paragraphs are described the method and results
of recording on kymograms the reopening movement from the shut
stage which is brought forth by a weak stimulus.

1. clpparatus and dcthod

The apparatus used in recording the quick phase of the shutting
movement (Ifig. 22) is again used, modified in some respects; the
prolection lamp (r) is replaced by an ordinary 3z-watt electric lamp,
and the myograph (D) with a kymograph, while the tuning-fork (1)
and the electrodes in the glass case (¢) are removed.  To mark the
time, the argon-tube (a) is connected clectrically in series with a clock-
work mechanism which closes the circuit every quarter or half hour.

An open leaf is held in the glass case (¢) just in the samc
manner as in the previous case.  The image of the tps of the two
lohes are. focused upon the drum of the kymograph, projected through
the slit (s).

In order to bring the leaf into the shut stage, a sort of stimulus
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which Czaja called ™ Stossrciz” is used : if the lobes of a leaf are
pressed together gently from both sides with a pair of pincers, they
react to the stimulus by becoming deformed, when they attain a
cortain nearness.”  With this method of stimulation, there is little
danger of giving a leaf more than the minimal excitation, for the lobes
can joerk themselves away spontancously from the pincette as soon as
they receive the threshold stimulus, even though the threshold value
may differ largely with the Ieaf.

No sooner is the leal stimulated than the clock-work mechanism
is started, so as to cause the argon-tube to he lighted cvery quarter
or half an hour after the shutting of the leaf.  The lens of the micro-
scope is covered, and a photographic film is wound round the drum
of the kymograph.  Then, the cover of the lens being taken off again,
the kymograph is started to revolve.

2. Nesolls

Two of the kymograms are shown in Figs. 7 and 8, PL ix. The
record starts on the left of the print. The white marks impressed
along the lower margin show every quarter of an hour”

In the case shown in IFig. 8, the leaf begins to reopen about 15
minutes after the shutting, and it takes then 3o minutes more to end
the rapid reopening.  However, the leaf is not fully open at this time,
and the reopening is continued very slowly.  FEven at the end of the
kymogram, i.¢. 5.3 hours after the stimulation, the process is still
going on. In the case of Fig. 7, the leaf hegins to open about 25
minutes after the stimulation.  The quickly reopening phase takes an
hour or more, the following movement going on more rapidly than
in the case of Idg. 8. Most of the reopening leaves show a process
like the one seen in this figure.  Both of the kymograms remind us
that 707, to 807 of the reopening process is finished in a
short time, but a very long time is required for the leaf
to open fully. The reopening movement plotted in Fig. 35 repre-
sents only the quickly reopening phase.

1) This form of stimulus will be studied more closely in Part {1,
2) In Fig. 7, the intervals which are twice as long as the rest represent half hours.  As

the gears of the kymograph were not well-made, the rotation was somewhat irregular and

=

heunce innwmerable parallel lines were impressed across the print. When Fig. 8 was waken,
an end of the thread of the screw was jutting out at the lower extremity of the axis of the
drum, and hence the drum showed a slight up and down mwovement as it revolved, printing
undesirable notches along the curves.
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These kymograms were taken at about 35°.  1f the temperature
is lower, the movement in the quickly rcopening phasce is slower, and
the slowly reopening phase does not progress well.  T.eaves never be-
come fully open at 25° or below. The case is analogous when a leaf
grows older, and hence older leaves open less widely than younger
ones. These circumstances make an interesting contrast with those
observed in the shutting movement, in which case any leaf shuts
completely under various conditions.  The contrast is duce largely to
the difference in the antagonistic force of non-active cells, just as the
rehulging movement differs from the narrowing (1 in Table 6, p.
235).  The opposition of the outer two layers to the stretching  of
the inner epidermis may grow much stronger when the leaf opens
very widely.  THence the reopening movement is much retarded after
the leaf has become 70%0-80% open.  And if in that case the tem-
perature is not high enough, or if the leaf is old, the force exerted
by the growth of the inner epidermis cannot overcome that strong
opposing force, and the leaf will stay in a partially open stage.  Only
very young leaves open fully at high temperatures.

In Irig. 8, Pl 1x and Text-fig. 35, the movement is a little ac-
celerated just after its starting,  This may be due to the clasticity of
the marginal fold, because a very young leaf, as in Iig. 23 4, docs
not show such a feature.  This is interesting, as the same force hinders
the slow phase of the shutting movement of a mature leaf, while it
is too weak to exhibit the hindering cffect in very young leaves (cf.
p. 213). ;

In the myvograms, the upper curves represent the movement of
the free-side lobes. The two lobes move nearly symmetrically,
though the free-side lobe moves in a greater measure, as would nat-
urally be expected from the mode of the shutting movement.

Summary

1. An infusion of dead leaves and stems of some helophytes is
a very suitable medium for the cultivation of Aldrevanda (p. 1317).
2. Some definitions arc, given for various parts of the leaf and
phases of the movement :
. {]71(’ Sree-sede lobe

T.eaf . J
N Tne bristi-side fobe P Y
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The infolded rim
The onc-layered regron { The zone of quadrifid harrs (p. 1 50)
Tl haricss zone
T.ohe The cuclosurc-boundary (p. 150)
The densely-glanded zone
The threo-lavered regton € The sparsely-glanded zone (p.151)
Tl prddie zone
The leaf movement :
The closing movements (p. 157)
{'[71(3 shutting  movenmcnt = The shut stage (p. 155)
The warrowing movcment — The narrowed stage (p. 1350)
The recovery movements (p. 157)
{'/7/«,' reopenting movenent — 1he open stage (p. 133)
The rebulorng novenent = The shut stage

I. The motile zone

3. Doth the shutting and the narrowing movement are caused
by bending of the lobes, at zones ca. o.15-0.25 mm. from the midrib
on hoth sides of it (p. 103).

4. The motile zone is characterized by the undulation of its outer
surface (p. 103), and the extensibility (pp. 166—7) and permeability
(pp. 168-¢) of the cell walls.

5. In the moetile zone, the outermost wall is the most casily, the
outer subepidermal wall less, and the walls of the inner epidermis the
least extensible, as determined by the acetone treatment (p. 167).

6. The Tobes are able to bend to a far greater extent than they
show in tho natural case of the narrowed stage (p. 163), the free-
side lobe having the power to bend more than the other lTobe (p. 164
and Fig. 11).

7. The motile zone of Dionaca leaves s also determined (19g.
15).

[1.  The shutting mechanism

8. The shutting movement is caused neither by decrcase in the
thickness of the lobes (p. 17.), nor by increase in the turgor of any
cells (p. 176).

9. <\ theory of the shutting mechanism is proposed (pp. 170-8) :
When a leaf is stimulated, the inner epidermal cells react and lose
their turgor, and allow the outer two layers to hend the Iobe (to shut
the leaf),
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10. In the Dwnaca leaf, the parenchyma takes the vole of the
outer two layers of the Aldrovanda leaf, the outer epidermis of the
former working rather to hinder the movement (p. 180).

11. (FUTTENBERG's notion is criticized (p. 180 ff.).

12. When the Aldrovanda (and Dionaca) leaf shuts or narrows,
its outer (lower) surface is irreversibly stretched (pp. 184 and 193).
The outer (lower) cell walls of young leaves, however, contract to
some extent if dehydrated (p. 185).

III.  The narrowing mechanism

13.  The narrowing movement of Aldrovande leaves is caused by
an increase of turgor, and hence an active elongation of the outer
epidermal cells (p. 193). IFour evidences (a2, 6, ¢ and &, pp. 188—19)
are given,

14. The water needed for the narrowing movement is supplied
mostly through the outer surface (p. 193).

15. When «lldrovanda leaves narrow, only the free-side lobes are
everted.  The cause is shown (p. 193).

16.  The narrowing movement of Dronaca leaves is caused by an
increase in turgor of the swelling tissue in the lobes (p. 197).

17, The inflexion of Droscra tentacles is analogous to the nar-
rowing (not the shutting) movement of Aldrovanda and Dionaca leaves
(0. 195).

18, The midrib of an AZdrovanda leaf has a very weak force
enabling it to straighten itself in the turgescent condition (p. 198), but
it is casily curved by the lobes when the leaf moves.

1g.  The midrib of a Dwnaca leaf is destined to be uancurved by
a turgor force of the parenchyma which lies under the conducting
hundle (p. 199), and hence it does not promete the leaf movement as
Bararix maintains (p. 200).

IV, AMlechanism of the recovery movements

20. ‘The reopening and the rebulging movement of [ldrovanda
and Lionaca leaves are caused by a transverse growth of the inner
epidermis (pp. z00-1).

V. The shutting movement

21. The shutting movement of Adldrovanda leaves is composed
of the quick phase (Fig. 1-5, PL xX) and the slow phasce (Text-figs,
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23, 24 A and 25 A). At normal temperatures, the quick phase lasts for
1/100-1/55 scc., the movement of the lobe margin having a velocity
of 6-16 cmu/sec. at the quickest instant of the shutting (pp. 206—7).
22, The two lobes of a leaf show almost the same latent period
and shutting process (pp. 206 and 207).
23. The shutting force is measured with silica dynamometers

2. Shutting force of a certain strength is produced at the in-
stant when the latent period is over, and does not change until it is
increased secondarily a little by the sucking in of water by the outer
epidermis (Ifigs. 241 and 25B).

25. Rises and falls in the various forms of resistance in the
shutting movement are given in Table 2.

26, The magnitude of the shutting force varies with the age of
the leaf (Table 3), the margin distance (Table 4), the temperature (p.
21y). and the intensity of the stimulus given (Table 3).

VI, The narrowing movement

27.  The relations among the working force (measured with silica
dynamometer), the resulting movement and the resistances intervening
botween them are summarized in IMig. 32.

28, When the narrowing movement proceeds, the water in the
leaf cavity is pressed out through the contact surface of the one-
lavered regions of the lohes, overcoming the strong resistance (pp.

222 and 220).

VI, The recovery process

2g9. The course of the rebulging movement is a reversal of that
of the narrowing, though it proceeds more slowly (Fig. 35). The
movement is limited by the velocity with which water is sucked into
the leaf cavity (p. 233) through the line of contact of the one-layered
regions of the lobes (p. 234), but the mechanism itsclf, too, proceeds
slowly (p. 235).

30. The reopening movement proceeds roughly as slowly as the
rehulging movement, but is much retarded when it comes near its end
(IFig. 8, PL 1x and p. 237).  Leaves cannot reopen fully if they are
old, or if the temperature is not high enough (p. 238).
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Explanation of Plates
Plate IX

Fig. 1. Optical cross-scetion of cells in the motile zone, the lobe being folded sharply
under the cover glass, the outer epidermis outside. X160
Fig. 2. The back view of an open leaf (cf, Text-fig, 7 A) in a dark field, the air contain-

ing interceliular spaces reflecting light,  The marginal bright ares, and the dark oues on
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the midrib sides of them, indicate that the surfacc of the leafl is undulated within those
zonal portions, and represent the localization of the motile zones in the lobes, Xig
) Fig. 3. Arrangement of the blisters raised by acetone, indicating the seat of the motile
zone. X12

Fig, 4. Blisters raised by accetone upon the motile zone of the free-side lobe. X 35

Fig. 5. A blister raised by acctone magnified, X160

Fig, 6. The motile zone in Text-fig, 14 magnilied, indicating that the cells are coloured
most darkly at the ends nearcr to the darkest part.  The midrib side is on the right. X 330

Fig. 7. A kymogram of the rcopening movement of a leaf (from whorl No. IV) at
35°.  The white marks along the lower margin show quarter or half (X) hours, the hours
being indicated below,

Fig., 8. A kymogram of the rcopening movement of a leaf (from whorl No. 1I) at 35°.
(The notches on the curves are dae to a defect in the pedestal of the kymograph used.)

Plate X

Figs, 1-3. Myograms recording the shutting movement of dldrovande leaves, the
lower curve of cach representing the free-side lobe.  The piteh of the sine curves corresponds
to 1/50 sec.

TFig. 1. Whorl No. Il, at 30°, showing the normal movement. The quick phase
begzins at «, and passes to the slow phase at 6.

Fig. 2. Whorl No. IT, at 279, The critical points ¢ and 4 in IWig. 1 are not strictly
determined.  ‘The two lobes do not move quite symmetrically.

Fig, 3. Whorl No, VI, at i0°,

Fig, 4. Whorl No. 11, at 27°, showing a stepwise movement (e-c-0),  The undulation of
the leal in the slow phase is caused by an asymmetrical pressing out of water by the lobes.

Fig, 5. Whorl No. 1, at 27°, showing a lonz pause (¢~¢’j in the quick phasc.
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