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the movements from irritability and the daily periodical move-
ments, as was done till recent times ; the latter, he says, occur
not only in the leaves of Leguminosae, but in almost all similar
pinnate leaves, and with these periodical movements of leaves
he places also the periodical opening and closing of the flowers
of Calendula, Cichorium, Convolvulus, and others. That these
last movements are due to changes of temperature appeared to
him to be proved by an experiment of Jacob Cornutus on
flowers of Anemone, which, when cut off and placed in a well-
closed box in a warm place, opened at an unusual time if the
flower stalk only was dipped in warm water. This fact, after-
wards forgotten and discovered again a few years ago, of the
dependence of the movements of flowers on changes of temper-
ature, was applied by Ray to explain the periodical movements
of leaves, which, to use his own expression, fold themselves
together as the cold of night draws on, and open again with the
day, and as he thought that these movements are of the same
kind as the movements of irritability in Mimoseae, he tries
to explain how cooling has the same effect as a touch. It was
natural in the existing state of science to assume that changes
of temperature were the first causes of various movements, for
a thrust was at that time almost the only recognised cause of
motion. Hence Ray explained the movements of growing
stems which are now called heliotropic by a difference of tem-
perature on the opposite sides. A certain Dr. Sharroc had
observed the stem of a plant on which he was experimenting
grow towards that part of a window, where the air found free
entrance through an opening; from this circumstance, and
from the rapid elongation of the stems of plants growing under
cover, which he ascribed to the higher temperature, Ray con-
cluded that cold air hinders the growth of the side of a stem
on which it falls, and that this side must become concave.
Thus Ray used the etiolation of plants grown under cover
to explain their heliotropic curvatures, as De Candolle did one
hundred and forty years later, only with this difference, that he
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described the rapidity with which forced plants shoot up to the
higher temperature, De Candolle to want of light. On the
other hand Ray knew perfectly well that the green colour of
leaves is not produced by the access of air but by the light, for,
as he says, plants become green under glass, and not under an
opaque cover ; and if they become less green under glass than
in the open air, this is because the glass absorbs certain rays of
light and reflects others. Ray however, like almost all later
observers till quite recent times, did not keep the elongation
and bleaching of etiolated plants sufficiently distinct; his
account of this phenomenon is spoilt by the presence of much
that is obscure.

It has been justly observed by other writers on botanical
subjects that no notice is usually taken of one of the most
remarkable of the phenomena of which we are here speaking,
because, being a matter of every-day occurrence, it is simply
accepted as something obviously in accordance with the nature
of things ; this is the fact, that the main stems of plants grow
vertically upwards and their main roots downwards. To the
French academician Dodart, whom we have already encoun-
tered in the history of the theory of nutrition, is due the great
merit of being the first to find this apparently simple pheno-
menon really very remarkable ; he convinced himself by experi-
ments on germinating plants, that these vertical positions are
caused by curvatures, and endeavoured to discover the physical
reason why the main roots if placed in an abnormal position
escape from it by curving in the downward direction, and the
main stems in the upward direction, till they both reach the
vertical line. It was a matter of minor importance that his
mechanical explanation, which supposed that the fibres of the
roots contract on the moister side and those of the stem on the
same side lengthen, was quite unsatisfactory ; it was much more
important that these remarkable phenomena were made the
subject of scientific enquiry, and we find that various observers
soon after directed their attention to them, and exercised their
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acuteness in attempts at explaining them; to these attempts we
shall return in a future page. '

A still more universal phenomenon than the vertical growth
of stems and roots is the growth of plants generally, and it
required as much or even more of the spirit of enquiry to pro-
pose the question, whether this growth can be explained by
mechanical laws, and what that explanation is. Mariotte
touched on this question in 1679, but only incidentally, and
supposed that the stretching of the pith, which meant at that
time the whole of the parenchymatous tissue, was the cause of
the growth of the parts of plants. This idea might have had
its origin in the Aristotelian notion that the pith is the seat of
the vegetable soul, but Mariotte endeavoured to give physical
reasons for it. Hales in his ‘Statical Essays’ of 1727 went
much more minutely into the question of the growth of plants.
Following the train of thought in his doctrine of the nutrition
of plants, he introduces his observations on their growth with
the remark, that plants consist of sulphur, volatile salts, earth,
water, and air, the first four of which attract one another, and
therefore form the solid, inert part of the substance of plants ;
the air behaves in a similar manner as long as it is kept by the
other substances in a solid condition; but as soon as it is set
at liberty it is capable of expansion. On this power of expan-
sion in the air, by which the juices of plants are quickened and
strengthened, he builds his mechanical theory of growth, accord-
ing to which the plastic parts of the plant assume a state of
tension, and as the air enters into combination with other sub-
stances and so becomes fixed, warmth and movement are
excited, and these make the particles of sap assume by degrees
a form and shape. These principles supplied his starting-point.
To get a clearer idea of the way in which the growth of the parts
of plants proceeds, he made equi-distant punctures in young
stalks and leaves, and found that the intervals between them
increased by growth more in the younger intervening parts
than in the older. In the course of these observations he is
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particularly struck by the great longitudinal extension which
accompanies growth, because, as he says, the vessels still con-
tinue hollow, as a glass tube when drawn out to its utmost
extent retains its canal. He finds Borelli’s idea confirmed, that
the young shoot grows by the extension in length of the
moisture in the spongy pith ; and he endeavours to explain the
fact that the growing shoot does not extend equally in the
transverse direction, and so become spherically rounded off like
an apple, from the nature of the structure of the cell-tissue.
That the air enclosed in the tissue and the sap with it presses
into the shoot with sufficient force to produce so great an exten-
sion, he thinks is proved by his experiments, which show him
the great force with which the water rises in the bleeding vine,
and forces itself into swelling peas ; it is known, he says, that
water acts with great force when it is heated in a vessel, for
water can be driven into the air by heat ; the sap in plants is
composed of water, air, and other active ingredients, and makes
its way with great force into the tubes and cells, when it is
heated by the sun.

2. The course of the 18th century gradually increased the
number of the phytodynamical phenomena, to which physiolo-
gists paid more or less attention, and repeated attempts were
made to explain them on mechanical principles. These
attempts were for the most part unsatisfactory, because move-
ments distinct in kind from one another were mixed up
together, their dependence on external influences was not
distinctly perceived, and the knowledge of the anatomical
structure of the parts which exhibited the movements was,
owing to the decline of phytotomy, extremely imperfect.
Moisture and warmth played the chief part in these explana-
tions, but their mode of operation was expressed in the most
general terms; the mechanical processes in plants were des-
cribed much in the way in which a person with very indefinite
ideas as to the nature of steam and the construction of the
inside of a steam-engine might speak of its movements. The



Cmar, 111.] the Movements of Plants. 541

majority of writers, in accordance with the tendencies of the
age, professed their desire to refer the phenomena of life in
plants not to an unknown principle called the soul, but to
mechanical and physical causes ; but they did not apply their
minds to the examination of these phenomena with that stren-
uous effort, which in this subject especially could alone lead to
a complete and satisfactory explanation of them.

Linnaeus studied the periodical movements of flowers in
1751 and those of leaves in 1755, but a mechanical explanation
of them was not to be expected from him ; he contented him-
self with pointing out the external conditions of these phe-
nomena in many species, with classifying them, and giving the
periodical movements a new name by calling the positions
assumed by night the sleep of plants ; nor did he use the word
at all in a metaphorical sense, for he saw in this sleep of
plants a phenomenon entirely analogous to sleep in animals.
That the sleep-movements were not capricious but due to
external influences was with him a necessary consequence from
the nature and idea of the plant, which was that of a living and
growing being, only without sensation. But it should be men-
tioned that he stated correctly that the movements connected
with the sleep of plants are not caused by changes of tempera-
ture, or not by these only, but by change of light, since they
take place in the uniform temperature of a conservatory.

Linnaeus’ account of these kinds of movement was only
formal, it is true, but still it was wellarranged and clear ; the
treatment of the same and other movements by his contem-
porary Bonnet was quite the reverse. It is scarcely possible to
- imagine anything more shapeless, such an utter confusion of
things entirely different from one another, as is to be found in
Bonnet’s experiments and reflections on the various movements
of leaves and stems in his work on the function of leaves, pub-
lished in 1754 ; geotropic and heliotropic curvatures, nutations
and periodic movements, are all run one into another; a
person who understands something of the subject may find
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here and there single things in his experiments that may be
turned to account, but he was himself unable to make any use
of them. He set out with a preconception which prevented him
from the first from understanding what his experiments showed
him ; it was his object to prove from a multitude of instances,
that stalks and leaves so curve, twist and turn in all cases, that
the under sides of the leaves are directed towards the ground,
in order that they may be able to suck up the dew, which
according to his theory is the chief nutriment of plants and
rises from the ground. It is no great merit in him, that amid
all this confusion a correct observation here and there forced
itself upon him, as for instance that organs, chiefly such as are
young and ductile, if they are put out of their natural position,
endeavour to recover it by bending and twisting. On the
other hand his conclusions with regard to the mechanical
causes of these movements are utterly inane ; the least skill in
judging of the results of his experiments must have led him to
very different ideas; warmth and moisture, he says, appear to
be the natural causes of movement, but warmth is more
effective than moisture, and the warmth of the sun more
effective than that of the air. This explanation is unsuitable to
just those cases which he chiefly studied, the geotropic and
heliotropic curvatures. In one point only he arrived ultimately
at a right judgment, namely that the great lengthening of the
stem, the small size attained by the leaves and the want of
colour in plants grown under cover, are caused by partial or
entire absence of light ; Ray however had shown this before as
regards the colour.

Though Du Hamel, like many later writers, treated Bonnet’s
investigations, uncritical as they were and without plan, with
great respect, he gave himself a much better account of the
various movements of plants. In the sixth chapter of the
fourth book of his ¢ Physique des arbres,’ 1758, he discussed
all the phenomena of the kind that were known to him under
the title: ‘On the direction of stem and roots, and on the
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nutation of the parts of plants.” Under the head of upright or
oblique direction of the stem and roots, he speaks of geotropic,
heliotropic, and some other curvatures ; then follows a chapter
on etiolation, and under the title, ¢ Movements of plants, which
approximate to some extent to the voluntary movements of
animals,” he enquires into the periodical and sensitive move-
ments of the leaves of Mimosa; he winds up with a short
account of Linnaeus’ flower-clock, and of the hygroscopic
movements of the valves of fruits. The movements of tendrils
and climbing stems, of which Du Hamel seems to have known
little, are not mentioned in this connection; but they are
noticed in a former chapter with hairs, thorns and similar
things,—a plan which Cesalpino also adopted. If this way of
dealing with the different movements of plants is to be taken

as a classification of them, it was a very unsatisfactory one; for -

it separates like things, and brings together things unlike ; still
it is an improvement on Bonnet’s arrangement, while the
author gives us also some new and valuable observations. He
may claim to be the first who made heliotropic curvature
depend on light, and it is a significant fact that he got this
conclusion from Bonnet’s experiments. After examining, like
Hales, into the distribution of growth in shoots, and discover-
ing that this ceases with the commencement of lignification, he
proposed to himself the question: at what spots does the
lengthening of the roots take place, and he found from suitable
experiments that every root-fibre grows only at its terminal por-
tion, which is a few lines in length, and that no other part of it
increases in length. In the chapter on the direction of the
parts of plants he examines the explanations which had been
given of heliotropic curvatures. Astruc and De la Hire had
supposed the weight of the descending sap to be the cause of
the downward curvature of the roots, and the lighter vapours
which ascend in the tissue to be the cause of the upward cur-
vature of the stem ; Bazin on the contrary attributed the geo-
tropism of the roots to the moisture in the earth. Du Hamel
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undertook to determine whether the moisture, the low tempera-
ture, or the absence of light in the earth made the roots curve
downwards, and he was obliged by the result of his experiments
to deny that they do. But he was unfortunate in his own
explanation of the movements which we should now call geo-
tropic, heliotropic and periodic, for he came to the conclusion
that the ‘direction of the vapours’ inside the vessels of the
plant and round about the plant has more to do with pro-
ducing these movements than any other causes, and that if
warmth and light appear to influence them, it is perhaps only
because they produce vapours or communicate a definite move-
ment to them. As regards the movements of the leaves of
Mimosa, Du Hamel repeated the experiment made by Mairan
in 1729, in which the periodic movement continued even in
constant darkness; he found that this was so, and concluded
that the periodic movements of Mimosa do not essentially
depend on temperature and changes of light; Hill had de-
termined in 1757 that the alternation of day and night was the
cause of the movements connected with the sleep of plants,
because he found that darkness artificially produced in the day-
time made the plants assume the nocturnal position ; but Zinn
in 1759 came to the same conclusion as Mairan and Du
Hamel, It was not till long after that the question was to
some extent cleared up by Dutrochet. Du Hamel thought it
necessary to give a formal refutation of the opinion expressed
by Tournefort, that the movements of plants are produced by
muscles, and to show that Tournefort’s vegetable muscles are
hygroscopic fibres.

We have to mention in conclusion, that Du Hamel was the
first who observed that the two branches of a vine-tendril twine
in opposite directions round a support that happens to be
between them ; he also appears to have been the first who
compared the irritability of the stamens of Opuntia and Ber-
beris with that of Mimosa-leaves; the stamens of Berberis
were afterwards examined by Covolo in 1764, by Koelreuter in
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1788, by Smith in 1790, and by others, but without leading to
any discoveries respecting the nature of the irritability. Dal
Covolo’s famous essay on the stamens of the Cynareae (1764)
produced no absolutely final result, but it contained some par-
ticulars which threw light on the mechanical laws of these
movements of irritability. Koelreuter, who studied these
objects in 1766, thought less of discovering a mechanical ex-
planation of them, than of finding arguments in the irritability
of the stamens for the necessity of insects to pollination. An
entirely new kind of movement was discovered by Corti in 1772
in the cells of Chara, which is now known as the circulation of the
protoplasm ; this form of movement in plants appeared at first
to bear no resemblance whatever to the phytodynamic pro-
cesses then known, and it was not brought into connection
with them till a long time after ; on the contrary an erroneous
idea soon began to prevail, that it was a real rotation of the
sap, as understood by the early physiologists ; this idea held
its ground till far into the 1gth century, and being combined
with mistaken notions respecting the movements of latex, was
developed by Schultz-Schultzenstein into the doctrine of the
circulation of the vital sap. For a time indeed Corti’s dis-
covery was forgotten, and had to be reproduced by Treviranus
in 1811. A somewhat similar fortune attended the discovery
of the movement of the Oscillatorieae by Adanson in 1767,
which misled Vaucher into pronouncing them to be animals.
3. Imperfect as were the theoretical efforts of the 18th cen-
tury in this branch of botanical study, yet they aimed at tracing
the various movements back to the play of physical forces.
But in the closing years of the century another order of ideas,
injurious to the healthy progress of science, made its appearance
in this, as in other parts of botany and zoology. Even the
majority of those who had no sympathy with the nature-philoso-
phy and its phraseology, believed that there was in organised
bodies something of a special and peculiar nature ; because the
attempts made to explain the phenomena of life by mechanical
Nn
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laws were on the whole unsatisfactory, all such explanations
were looked upon as impossible and even absurd, while it was
forgotten that the vital force, which was to explain everything,
was a mere word for everything that could not be explained in
the life of organisms. This vital force was personified, and
seemed to assume a really tangible form in the movements of
plants. But the moment that a phenomenon was handed over
to this force, all further investigation was abandoned ; the idea
with regard to phytodynamical phenomena especially was that
of the peasant, who could only explain the movement of the
locomotive by supposing that there was a horse shut up in it.
Moreover the knowledge of the inner structure of plants was at
its lowest point at the end of the 18th century; the spiral
threads which could be unwound were the only structural
element whose form was to some extent understood, and their
hygroscopic movements were supposed to be due to a combina-
tion of the pulsations of the vital force with the spiral tendency
of the plant. At the same time whole bundles of vessels were
taken for spiral fibres, or were supposed to consist of them, and
these were thought to be vegetable muscles, which contract
under the influence of various kinds of irritation, and so cause
the movements in the organs of plants; but it was forgotten
that in the organs which exhibit the most striking movements,
such as sensitive leaves and leaves that suffer periodical
changes of position, these ‘muscles’ occupy a central position
which unfits them for the function ascribed to them. It would
be unprofitable and wearisome to give many examples of what
is here stated, though many might easily be collected ; it will
suffice to quote some sentences only from Link’s ¢ Grundlehren
der Anatomie und Physiologie’ of 1807 ; they are particularly
instructive, because Link declared against the nature-philosophy
and professed to be on the side of inductive science. Under
the head of movements of plants, he discussed geotropic curva-
tures and other movements in the superficial manner of the
time and only to come to the conclusion, that the direction of
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growth of stems and roots is caused by a polarity of a definite
kind in every plant, from which we may argue, he says, ¢ to higher
connections of our planet in the world of space.” He says again,
‘that it is natural to conjecture that light is the cause of the
sleep of plants,’ and then gives the contradictory statements of
Hill, Zinn, and De Candolle, all jumbled together into an inex-
tricable tangle in a fashion which sets all maxims of reasonable
discussion at defiance. He then puts aside all attempts at
mechanical explanation with the remark, that plants observe
their regular times of sleep even when kept in the dark and at
a low temperature, for this evident habituation is one of the
most important marks of vitality. He is led to similar results by
Desfontaine’s observation, that a Mimosa, exposed to the shak-
ing of a wheeled vehicle, closes at first but then opens again.
Speaking of the rapid oscillations of the leaves of Hedysarum
gyrans and similar movements, he rejects Percival’s idea of a
will in plants, but says that the attempts to derive them from
mechanical or chemical causes has only led to solemn trifling.
It is plain that men who could print such remarks as these
and still worse than these, could not possibly effect anything
in the province of botany which we are considering. The
broad and shallow stream of such opinions as these flowed on
till later even than 1830, but it ran dry at last when its supplies
were cut off by the effect of new discoveries, and scientific
investigation again gained the upper hand. Some calmer
thinkers, who could not rest content with empty words, had
meanwhile been pursuing the path trodden by Ray, Dodart,
Hales, and Du Hamel, and by experiment and earnest reflec-
tion had brought new facts to light, which were at least calcu-
lated to pave the way for the mechanical explanation of phyto-
dynamical phenomena. Senebier in his ¢ Physiologie végétale’
(1700) had described some minute researches which he had
made into the subject of etiolation ; and though he made the
great mistake of attributing the want of colour in the leaves
and the excessive elongation of the stems to the decom-
Nn2
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position of carbon dioxide which does not take place in the
dark, yet he gave an example of genuine scientific investiga-
tion and again expressed its true spirit, when he said that the
Linnaean phrase,  the sleep of plants,’ was unsuitable, because
the sleeping leaves are not relaxed, but continue as stiff as in
the day-time. De Candolle also, like Senebier, experimented
in 1806 on the influence of light on vegetation, and succeeded
in proving that the daily period of leaves may be reversed by
artificial illumination ; he was, as we have said above, an
adherent of the theory of a vital force, but only made use of
it when physical explanations failed him. The same year
(1806) is the date of a brilliant discovery, which was extremely
inconvenient to the thorough-going adherents of the nature-
philosophy and the vital force, and did much to bring the
scientific study of the movements of plants back to the right
path. ANDREW KNIGHT® showed by experiment that the ver-
tical growth of stems and primary roots is due to gravitation ;
he attached germinating plants to a rapidly revolving wheel,
and thus exposed them to the centrifugal force, either alone
or combined with gravitation; the radicles, which normally
follow gravitation, here took the direction of the centrifugal force,
while the stems assumed the opposite direction, The next ques-
tion was, why gravitation makes the roots and stems take exactly
opposite directions, why, that is, in a plant placed in a hori-
zontal direction, the root-end curves downwards and the stem
upwards. Knight supposed that the root, being of a semi-
fluid consistence, is bent downwards by its own weight, while
the nutrient sap in the stem moves to the underside and causes
stronger growth there, until by means of the curvature so pro-
duced the stem assumes the upright position. Here too, as in
Dodart’s case, it was no great misfortune that the explanation
proved afterwards to be insufficient; it served at the time to

! Thomas Andrew Knight, President of the Horticultural Society, was
born at Wormsley Grange, near Hereford, in 1758, and died in London in
1838,
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explain as much as was then known of the matter. The spirit
of true scientific research displayed in Knight’s explanation of
geotropism was expressed in many other contributions which he
made to vegetable physiology ; two only must be mentioned
here. He showed in 1811 that under suitable conditions roots
are diverted from the vertical direction by moist earth, an obser-
vation which was confirmed by Johnson in 1828 and afterwards
forgotten. More attention was excited by his discovery in
1812, that the tendrils of Vitis and Ampelopsis are negatively
heliotropical, that is, that they turn away from the source of
light. A few other cases of ‘this kind of heliotropism have
since been discovered, and they are highly interesting, because
they teach that there is the same opposition in the relations of
plants to light as in their relations to gravitation. Knight
possessed some of the direct and bold reasoning power of his
countryman Hales ; he defied the vital force, and was always
ready with a mechanical explanation, if it was at all possible to
find one. Thus he explained the twining of tendrils by sup~
posing that the pressure of the support drives the juices to the
opposite side, which consequently grows more vigorously and
causes the curvature, which makes the tendril wind round the
support. This theory was at all events better than the one
which von Mohl sought to put in its place in 1827, and no better
one was suggested till very recently. Much the same may be
said of Knight’s explanation of geotropic curvatures ; -it is true
that Johnson showed in 1828 that the ends of roots as they
curve downwards set in motion a heavier weight than them-
selves, and therefore do not simply sink down, and Pinot in
1829, that they force their way even into quicksilver, and that
consequently Knight’s theory, at least as regards the roots, is
unsatisfactory ; but no better theory has yet been found, and
his view also of the progress in the upward curvature of the
stem has not given place to any one that can be said to be
more generally accepted.

It was the commonly received opinion till after 1820 that the
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movements of the parts of plants are produced by the spiral
vessels, or, which meant the same thing in those days, by the
vascular bundles. It was an important event therefore when
Dutrochet proved in 1822, that the movements of the leaves
of Mimosa were due to the alternate expansion of the antago-
nistic masses of parenchyma in the pulvinus or cushion of suc-
culent tissue found at the articulation, and that the central
vascular bundle follows passively their curvatures. Lindsay
had indeed arrived at the same conclusion from similar experi-
ments as early as 1790, but his unprinted essay on the subject
was first produced by Burnett and Mayo in 1827. Meanwhile
Dutrochet had also found that light influences the movements
of the leaves in different ways ; alternation of light and dark-
ness excites them to motion, while leaves which have become
rigid in continued darkness are restored by light to their normal
condition of sensitiveness.

Much attention was bestowed in the period between 1820
and 1830 on various questions connected with the movements
of the organs of plants. In 1826 the faculty of medicine in
Tiibingen offered a prize for an essay on the peculiar nature
of tendrils and climbing plants, which was intended to bring
into discussion all the points which required to be cleared up
before a more thorough understanding of the whole subject
could be obtained. The two essays which gained the prize
were published in 1827.  One was by Palm, the other by von
Mohl, both of very different value. Palm’s essay is a good
and careful college-exercise ; but there is nothing of this char-
acter in von Mohl's. The skill of the composition, the exact
knowledge of the literature of the subject, the wealth of per-
sonal experience, the searching criticism, the prominence given
to all that is fundamental and important, the feeling of cer-
tainty and superiority which the book inspires, all unite to
make the reader forget that it is not the work of a mature and
professed naturalist, but of a student of two-and-twenty years of
age. This academical prize-essay on the structure and twining
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of tendrils and climbing-plants was one of von Mohl’s best works,
and altogether the best that appeared on the subject before
Darwin wrote upon it in 1865 ; at the same time it must
be said that von Mohl did not explain the exact mechanical
processes in the tissues, for he assumed a sensitiveness in both
cases which causes the winding round the support, and thought
that this sensitiveness must be conceived of ¢ dynamically’ and
not ‘mechanically.” Nevertheless von Mohl conducted his in-
vestigation up to this point according to strict rules of induc-
tive science, and studied the facts which were capable of being
established by observation and experiment with an exactness
such as had not yet been applied to any case of movement in
plants. It was a genuine production of its author, strictly
inductive up to the point at which deduction became neces-
sary. Von Mohl pointed out in it essential differences in the be-
haviour of tendrils and climbing-plants, and the corresponding
distinction between the organs which have to be considered in
each case, and he made the important discovery that contact
with the support acts as a stimulus on the tendril, though he
was wrong in supposing that the climbing stem also is similarly
affected. He at once assented to Dutrochet’s new view, that
it is not the vascular bundles but the layers of parenchyma
which produce the movements. He distinctly rejected the
notion constantly repeated, though with some hesitation, since
the time of Cesalpino, that tendrils and climbing-plants ¢ seem
to seek for’ their supports, as also the idea which many had
adopted without reflection from Grew, that the varying direc-
tion of a climbing-stem is due to the varying influence of the
course of the sun and moon, and showed that the movements
of nutation in the stem are sufficient to explain the apparent
seeking for the support ; it is true that he did not fully explain
the corresponding phenomena in tendrils, but he saw enough
to set aside the old ideas. We must not here go further into
his many, and for the most part excellent, observations ; some
of course had afterwards to be corrected, but the important
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point was, that his full investigation of the subject showed how
such phenomena must be studied, if we are to arrive at a
strictly mechanical explanation of them.

If von Mohl had attempted to give a mechanical explanation
of the processes in the tissue of twining organs he must neces-
sarily have failed from ignorance of the agency of diffusion,
which must certainly be taken into consideration. This agency
was not discovered by Dutrochet till the year (1826) in which
von Mohl undertook his investigation, and some time elapsed
before it was sufficiently understood to be successfully applied
to the explanation of phenomena in vegetation. Dutrochet
did indeed attempt so to apply his theory in 1828, and showed
that changes in the turgidity of tissue are produced by endos-
mose and exosmose, and consequently that a new mechanical
method of explanation had been discovered for processes
which had been usually referred to a supposed vital principle ;
but in his later and more detailed researches into geotropism,
heliotropism, periodical movements and movements of irrita-
bility, which he collected together in his ¢ Mémoires’ of 1837,
he fell into two different mistakes : he assumed conditions of
size and stratification in cells which do not 'actually exist, for
the purpose of explaining very various kinds of curvature by
endosmose, and he was not satisfied with endosmose in the
parenchyma ; he postulated changes in the vascular bundles
also, which were supposed to be produced by the influence of
the oxygen in a way which he did not explain. Thus there
were blots in his explanation of separate processes, and his
mechanical theories remained unsatisfactory ; but it is worthy
of recognition and was most important for the development of
phytodynamics, that he was thoroughly in earnest in his pur-
pose of explaining every movement in plants by mechanical
laws. Even the opponents of such explanations were obliged
to go deeply into mechanical relations in order to refute him,
and no one could any longer be imposed upon by the simple
assertion that all depends on the vital force; so devoted
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a partisan of vital force as Treviranus had to deal with endos-
mose as an established principle. Moreover Dutrochet’s
copious investigations presented such an abundance of in-
teresting observations, delicate combinations, and suggestive
considerations, that the study of them is still instructive and
indeed indispensable to any one who is occupied with such
researches, Comparison of his papers in the ¢ Mémoires’ of
1837 with what was before known on the mechanical laws
of the movements of plants leaves us in no doubt that
energetic mental effort had taken the place of the old com-
placent absence of thought.

Still no-single movement had as yet been fully explained on
mechanical principles ; but by the year 1840 clearer views had
been attained on the whole subject ; the co-operation of ex-
ternal agencies was in substance recognised, and the differefit
forms of movement were better distinguished, though much
still remained to be done in this direction ; and as regards the
mechanical changes in the tissue of the parts capable of move-
ment, a factor had been given in endosmose which must be
taken into ‘account, though it might be necessary to seek a
different mode of applying it.

4. Before proceeding to give some account of the theoretical
efforts that were made in this subject between 1840 and 1860,
it should be mentioned that new cases of movement in plants
had been discovered. Dutrochet observed that the stem in
the embryo of Viscum is negatively heliotropic, and had care-
fully studied its behaviour ; he opposed the old notion that the
geotropic downward curvature is peculiar to main roots, and
that that is the reason why they are in ‘polar’ opposition
to the stem, by pointing to the shoots of the rhizomes of Sagit-
taria, Sparganium, Typha, and other plants, which at least
when young curve downwards with some force ; and on ex-
tending Knight's experiment with a rotating wheel he found
that the leaves also exhibit a peculiar geotropism. These
observations and some new examples of periodical movement
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and movements of irritability were connected without difficulty
with the forms of movement that had been long known in the
vegetable kingdom, and contributed to correct the views that
had been entertained respecting them. But this was not the
case for a time with two phenomena which also fall within
the province of phytodynamics, namely normal growth and the
movements of the protoplasm, which exhibit the two opposite
extremes, so to speak, of the facts connected with movement.
Various measurements had been made of the growth of plants
since the beginning of the century, and attempts had been
made to establish its dependence on light and heat, but with-
out any great success. Treviranus had rediscovered-the move-
ments of the protoplasm in 1811 in Nitella. Similar move-
ments were repeatedly pointed out by Amici, Meyen, and
Schleiden in the cells of higher plants, but they were taken for
streamings of the cell-sap ; it was still unknown that all these
were movements of the same organised substance, which moves
independently in water in the form of swarmspores. These
phenomena, especially the movements of swarmspores, were
noticed and studied separately between 1830 and 1840, but no
one thought of bringing both these movements and the me-
chanical laws of normal growth into connection with the
phenomena which had usually been treated together under the
head of movements in the vegetable kingdom. De Candolle
and Meyen did not mention them in this connection in their
‘Compendia’ of 1835 and 1839; Meyen on the contrary
discussed the ‘circulation of the cell-juice ’ with nutrition, and
the movement of swarmspores with the propagation of Algae.
The two writers just named, like Du Hamel before them,
divided into two main groups the movements in the vegetable
kingdom which had been long known and were usually put
together, and treated of geotropic and heliotropic curvatures
and the movements of tendrils and climbing-plants under the
head of direction of plants, and the periodical movements and
movements connected with irritability under that of move-
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ments, though they gave no reasons for this classification ; it
rested evidently on an indistinct feeling outrunning clear per-
ception—that in the one they were dealing with growing parts
of plants, in the other with parts which had ceased to grow.
Dutrochet made no such distinction, but he was the only one
among the chief representatives of vegetable physiology be-
tween 1830 and 1840 who had thoroughly adopted the mecha- -
nical view of phytodynamical phenomena. We have said that
Treviranus was a warm adherent of the theory of vital force.
De Candolle and Meyen, it is true, endeavoured to explain
each separate movement if possible by mechanical laws, but
in their more general speculations they readily lapsed into
antiquated views; thus De Candolle speaks of the sensitive-
ness of Mimosa as a case of extreme ¢ excitability,’and Roeper,
in accordance with his other views, translated De Candolle’s
expression, autonomous movements, by the term ‘voluntary’
movements. The movements he is speaking of are those of
Hedysarum gyrans, and Meyen also terms them ¢voluntary®
movements, and ranks them with those of Oscillatoria. That
he was influenced in this by a dim reminiscence of the old
vegetable soul is shown by the heading, ¢ Of movements and
sensation in plants,’ placed over the section of his work in
which the expression occurs ; and in the last chapter of this
section, he attributes some kind of sensation to plants on
account of the evident marks of design in their movements,
though he veils his meaning in obscure and tortuous
phrases.

5. The mists of the nature-philosophy and the vital force
disappeared from the phytodynamical province of botanical
science after the year 1840. The methodical research of in-
ductive science, which had still to contend with them up to
that time, was once more acknowledged as the supreme guide
and ruler. A few stray dissentients were still to be found, but
the general voice was against them. There was an eager
desire for exact investigation of the facts, in order to lay a
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firmer foundation for future theory. But no conclusive results,
no such entirely new points of view were gained before 1860,
as were established during the same time in phytotomy, mor-
phology, and systematic botany. To these subjects the most
eminent enquirers applied their best powers almost exclusively,
while phytodynamics vanished from the field of view of the
generality of botanists, and no one made them the object of
the comprehensive, intense, and effectual study, which Dutro-
chet had previously devoted to them. At the same time his
example was not without a powerful effect. The working of
endosmose was further investigated and treated as a part of
molecular physics. Greater freedom was thus gained in the
mechanical treatment of phytodynamical questions, and a firmer
basis secured by aid of the advances which were being at the
same time made in phytotomy. But with the exception of
Briicke’s essay on Mimosa (1848), the works produced during
this period were chiefly devoted to the critical examination of
the writings of previous observers, and whatever appeared that
was new and positive remained incomplete till after the date at
which this history ends. Under these circumstances we must
be content to indicate briefly the more important of the new
discoveries and of the efforts made at this time to advance the
theory of the subject.

Several observers occupied themselves soon after 1840 with
the influence of light on the growing parts of plants. Payer
maintained in 1843 that the radicles of various Phanerogams
turn from the light, and a controversy arose between him and
Dutrochet on the point, in which Durand took part in 1845,
but no definite conclusion was arrived at even as regards the
certainty of the fact. The beautiful discovery of Schmitz in 1843,
that the Rhizomorphs grow more slowly in the light than in the
dark, and are at the same time negatively heliotropic, might
have proved much more important ; but the theoretical value
of this fact has till quite recently been entirely misconstrued.
Sehastian Poggioli had discovered in 1817 that highly refringent
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rays of light were more heliotropically active, and the fact was
confirmed by Payer in 1842 ; but Dutrochet in 1843 maintained,
and incorrectly, that it is the brightness of the light, and not
its refrangibility, which is the determining factor. Zantedeschi
found in 1843 that red, orange, and yellow light are heliotro-
pically inactive. Gardner on the contrary in 1844, and
Guillemain in 1857, came with the help of the spectrum
to the conclusion that all its rays are heliotropically active, and
the question long remained hampered by these contradictory
statements, till it was taken up again in 1864. This was
a similar case to that of the question of the effect of varie-
gated light on the elimination of oxygen and the formation of
chlorophyll. Daubeny had given attention to the subject in
1836 and inclined to the view, that it was the brightness of the
light rather than its refrangibility which was the important
point; and Draper’s observation, made with the spectrum in
1844, that the elimination of oxygen reaches its maximum in
yellow light and decreases on each side of it, was generally
understood as though it was a question only of the brightness
of the light. It is only within recent times that this view has
been abandoned, and in the same way all the investigations
which have just been mentioned were not settled till after
1860, and were scarcely turned to any theoretical account.
The bright point in the history of phytodynamics at this time
is Briicke’s treatise in 1848 on the movements of the leaves in
Mimosa, not only on account of the very important results which
it records, but still more for the exactness of its method which
has made it a model of research in these subjects. He first
established the essential difference between the periodical
nocturnal position of the leaves of Mimosa and the position
which they assume when irritated, and showed that the former
is connected with an increase in turgidity, the latter with
relaxation ; he showed further that if the upper half of the
organ is removed, the periodical movements and the irrita
bility both continue. Of great importance to the theory was
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the clear account given of the tension which is produced
between the vascular bundle and the turgescent layer of
parenchyma, and the reference of the periodic movements
and of those of irritation to the movements of water in the
antagonistic masses of parenchyma. The details were still
imperfect, but one great advantage was secured, namely, the
doing away with the mysticism associated with the idea of
irritability, from which even von Mohl was not entirely free.

A full enquiry into the downward curvature of roots, pub-
lished by Wigand in 1854, deserves mention, because it threw
some light on the theory of the strictly mechanical questions
connected with a subject which had been for some time neg-
lected, and because, while containing other instructive matter,
it refuted the theory, founded on endosmose and on the struc-
ture of tissue, which had been suggested by Dutrochet and
adopted by von Moh], since it showed that one-celled organs
also exhibit geotropic curvatures. The great theoretical im-
portance of the fact that all the various phytodynamical phe-
nomena, with the exception of movements of irritability, are
manifested in one-celled organs, was not fully understood till
after 1860. :

It has been already observed, that no theoretical result was
obtained from the discovery of circulation in cells made by Corti
in 1772, and repeated by Treviranus in 1811. The same may
also be really said of the later observations of Amici, Meyen,
and Schleiden, which went to show that such movements occur
very generally in vegetable cells. In like manner the move-
ments of swarm-spores, of which a considerable number of
instances had been observed before 1840, were rather the
subject of astonishment than of scientific consideration. They
could not in fact find their place in the general system until
Nigeli and von Mohl discovered in 1846, that it is in the pro-
toplasm that the so-called movement of the cell-sap takes place,
and Alexander Braun made it known in 1848 that the swarm-
spores are naked masses of protoplasm, and indeed true



Caar. TIL] the Movements of Plants. 559

" vegetable cells. A new substratum for the movements in
plants, and one of the simplest kind, was thus obtained ; and
‘Négeli attempted in 1849 a mechanical explanation of the
movements of swarm-spores, while in 1859 De Bary exhibited
in the Myxomycetes most instructive examples of such move-
ments. If Nigeli failed in his attempt, yet it seemed possible
that the protoplasm had an important share in the production
of all phytodynamic phenomena, and the idea appeared
capable of a very wide application when Unger pointed out
in 1855 the resemblance between vegetable and animal pro-
toplasm. It is true that not one of these later observations
led to any conclusive results till after 1860; but that the whole
subject of phytodynamics had made considerable advance as
early as 1850 is apparent from the account given of it by
von Mohl in his ¢ Vegetabilische Zelle’ of 1851, and by Unger
in his ¢ Lehrbuch der Anatomie und Physiologie der Pflanzen’
of 1855. Von Mohl chiefly exposes the unsatisfactory nature of
the attempts that had been made to explain the phenomena ;
Unger, on the other hand, shows how much that is funda-
mentally important had been already established.

The mechanics of growth had not been included by former
writers among the phenomena of phytodynamics, nor was it so
included by either Unger or von Mohl. It seemed to be sup-
posed that there was a fundamental difference between growth
and other movements in the vegetable kingdom, and this idea
was entertained even in the most recent times. From the time
of Mariotte and Hales no one had made the mechanical laws
of growth the subject of special investigation or theoretical
consideration ; yet some observations had been made on the
formal relations of growth and its dependence on external
influences. Obhlert (1837) was the first after Du Hamel who
studied the distribution of growth in the root; Cotta in 1806,
Chr. F. Meyer in 1808, Cassini in 1821, Steinheil and others
made measurements in connection with the same question in
the stem, but only with the result of showing that the distribu-
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tion of growth at the internodes may vary very greatly, and
even Miinter's measurements in growing internodes in 184rx
and 1843, and Grisebach’s in 1843 led to no appreciable
result, because the observers neglected to apply the figures ob-
tained to the theory of the subject. It seemed to be generally
supposed that it was enough simply to write down the measure-
ments in figures, and that a theoretical result would spring
into being of itself; on the contrary the real scientific work
begins after the figures are obtained. The same cause pre-
vented the observations which have yet to be mentioned from
producing real fruit. The influence of the variability of the
temperature of the air?, and of the alternation of daylight and
darkness on the longitudinal growth of internodes and leaves
after they have emerged from the bud-condition, had often been
investigated ; Christian Jacob Trew published in 1727 long-
continued daily measurements on the flowering stem of Agave
Americana in conjunction with observations on temperature
and weather; a hundred years later similar observations were
made by Ernst Meyer in 1827, by Mulder in 1829, and by Van
der Hopp and De Vriese in 1847 and 1848 ; but Harting in
1842 and Caspary in 1856 were the first who went at all deeply
into the questions involved. These observations, some of
which were carefully made, led to no further result than the dis-
covery of the fact, which Miinter indicated and Harting applied
to theoretical purposes but which no one else thought worthy
of attention, namely that the rate of growth increases at first
and independently of external causes, till it reaches a maximum,
and then decreases till at length it comes to an end ; they did
not even establish a really practical method of observation,
Scarcely two observers arrived at the same result, because the
questions respecting the relations of growth in length to tem-
perature and light had not been clearly and distinctly put. Com-
munications were published in the periodicals, which simply

! See ‘Arbeiten des botanischen Institutes in Wiirzburg,’ vol. i. p. 99.
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tabled long-continued measurements of the longitudinal growth.
of parts of plants, and gave an idea of constant irregularity of
growth, without suggesting any explanation of the causes which
produced it ; so indistinct were the ideas of observers on these
subjects even after 1850, that the majority of them proposed to
themselves the question, what difference there is between
growth by day and by night ; it did not occur to them that day
and night are not simple forces of nature, but different and
very variable complications of external conditions of growth,
such as temperature, light and moisture, and that such a mode
of putting the question could not possibly lead to the discovery
of the relations established by law, so long as the several
factors were unknown which are included in the conceptions of
day and night. Harting’s essay of 1842 is superior to those
above mentioned, inasmuch as he distinctly endeavoured to
obtain from his measurements some definite propositions that
might be applied to the theory of the subject, and especially to
give a mathematical expression to the dependence of growth
on temperature, but his success in this particular point was not
great, The idea, that there must be a simple arithmetical
relation to be discovered between growth and temperature,
had been suggested by Adanson in the previous century, and
it found many supporters in the period between 1840 and
1860: but it should be observed that the term growth was
used in a loose and popular sense to sum up all the phenomena
of vegetation in one expression. Adanson had supposed that
the time occupied in the unfolding of the bud was determined
by the sum of the degrees of the mean daily temperature,
reckoned from the beginning of the year; Senebier, and at
a later time De Candolle, declared against the existence of
any such relation, but a similar idea was not only very
generally entertained after 1840, but it even came to be treated
as a probable natural law. Boussingault had pointed out that
in the case of cultivated plants in Europe and America, if the
whole period of vegetation expressed in days is multiplied by
00
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the mean temperature of the same period, the products do not
deviate widely from one another in the same species. It was
thereupon assumed that these deviations are due to incorrect
observation, and that such a constant product of the period ot
vegetation and the mean temperature will be found in every
species. This product then received the unmeaning appella-
tion of the sum of the temperature. If such a relation between
vegetation and temperature really exists, it would necessarily
follow that other things, such as light, moisture, the soil, &c.,
have no influence at all on the period of vegetation, not to
speak of those internal causes which help to complicate the
simplest processes of growth. It is unnecessary to expose in
this place the absurdities involved in this idea of the sum of
the temperature ; the needful remarks will be found in the
¢ Jahrbiicher fiir wissenschaftliche Botanik’ of 1860, i. p. 370.
It is a remarkable fact however that such monstrous reasoning
should have been able to prejudice science in various ways even
later than the year 1860. A new science was actually invented
and called Phaenology, which accumulated thousands and thou-
sands of figures, in order to discover the sum of the tempera-
ture for every plant, and as this crude empiricism showed that
the simple multiplication of the period of vegetation by the
temperature gave no constant result, the square of the tempera-
ture was tried and other tricks of arithmetic adopted. Though
Alphonse de Candolle as early as 1850 expressed well-founded
objections to the whole of this method of treating the subject,
in which the mean temperature played much too important a
part, yet he was so far unable to keep clear of the prevailing
ideas, that he thought he could express the effect of light by an
equivalent number of degrees of temperature, and so save the
supposed law of temperature in vegetation. To this idea may
be traced his work on the geography of plants, published in
two volumes in 1855, which however contains a rich treasure
of personal experience and knowledge of the works of other
writers,
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It appears then that scarcely any point of fundamental
importance in phytodynamics was cleared up before the period
at which this history closes ; it was not till after that date that
these questions began to be studied from new points of view,
and they are at the present time still under discussion.

002
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