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PREFACLE

ArnrroveH during recent years considerable additions have
been made to our elementary botanical textbooks, not one
has appeared which deals solely, or at any length, with the
subject of vegetable physiology. This has been either
presented to the reader as a particular section m a com-
prehensive work, or treated of incidentally in connection
with anatomical detail. This is the more strange, as an
adequate and intelligent appreciation of the forms and
structure of vegetable organisms can only be gained by =
consideration of the work they have to carry out. It must
be evident to the student of Nature that the peculiarities
of external and internal form, of which any particular plant
has become possessed, have arisen necessarily in con-
nection with the need of mechanisms to do ecertain work,
to overcome partienlar disadvantages, and generally to
bring the organism into a satisfactory relationship with the
surroundings among which it finds itself,

I have been led by these considerations to endeavour to
fill this gap by writing an introduction to the subject,
which, while putting physiology into its proper prominence
among the branches of botanical study, shall serve to pave
the way of the student and of the general reader to the
more complete discussion of the subject which may be met

with in the advanced textbooks of Sachs, Vines, and
Pfefter.
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With this view I have endeavoured to present the
plant as a living organism, endowed with particular
properties and powers, realising certain needs, and meet-
ing definite dangers. I have attempted to show it to be
properly equipped to encounter such adverse conditions,
and to avail itself of all the advantages presented to it by
its environment.

I have also set before myself another purpose, which,
however, is naturally subordinate to the one just mentioned.
When we consider the origin of the different organisms
which we find around us, we are led irresistibly to the
conclusion that the classification of living beings into
animals and plants has been too strongly insisted upon in
the past, and that while much has been made of their differ-
ences, their points of resemblance have been minimised.
The fact that organisms exist, which it 1s difficult or
impossible to refer with certainty to either kingdom, points
to a fundamental unity of living substance. Protoplasm
in short is the same material, whether we call it animal or
vegetable. This being the ease, its conditions of life and its
immediate necessities must be practically the same, what-
ever its degree of differentiation in either dirvection, I
have tried to bring out this identity of living substance
throughout the book, and to indicate that apparent differ-
ences of behaviour and structural arrangement are to be
traced rather to differences of environment and habit of
life, than to those of constitution. The correspondence of
the processes of respiration in animals and plants has long
been recognised ; many points of similarity in those of
nutrition have been observed. The idea is, however, still
prevalent that plants live upon inorganie materials ab-
sorbed from the air and from the soil. This seems to
indicate a fundamental difference between the modes of
nutrition of animal and wvegetable protoplasm. I have
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endeavoured to show that this view 1s erroneous and that
both are nourished similarly.

I have also tried to show that the sensitiveness of the
plant and the animal is alike in properties, though differ-
ences are apparent in the direction of its differentiation.

I have avoided as far as possible the disenssion of con-
troverted points, feeling that this would be out of place in
a work intended to serve as an introduction to the subject.
Such matters are more properly treated of in the more
comprehensive works to which I have already alluded.

J. REvnoLps GREEN.

Camerince: Jure 10040,
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VEGETABLE PHYSIOLOGY

CHAPTER 1
THE GENERAL STRUCTURE OF PLANTS

Exayinariox of the body of every living organism shows
us that it is composed of different materials, which exhibit
a great deal of variety in the ways in which they are
arranged. These different materials fall very naturally
into two classes, which include respectively the living sub-
stance itself, and various constituents of the body which
have been constructed by it. The relative proportions in
which these two classes of materials exist vary very greatly
in different organisms; in some of the simplest forms
indeed we can discern nothing structural except the living
substance itself. In others the materials constructed by
the latter are much the greatest in amount.

When we study the life history of the simplest or the
most complex plant with whieh we can become aequainted,
we find that at some time or other in
1ts existence 1t is found in the form of
a minute portion of jelly-like material
which is endowed with life. Some-
times this piece of living substance is
motile, and can swim freely about in
water by means of certain thread-like
appendages which it possesses (fig. 1). Fie. 1.—Zoosrone or
Such struetures ocenr almost exclu- ey, 4100
sively among the lowest forms of plants, particularly the
seaweeds. They are known as zoospores, or zoogonidia,

I



2 VEGETABLE PHYSIOLOGY

and are produced in large numbers. In other cases the
little mass of living substance is not capable of locomotion,
but may be found floating about in water, or enclosed in
particular cavities in its parent plant.

The jelly-like substance of which these bodies are eom-
posed is living and eapable of earrying out all the functions
necessary for its life, growth, and multiplication. It is
called protoplasm, and each portion of protoplasm which is
thus capable of independent existence is known as a vege-
table cell, or protoplast.

These free-swimming organisms are not protected by
any coating, but every part of their surface is in complete
contact with the water in which they live. This condition

‘Eg ¢
Jeb. 3%
i ] o i

Fra. 2.—SacomaromycEs CEREVISIE. oR YEAST-PLANT, AS DEVELOPED
DURING THE PROCESS OF PERMENTATION. = 800,

ity by o, o, snccessive stages of cell-multiplication.

is, however, exceptional. Usually the protoplast is encased
in a ecolourless homogeneous membrane of extreme tenuity
which is known as its ecell-wall., Examples of unicellular
organisms of this kind are found in great numbers among
the fungi, the Yeasts (fig. 2) and the Bacteria (fig. 3) being
exceptionally numerous. Such plants may be motile or non-
motile, a few of the bacteria being furnished with thread-
like appendages, known as cilia or flagella, which are
similar in most respects to those of the zoospores already
mentioned. These plants show a little more differentiation
than the others, the protoplasm being clothed by a kind
of exoskeleton, the cell-wall, which is at once supporting
and protective.

More complex organisms consist of two or more proto-
plasts united together in various ways. The number of
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these masses of protoplasm, or cells, may be as small as
two, or may be enormous, as is the case in such plants as
the gigantic seaweeds of the tropies or the tall terrestrial
trees which abound all over the surface of the globe.
Whether the plant is simple or complex, we find the
same fundamental arrangement of its parts: there is a
certain number of protoplasts, in close relationship with
each other, supported upon a framework - or skeleton which
shows a wonderful variety of arrangement, its details
depending on the manner of life of the whole organism of
which it forms so large a part. In such an organism each

Fig. 8. = FicUrRES oF DIFFERENT BacTERIA. (After Cohn and Sachs.
Very highly magnified.)

1, Sarcina ; 2, Bacillus; 8, Spivillum; 4, Spirillum with flagellms ;
6, G, T, Microcoeeus. (Single, in strings, and in groups. )

protoplast is usually found oeecupying a particular cavity
which is formed by its cell-walls, and communicating with
its neighbours on all sides by delicate prolongations of
living substance which extend through the walls of con-
tignous chambers. Each chamber is often called a cell.
In dealing with the physiology of the plant, it is the
living substance wiich should first engage our attention,
though the arrangements of the supporting structures or
skeleton exhibit the greatest variety. We have seen that
in the simplest forms of plants the living substance may
exist without any cell-membrane, and may be freely mutilt;?
swimming in water by means of cilia. The absence of the

2
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cell-membrane can also be observed in certain peculiar
fungi, which are to be found ereeping over moist surfaces
without such appendages (fiz. 4). These are known as
the slime-fungi or Myxomycetes. In many respects they
approach very near to one of the humblest animals, the
Ameeba. They have hardly any structure, appearing like
a lump of transparent jelly, the whole mass being called a
plasmodium. They have the power of extruding a certain
portion of their substance in the form of a blunt protrusion

Fic. 4.—Ponrtion oF & Prassopivs orF & Myzommgeefe. = B00.
[After De Bary.)

known as a pseudopodium, and by means of these pseundo-
podia they can creep slowly over the surface on which they
are lying. The naked condition is, however, exceptional in
plants. In most of those which are unicellular the
living substance is covered by a delicate membrane or
cell-wall, and it may either fill the space inside the latter,
or may have in its interior a eavity or vacuole, which is
filled with a watery fluid. In the multicellular plants each
chamber during life contains its own protoplast or little mass
of protoplasm, whichjis connected, as already mentioned,
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with its neighbours on all sides. In such cells the proto-
plast when young usually occupies the whole of the interior
(fig. 5, A), but when they are adult it generally lies as’a

FiG. .—VEcETABLE CELLS.
A, very young ; B, a little older, showing commencing formation of vacuole.
1, protoplasm ; #, nucleus; ¢, a vacuole.

peripheral layer rvound the wall, to which it is closely
pressed, while a eentral vacuole occupies the greater space
of the eavity enclosed by the cell-walls (fig. 6). Sometimes
the vacuole is erossed by a number of bridles or strands
of protoplasm, which generally pass
from a somewhat central spot to
the periphery. The protoplasm is
transparent, but somewhat granular
in appearance, and is saturated with
water. Somewhere in its substance,
whether it fills the cell-eavity or
not, there exists a specially differen-
tinted portion ecalled the nwueleus.
Sometimes, but only in particular
cells, the protoplasm contains other
differentiated portions, distinet from 5. o Apeer Vecsrrasee
the rest of the substance, which are E;.L‘ﬁ:l * 500. (Aflter
known as plastids. The bulk of the 5 .aiwan; p, protoplasm ;
living substance, to distinguish it f!?f.']’i “:'3'*':;'3“::":; -
from these specialised portions, is

usually called the eytoplasm. It is not of the same con-
sistency throughout, a generally firmer portion lying next to
the cell-wall being known as the ectoplasm. A similar firm
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layer may frequently be detected round the vacuole. Some-
times these limiting layers are spoken of as plasmatic
membranes on account of their specially dense character
they are not, however, to be confused with the cell-membrane
or cell-wall, being particular layers of the eytoplasm.

The exaet chemical composition of protoplasm eannot
be ascertained, as analysis involves its death, and this is
attended by changes in its substance. It contains earbon,
hydrogen, oxygen, nitrogen, and probably sulphur and
phosphorus, but we are quite unable to say in what different
combinations they exist within it. Enclosed in it are
always varying quantities of organic substances such as
proteids, carbohydrates, and fats, and small quantities of
various inorganic and organie salts. The substance of the
protoplasm has been thought either to be arranged in the
form of a network, these various bodies oceupying themeshes,
or to have a foamy structure much like that produced by
vigorously stirring a mixture of oil and water. The various
substances alluded to as oceurring in close relationship
to it are connected with the nutritive and other vital
processes of the cell, or its metabolism, and hence differ
greatly in nature and amount from time to time.

In the ease of the free-swimming protoplasts, with
which we began the study of protoplasm, we saw they were
in active motion. As the protoplast becomes enclosed in
cell-walls this motility is, of course, less and less obvious ;
indeed in most cells it cannot be distinguished at all.
There is reason to suppose, however, that protoplasm,
wherever existing, is in active, though impereeptible,
motion. In many of the constituent cells of even some of
the higher plants this motility can be observed, particu-
larly where the protoplasm has a granular appearance.
In certain of the cells forming the leaves of many aquatic
plants, e.g. Vallisneria, Nitella, Elodea, (tig. 7), and
others, a streaming movement of the granules the proto-
plasm contains can be detected under a high power of
the microscope. In other plants of terrestrial habit, e.g.
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certain cells of Tradescantia and Chelidoniwm, a similar
streaming of the protoplasm is observable (fig. 8); such

Fie. 7.—CELLS FROM THE Leap Fig. 8.—Two CELLS FROM A
or Elodea. = 500, Sramixar Hamw o Trades-

w, naclens; p, protoplasm, in which eantia. x 300.

are embedded numerons chloro- The arrows show the direction
plasts. The arrows show the of the movement of the
direction of the movement of the protoplasm.

protoplasm.

movements are spoken of as rofafion when the current
flows uniformly round the eell, or as cireculation when the
path has a more complicated course.
It has been mentioned that,
with very rare exceptions, all cells
contain a specially differentiatea
portion of protoplasm, known as the
micleus (figs. 6 and 9). This strue
ture does not occupy a very definite
position in the cell, but not infre-
quently 1s found almost In the Fie. 9.—NveLrvs or a Cer,
centre. 1f the whole of the space is A A RERT R
not filled with protoplasm, the part = '
in which the nucleus lies is con- " b rocleclus.
nected with the lining layer by means of strands or
bridles. In other cases the nuecleus is embedded in
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some part of the lining layer itself. This body has a
more definite structure than the rest of the cytoplasm ;
it is bounded at the surface by a delicate membrane,
which is thought, however, to be a denser layer of
the protoplasm of the cell, rather than to belong to the
nuclens itself. Within this nuclear membrane are found
two substances which differ from each other in their power
of staining with wvarious reagents. The bulk of the
nuclens 1s composed of a semi-flmid material known as
nucleoplasm, in which 1s embedded a network of fibrils or a
long much-coiled thread. The fibrils, or the thread, are
composed of a hyaline substance in which lie, cloge to each
other, a number of granules which stain deeply with many
colouring matters. The threads contain these granules
in such large proportion, that, except with very high magni-
fication, the latter cannot be distinguished, and consequently
the whole fibril appears stained. The fibrils are generally
sald to be composed of chromatin, the name having
reference to nothing more than this reaction to stains.

One or more small deeply staining bodies, termed
nueleoli, are found in each nucleus, sometimes being very
prominent, and at other times hardly distinguishable from
the nodes of the fibrillar network or the crossings of the
coiled-up thread (figs. 6, & k&, and 9, b). Chemically the
nuelens resembles the rest of the protoplasm to a consider-
able extent. It contains, however, a material known as
nuclein, of which phosphorus is a constituent. It is not
known how the nuclein is related to the rest of the nuclear
substance, but it appears to be present in the thread or
fibrillar network and not in the general nueleoplasm.

It is of such protoplasts or aggregations of small
portions of living substance that all plants are built up.
There is, however, a wonderful variety in the relative
arrangements of these units of construction, a variety
which finds its expression in the multiplicity of existing
forms, and the difference of dimensions which wvarious
organisms exhibit.
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The simplest plants, as we have seen, are unicellular,
and many remain in this ceondition throughout the whole
of their existence. When they have attained a certain
size the cell divides into two. Sometunes these two be-
come separated from each other, and we have two plants
where but one existed before. Plants with this habit
remain unicellular, and the
divizgion of the eell is equiva-
lent to the reproduction of
the plant. The unicellular
condition in other cases is
transitory, and the plant soon
comes to consist of two, four,
or more cells, in consequence
of the IH'D(I.II[.‘LE& of each divi- Fie. 10, Cnr.nNu::-aFc'n-' Prito-
sion remaining attached to- iy
gether. We get in this way a small colony of cells, each
like the others both in structure and in funetion. When
the power of division is limited the resulting colony
consists of a limited number of cells, and is often found
surrounded by a common cell-wall or membrane. This
condition is seen in such plants as Chroococcus, Proto-
coccus, and other humble Alge (fig. 10). A colony of
somewhat higher type, though still of microscopie size, is
found in the form of a hollow sphere (fig. 11), the wall
of which is one cell thick (fig. 11, ). This organism,
known as Velvox, shows a little higher differentiation than
those last described, the cells being furnished with eilia by
means of which the little sphere can propel itseif through
the water.

In other eases the association of a number of protoplasts
is not complicated by the formation of any cell-wall. Fig.
4, o shows an aggregation of a number of naked protoplasts
which have combined to form a plasmodium. These
organisms are found creeping about upon moist surfaces ;
they form the group known as the Myxomycetes or slime-
fungi. Onespecies, &thalivm, is found frequently among
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the refuse of tanyards and is known as ‘flowers of tan.’
These fungi pass the greater part of their life without
possessing any cell-walls, only forming them indeed in con-
nection with their processes of reproduction.

e T
N ST g
Ay A
SENE
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Fig, 11.—VoLvox GLosaTor. [After Kny.) = 120.
A, section of a portion of the wall of the sphere. = 1000.

A third mode of arrangement of a colony of proto-
plasts is found in the so-called Caenoeytes (fig. 12). In one
of these plants, which are represented by several very
important seaweeds and by a large number of fungi, we
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have a number of protoplasts arranged together over
the inner surface of a common cell-wall. The separate
protoplasts are often in such close contact with each other
that their separate outlines cannot be detected. They
have the appearance of a magss of protoplasm lining the
wall of a hollow, generally tubular,
cavity, and having a large number
of nuelei embedded in the mass.
The presence of a number of nuelei
indicates that there are really as
many protoplasts, as we have seen
a nucleus is an essential part of one
of the latter. Moreover, a single
protoplast contains only a single
nucleus.

The difference between a colony
of this kind and one constructed
like Chroococcus or Volvox is the
absence of a cell-wall between the
protoplasts.  They are a stage
higher than the Myxomycetes, as
the whole colony is protected by an
external membrane.

Other eenocytes exist in which,
besides the limiting wall, certain
transverse walls exist, dividing up
the chamber nto compartments.
This condition is intermediate
between the ceenocyte already de- Fio. 12—Euseyo or Orobus
seribed and the simple colony or '-lfm?'-».ra-.fjm*r::: Tawiee
the multicellular plant. dReh S0 ;':J.;:Jﬁ“

In most cases the division of
the cells goes on for a considerable time and may continue
almost indefinitely, the number of the constituent proto-
plasts becoming very great and the colony proportionately
large. According to the direction of the divisions we
get filaments (fig. 13), plates (fig. 14), or masses of cells,
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the latter undergoing much subsequent differentiation
according to their ultimate dimensions and the nature of
their habitat or environment.

The protoplasm being the living substance of the plant
is possessed of certain properties which are not shared by

Fia. 18.—FiLaMexts oF Nostor. Fio. 14.—Pediastrum, coNsist-
{After Lnerssen. | ING OF A PLATE OF CELLS.

the framework on which it rests. It is, indeed, the centre
of all the activities which the plant manifests. It assimi-
lates the food which the plant requires and carries out all
the chemical processes necessary for life. It construets

Fia. 15.—VEGETABLE CELLS.

A, very young ; B, a little older, showing commencing formation of vacuole.
s protoplasm ; n, nueleus | v, a vacuole.

the framework of the plant by which it is itself supported.
It receives impressions from without and regulates the
responses which the plant as a whole makes to those
impressions, both by internal and external movements or
changes of position. It is only by its powers of responding
to such impressions that the whole organism is able to place
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itself in harmony with its environment. Finally, it carries
out the processes of reproduction.

The primary needs of a plant are fairly simple. If we
study the life and the behaviour of one of the free-swim-
ming organisms of which we have already spoken, we see
that its first requirement is water. In this it lives; from
this it draws its supplies of nutrimerit and into this it pours
forth its excreta. The arrangement of the protoplasm in the
cell in one of the higher plants points to a similar need. If
we regard the arrangement whether in the young or the
adult cell, we notice particularly the very close relation of
the protoplasm to water. The young cell enclosed in its cell-
membrane speedily shows a tendency to accumulate water
in its interior, and gradually drops appear in its substance
which lead ultimately to the formation of a vacuole always
full of liqud (figs. 15, 16). This store of water in the
imterior of a cell is of almost universal occurrence in the
lowly as well as the highly organised
plant. The constitution of proto-
plasm, so far as we know it, depends
upon this relation, for the appa-
rently structureless substance is
always saturated with iv, It is only
while in such a condition that a cell
can live ; with very rare exceptions,
if a cell i1s once completely dried,
even at a low temperature, its life is
gone, and restoration of water fails
to enable it to recover.

The constaney of the oceurrence F“I_-.T.i'.:_‘““:"l;-,qﬁ.f;w:lffl:.}';
of the vacuole in the cells of the ; ::lltll::ill B e
vegetable organism is itself an evi- fh_-ilri:I:;“:,ll:::;n.:::j!tl_i -
dence that such ecells are completely
dependent upon water for the maintenance of life. "The
cell-wall, though usually permeable, yet presents a certain
obstacle to the absorption of water, and so even those
cells which are living in streams or ponds usually possess a
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vacuole. Cells without a membrane, such as the ZOOBPOYES,
already many times mentioned, can more readily absorb
water from without, and henece they are not vacuolated to
the same extent as the former ones; indeed, many of
them have no vacuoles. Where the vacuole exists it
always contains water, so that the protoplasm of the cell
has ready access to it, as much so indeed as the cell which
possesses no wall. The vacuole contains a store which is
always available.

The advantages which water supplies to the plant are
many. In the first place, we have seen there is a very close
connection between it and the protoplasm, the life of the
latter being dependent upon its presence. The information
we have at present does not enable us to explain the nature
of this dependence. There are other features of the rela-
tionship, however, into which we can enter more fully. The
protoplasm derives its food from substances in solution in
the water ; the varions waste produets which are inecident
to its life are excreted into it and so removed from the
sphere of its activity. The raw materials from which cer-
tain cells construct the food which is ultimately assimilated
are absorbed from the exterior in solution in water. More-
over, water 18 the ultimate medinm through which gaseous
constifuents necessary for life reach the protoplasm.

Passing from the consideration of the protoplasm in
particular, the plant as a whole shows a similar dependence
on water. Many parts owe their rigidity to the distension
of their cells by liquid ; growth of the different members is
dependent upon the same hydrostatic pressure. In many
cases communieation between different parts of a plant is
brought about through the same instrumentality, and thus
the response of the plant to various forms of stimulation
is facilitated or indeed made possible.

Another primal necessity of the plant is air. Every
living organism, with the exception of a few of the very
lowly forms of mierobes, is dependent on the access of
oxygen for the maintenance of life. '
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The oxyvgen is usually obtained by the plant through
the intervention of water. The aquatic plant, whether
free-swimming or stationary, unicellular or possessed of a
highly differentiated body, absorbs the needed supply from
the quantity which is dissolved in the water of the sea,
stream, or pool in which it lives. The higher plant conveys
it to the protoplasts in solution in the water with which its
tissues or its walls are saturated. In such an organism
there is need of a special mechanism by means of which
the gases of the exterior may obtain access to the living
cells in the interior of the mass.

A third requirement of the plant 1s food. Here
ultimately, again, its dependence is placed upon the water
it obtains. The food or the materials from which the food
18 constructed are absorbed by the plant in solution in
water, whether the food material is solid, liguid, or gaseous
in the condition in which it is presented to it.

Another condition is imperative in the ecase of a plant
which is composed of a large number of protoplasts or cells.
Not only must each have its own needs supplied, but it
must be in a condition to influence others and be influenced
by them. In such a plant we have, in fact, a community of
individuals, situated differently with regard to the supply
of individual and collective needs, and the well-being of
the whole community must depend upon the co-operation
of all m earrying out the different processes of life. The
protoplasts of such a community must therefore he in
organic connection with each other, so that such CO-0Peri-
tion ean be secured. The connection between contiguous
protoplasts which are separated by cell-walls is not easy
to determine.  Special methods of preparation, and the
application of particular staining reagents, will show, how-
ever, under very high magnification, that the living sub-
stance of one cell 1s continnous with that of its neighhour
by fine delicate fibrils which perforate the wall (fig. 17).
In a few cases, as in certain seaweeds, and in the sieve-
tubes of the flowering plants, the connecting strands are
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sufficiently coarse to be visible under a comparatively low
power of the microscope, and to need hardly any special
preparation (fig. 18).

It will no doubt have been noticed that the term ¢ cell’
is somewhat loosely used. A typical cell of a multicellular
plant consists of three parts —the protoplast, the cell-wall,
and the vaeuole (fig. 6) ; of these the first is the most im-

F1o, 17.—CoXTINUITY oF THE PRoTopLisy F16. 18=SEMI-DIAGRAMMATIC LoOx-
oF coxTIGUoUS CELLS oF THE Exnosrery GITUDIXAL SECTION OF AN ; OL Iy
o & Parw Seep (Bentfinckia). Highly AXD STOUT PORTION OF Cera-

magnified. (After Utmliner.} i rebriny, SHOWING Cox-
TINUITY BETWEEX THE PRoTO-
¢, contracted protoplasm of a cell; b, a PLASMTE CONTRENTS OF. Tl AXTAL

gron r?:.l tlﬂ]":':'m [".“}.J"”I’%“"’:"mfl ﬁl“'l’f"ﬂ“m ok CENTRAL CELLS, @t @, AT THEIR
passing sirough a pit in the cell-wall. ENDS, AND LATERALLY WITH THE

ConTical CELLE &, BY MEAXS oF
PrororLassic Tureans.  (After

Hick.)

portant, being the living substance. A protoplast which
has no cell-wall and contains no vacuole is still called a cell.
The term 1s again often applied to a eavity which contains
no protoplast, as in the case of old wood or cork. In such
cases a protoplast once ocenpied the cavity, but it has been
removed by death. These cells are consequently only the
skeletons of dead protoplasts.
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CHAPTER 11

THE DIFFERENTIATION OF THE PLANT-RBODY

Tre primary needs of a complex plant are the same as those
of a single protoplast, the greater size of the former involy-
ing however a more elaborate method of supplying them.
Inmulticellular plants we consequently meet with a consider-
able degree of differentiation of structure. Each protoplast,
which 18 one of the units of the colony, has originally the
same properties as the unicellular plant. With inecrease
of number in the plant-body, and with the consequent
inerease of size, a certain division of labour soon makes
its appearance, and particular groups of cells develop one
property more than the others. A specialisation of powers
18 very quickly apparent, and we ean recognise masses of
cells devoted to the discharge of one function, others
to that of another,and so on. Sueh limitations of the powers
and properties of the individuals have for their object the
well-being of the community of which those individuals
are constituents.

Varions groups of plants show this specialisation of
function or differentiation of structure in very different
degrees, any particular development having a special
reference to the habitat or the mode of life which is
characteristic of the community in question. A plant-body
which takes the form of a long filament or a plate of cells
shows little differentiation beyond the formation of a
vacuole in each protoplast. The setfing apart of special
cells for purposes of reproduction is generally the first
specialisation which takes place.

As soon as the cells of the plant begin to divide in

J 5
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three dimensions, so that a mass of protoplasts is formed,
the progress of differentiation becomes marked.

In such a mass the necessity of supplying water to all
the constituent units involves particular difficulties which
vary according to the environment of the plant under
observation. Those which live in water need much less
complex arrangements than those which are at home on
land, as they can absorh water from the exterior by their
ceneral surface, and after absorption it can easily make its
way from cell to cell. Those which derive their supply of
water entirely from the soil, as is the case with nearly all
terrestrial plants, need a specialised mechanism for trans-
port of the water after it has been taken up.

(n the other hand the supply of a suitable atmosphere
to the interior of the plant for the service of its more
deeply seated protoplasts is attended with more difficnlty
in the case of an aquatic than a terrestrial plant.

In cell-masses, therefore, such as are found in all
plants possessing more than mieroscopic dimensions, we
meet with considerable differentiation of the plant-body.
The explanation of the details of such differentiation is to
be found in the division of labour which the size and the
mode of life of the particular plant demand.

The first indication of this differentiation in the vegeta-
tive body of the plant is a change in the character of the
exterior, which has for its object the
protection of the plant from external
injurious influences. This can be
seen even among the seaweeds, simple
as 18 generally the structure of mem-
bers of this group. Fueus and its
W Lo dmireit allies, which form part ﬂf+ the class

TuaLLus  or  Pelvetia, Of the brown Alga, have their external
e Exremar o son. cells mueh smaller, more closely put
JacksT CrLLs. < 800, together, and generally much denser
than the rest of their tissue (fig. 19). In the group
of the Mosses certain arrangements of this kind can
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be seen. The common bog moss (Sphagnum) shows its
stem to have on the outside several layers of large empty
cells whose walls are marked with spiral thickenings,

Fia. 21.—Section oF STEM of Moss,
SHOWING CENTRAL STRAND OF
THIN-WALLED CELLS SURROGUNDED
Y CorTEX axp EripeErmis. THE
Warre or THE OureEr CELLES OF
THE CORTEX ARE CONSIDERADRLY
THICKENED. [After Sachs.)

Fic. 20.—TRANSVERSE SECTION OF
BTEM oF Splagium.

Inside these a further protective layer of small cells with
uniformly thick walls is met with (tig. 20). In the smaller
mosses the outer layers of the cortex are thickened (fig. 21).

Fig. 22 —TraxsvERSE SEcTIoN oF THE BrLape oF o LEAF, SHOWING THE
Ovrer Warrs oF THE ErmpEnsmal CELLE THICKENED AND CUTICU-

LARISED. = 100,

In the higher terrestrial plants we have evidence of
great specialisation for protective purposes, a special
tegumentary system being developed, which varies in

c:-3
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complexity in the different groups. In the smallest forms,
which are only herbaceous in habit, we find the protective
mechanism takes the shape of a thickening and euticulari-
sation of the outer walls of the cells of the epidermis
(fig. 22)., The protection secured is twofold ; evaporation
of water is prevented, and so
an economy of the supply is
secured, while the dangers
incident to cold or heat are
Fia. 28.—0uvTer Porriox oF CorTEX minimised.

DE: TODHE I (I (A In plants of sturdier habit
the protection afforded by
the epidermis is replaced after a while by a more
complicated tegumentary sheath. Certain cells become
specialised and form layers of cork (fig. 23), which arise

per, cork layer,

Frs. 24.—8ectiox oF Bank oF Quercus sessiliffora. (After Kny.)

we, corvk lavers ariging at different depths 1n the cortex,
! L E |

suceessively at gradually inereasing distances from the
exterior, and in the case of trees finally lead to the con-
struetion of a bark (fig. 24). The corky formations are
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supplemented by masses or sheaths of hardened or seleren-
chymatous parenchyma or even by sclerenchyma itself. In
forms which are intermediate '
in requirements, such as the
petioles of leaves, layers of
collenchyma are developed below
the epidermis (fig. 25).

Sometimes sheaths or layers
of sclerenchyma are developed
instead of ecork; this condition
ocecurs especially among the
stouter Monocotyledons.

The protective mechanisms A P

IG. 256, —UOLLEXCHYMA UNDER

developed by roots also show a  mue Ermeruis or Periovk.
good deal of variety. There is it
not at first a provision of an impervious membrane com-
posed of the outermost layer of cells; this would be
inconvenient in view of the necessity for the existence of
root-hairs. The second layer later undergoes modification,
its cells becoming thickened in the peculiar manner
characteristic of the exodermis (fig.
26). Other sheathing layers are also
found more deeply seated, while
eventually the perieyele becomes the
place of formation of corky tissue.

The second prominent differentin- Fic.26.—Secrion or Ovren
tion which presents itself is the forma- ]:if:"ﬁ;'f.,::',:,Lf[{;:]::j{._s“““"
tion of a system of cells and vessels for
the transport of water through the plant and the circula-
tion of nutritive and other materials. We may speak of
this as the conducting system. A lttle reflection will
show us the necessity for the development of some such
system as this, which must be more extensive and complex
as the size of the plant increases. We find that the souree
of water on which a terrestrial plant relies is the soil in
which its roots are embedded. Even when it is young
many of its protoplasts are placed at a considerable dis-
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tance from such a source of supply, and in the absence of
a ready means of communication must die in consequence
of their position. These moreover are among the most
active of the protoplasts, discharging important duties in
connection with nutrition, and needing for their purpose
considerable quantities of the water from the soil with the
salts dissolved in it.

The conducting system is formed by the collections of
cells and vessels which ave known as the vaseular bundles.
These structures consist in most cases of two parts, the
wood, which is the path for the ascent of water from the
roots, and the basf, which is more concerned with the
transport of the elaborated products of the metabolism of
the cells.

The degree of development of this system varies very
much in different plants. In an ordinary herbaceous
Dicotyledon the bundles remain separate, and can be
traced separately from the root, through the stem to the
leaves (fig. 27) in which they form the branching network
known as the veins (fig. 28). With greater size, however,
more capacious channels are demanded, and we find more
and more bundles developed, until we reach the condition of
the oldest trees, nearly the whole of whose trunks are
formed of tissue which either is or has been devoted to
this service. In such trees the most actively living parts
are found at the extremities, by far the greatest number of
their protoplasts being situated in the twigs and leaves.
Indeed, the greater part of the wood of the trunk of many
trees 1s dead, and consequently functionless.

The same tissues serve for transport in the Monocotyle-
dons, and in the Vascular Cryptogams, though the mode of
arrangement of the elements is altogether different from
that of the Dicotyledons.

In those vascular plants which live in water, and
particularly in those which are totally submerged, there is
no need for so elaborate a transport svstem, as water can
be readily absorbed by the general surface. We find two
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maodifications of structure in such plants ; the epidermis 1s
hardly at all cuticularised, so that water can pass into its
cells ; while the vascular bundles are comparatively feebly
developed, the woody part of them being particularly
small.

A third requirement of a plant of considerable mass,
especially if it has a terrestrial habitat, is a power of resist-
ing such external forces as
would lead to its uprooting,
which must be combined with
a considerable degree of flexi-
bility, at any rate at the ex-
tremities of the body. This

Fig. 27.—IMAGRAM OF THE COURSE
OF THE VascULAR BUNDLES IX
AX Henpackovrs IMcoryLEDO-
Nous PLasT.

Fio., 98, —=IMsTRIBUTION OF THE
Vascuran BUNDLES o VEINS
1% A FoLiace LEAF.

combination of rigidity and flexibility has been secured in
various ways, varieties of both the form and the structure
of the plant being concerned in it. In the simplest plants
but little differentiation oi the body is needed ; such forms
as consist of single cells, or rows or plates of cells, living in
water, need hardly any rigidity, and in their cases the
unthickened cell-wall yields sufficient support to the proto-
plasm. Larger plants which grow in rapidly flowing water
usually possess flexible stems and much-divided leaves, which
consequently give way to the current, and escape damage.
Small tervestrial plants or parts of plants, which have but
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a short life, resemble these aquatic forms in their general
characteristies, though they show much greater variety in
the forms of their leaves. The rigidity and flexibility of
both depend upon the distension of their cells with water.
We find this mechanism in succulent petioles, such as
those of the rhubarb, and in ecertain herbaceous stems
which eontain little wood, such as those of the cabbage and
lettuce. Plants of tervestrial habit which attain wvery
large dimensions, such as the forest trees, need, however,
much greater modification. DBeing exposed to winds and
storms, they need a firm anchorage below the surface of
the ground, and a more or less massive axis to secure
stability when atmospheric disturbances are severe. For
the needs of their protoplasts, to secure the exposure of
the greatest possible number of them to the access of air,
warmth, and light, a great subdivision of this axis is
necessary, so that the form usually attained is that of a
relatively very large head resulting from the repeated sub-
divisions of the trunk, and ending in finely divided twigs.
The danger of too great rigidity in this portion soon
becomes apparent, as it presents a very considerable
surface to the wind. The rigidity needed for support must
be combined with sufticient flexibility to enable the body,
already helped by its fine subdivision, to give way before
the force of atmospheric currents, and so to prevent the
danger of uprooting the tree. In other forms a weak axis,
quite incapable of supporting any great development of the
plant-body, must be capable of obtaining support by eling-
ing in various ways, and holding by various mechanisms
to other structures, such as the trunks of trees, rocks,
walls, &e.

In many cases the strength and prominence of the
tegumentary and conducting tissues supply the particular
need. In most forest trees the anchorage is afforded by
the strong much-branched root system, the centre of whose
members is composed of great developments of secondary
wood, forming part of the conducting system. The trunk
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and twigs are of similar composition, the former being
strengthened very materially also by its bark. DBut there
are many smaller trees and shrubby plants, as well as some
herbaceous forms, whose requirements are similar, but
which for various reasons have not a very great develop-
ment of either primary tegumentary tissue or of vascular
bundles. With no additional mechanism for support, they
would be in great danger of either collapsing or being
actually uprooted. In their cases we meet with a sub-
sidiary development of supporting tissue, which shows a
great variety in its arrangement and distribution.

We find that the tissue which most frequently subserves
this purpose is either collenchyma, sclerenchymatous paren-
chyma, or true sclerenchyma. In a few delicate stems
these tissues are much more prominent than the vascular
bundles. We can notice three regions of the stem or axis
where they may appear, and in these places they may take
the form of isolated cells, or strands of tissue, or complete
sheaths going round either the whole axis or separate parts
of it. The first of these regions is the layer underlying
the tegumentary tissue, which the new development sup-
plements and strengthens. Most moss plants show the
hypodermal cells of their axis thickened, while such a
development is very common in many petioles and leaf-
blades. The new development may oceur in close relation-
ship with the vaseular bundles which, in such cases, are
found among large-celled somewhat succulent parenchyma,
and are not generally very strongly developed. The seleren-
chyma by forming a separate sheath round each bundle
gives it a rigidity which it could not derive from its own
elements, and in addition prevents the whole stem from being
erushed. This is seen in the stems of many semi-suceulent
monocotyledonous plants, such as those of the maize and the
asparagus (fig. 31). The sclerenchyma may also occur freely
in the ground fissue, at some distance from both tegumentary
and vascular structures. The bands of it which oecur in
the rhizome of the bracken fern are good illustrations of
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this mode of disposition. The two main ones form an
interrupted cylinder (fig. 29), so arranged as to protect the
delicate vascular tissue, which is in great part placed either
within this eylinder or in some similar relation to other
similar sclerenchymatous strands. In the case of a plant
of humbler type, the common hair-moss (Polytrichum), a
development of somewhat sclerotised cells forms a eentral
core passing down the stem. In many of the lowering plants
more complex distribution of sclerenchyma can be noticed,
strands in the middle of the eortical tissue, or in the pith

Fio. 20.—TRANSVERSE SECTION oF BHIZOME oF THE Brackex FERN.
= 1l

#er, bands of sclerenchyma ; hy, hypodermal sheath of sclerenchyma;
af, ateles @ ep, L'lritll:rlllis.

of the stem, being occasionally seen. Stems which are
angular in section are usually found to have their angles
strengthened in a similar way.

The arrangement of this selerenchyma is generally such
as to supplement the bundles, and to secure the greatest
amount of solidity and sufficient flexibility, with the least
expenditure of material.

Instances of various methods of arrangement of
strengthening material may serve to illustrate this par-
ticular differentiation (fig. 32). In the simplest cases the
selerenchyma is developed in connection with only one of
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the three regions already alluded to. The stem of Equise-
fum and the leaves of Conifers are furnished with a layer
of thick-walled cells immediately under the epidermis
(fig. 80); the vascular bundles of many Monocotyledons
are surrounded separately by a sheath of small cells of
similar character (fig. 81); in Pennisetum a sheath is
developed round the stem in the form of a hollow cylinder
which lies between the bundles and the epidermis.

More frequent instances occur in which two of the

Fi1G. 80.—Lear oFr FPinus (0ONE 0F THE CONIFERS).

ep, epidermis; fiy, layer of sclerenchyma ; er, endodermis; v.b., vascular
bundle ; r.d., resin duct.

regions in question are strengthened simultaneously. In
the stems of Seirpiues there is a development of sclerenchyma
round the periphery, and strands occur also in connection
with the bundles. Sometimes these are connected by
bands of sclerenchyma lying between them. In Fimbyi-
stylis there is a ring of sclerenchyma in the cortex and
patches around the periphery, which in other cases are
Joined like those of the former type. In the stems of
Typha a band of sclerenchyma lies at the back of each
bundle, and either a ring or some isolated strands may be
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found in the cortex. The stem of Junews shows these
two forms combined together.

Still more complicated cases show selerenchyma arising
in all three regions, sometimes the bands being all
independent, sometimes united in various wayvs. In
Cladium Mariscus those of all the regions are united into
a continuous system which goes from the tegumentary

@.

Fra. 81, Vascunar Buxpre or STem oF MowocorvLEpoxovs PrLaxt.
[After Kny.)

ph, pliloem ; @, xylem vessels; p ph, protophloem. The bundle
15 surrounded by a small-celled sheath of selerenchyma.

region towards the interior of the stem, embracing the
vascular hundles and attaching them to each other.
Similar differentiation of the supporting system is found
in many leaves, in which it subserves the same purposes.
In many cases the veins afford sufficient protection against
tearing or rupture in consequence of violent winds. The
methods of their arrangement in many cases subserve
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this purpose very completely. In other leaves of tough
leathery habit the delicate tissue of the mesophyll 1s fre-
quently protected from ecrushing by isolated thick-walled
cells of curious shape which extend from one epidermis
to the other. Others show bands of sclerenchyma sup-
plementing the veins and not infrequently enclosing them
and reaching the epidermis on each side.

The supporting tissue is frequently known as the

Fra. 33.—Draokad spowixeg THE Cmier IDISPOSITIONSE oF THE SEELETAL
APPARATUR IX A BTEM WITH FIvE COLLATERAL BUXDLES (1N THRANSVERSE
SECTION].

(The sclerenchyma iz black ; the bast of the bundles is white :
the wood is dotted.)

1, T_‘_J[H: witlonut ACCEESOLY ﬁl'i{'l'trill']l}'!lI:L: a _h'qu iaetune ; 8, Bambusa : 4,
Pennisetun; b, Scirpus; 6, Erianthus; 7, Fimbristylis; 9, Typha; 10,
Juncws; 14, Cladiiem.  (After Van Tieghem.)

stereome of the plant. It forms, as we have seen, the
most prominent part of the endo-skeleton.

The cells of which the masses of sclerenchyma are
composed have been ascertained to possess almost as much
power of withstanding longitudinal strain as the finest
steel, and they are much more ductile than either this
metal or wrought iron. Their arrangement in the different
ways described has a very distinet relationship to the
character of the strain they have to resist. In such
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strnetures as hollow stems where there is but little
substance of tissue, but where they are required to resist
lateral bending, the supporting tissue is situated near the
periphery of the stem, and the latter is often still further
strengthened by being furnished with ridges or flanges.
An instance of an almost converse character is afforded by
a young root. Inits growth, while it must possess sufficient
rigidity to enable it to penetrate the soil, it must be capable
of frequent bending to enable it to avoid obstacles. This
is most advantageously provided for by a central core of
strong tissue, surrounded by more succulent material.
The transporting tissue of the centre is comparatively
little affected by the flexures of the structure, and its
function is not interfered with. :

Another kind of differentiation in such a cell-mass as
we are dealing with, is the setting apart of particular
groups of cells for various metabolic
purposes. We have the formation of
glandular tissue, of the laticiferous
systems, and so on. This differentia-
tion may be marked also by the pro-
duection of definite organs in the proto-
plasts, such as are seen for instance in
the case of the chloroplasts of the leaves
(fig. 33) and other green parts of plants.
Fig. 83, —CHLOROPLASTS The habit of life of a plant again

EMBEDDED IN THE Pro- : :
rorLasy or A Cenn o may influence its structure and the

e 1}‘:-:::‘“1}; Elpsi degree of differentiation of its body to a

very great extent. The great group of the
Fungi afford us an illustration of the degradation of structure
which accompanies a saprophyvtie or parasitic habit. Similar
instances of degradation are met with among the flowering
plants.

The needs of the cell-mass thus usually lead to the
differentiation In its substance of at least four physiologi-
cally different regions —the tegumentary, the conducting,
the supporting, and the metabolic. The latter includes all
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the parts in which the protoplasts are comparatively little
changed, and consequently are most concerned in carrying
out the vital processes.

The needs of the protoplasts forming the uummunitj,-' of
the plant embrace, however, as we have seen, something
more than the arrangements so far described serve to secure
for them. Each protoplast must be furnished with a certain

FiG. 84.—8EcTiox oF STEM oF Pofamogefon, sHowixGg Ak PassicEs
IN THE UORTEX.

amount of air, or rather oxvgen. Almost all living sub-
stance must earry on during life the process known as
respiration.  The free-swimming zoospore to which we
have so often referred obtains a supply of oxygen from the
water in which it lives, the gas being dissolved therein.
Aquatie plants also obtain their oxygen from this source,
but many of them are composed of a large number of cells,
many of which are situated at some distance from the
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exterior. In such plants large cavities or reservoirs are
construeted, in which a quantity of air is slowly aceumulated
and into which the respiratory produets can be discharged.
From such reservoirs the oxygen which the cells require
is obtained. The composition of the atmosphere in these
chambers or lacunm 1s not aceurately known, but it pro-
bably differs somewhat from that of ordinary air.
These air passages
Or reservoirs are very
conspicuous in  the
stalks of floating
leaves such as those
of the water-lily, and
in the submerged
stems of most aquatic
plants (fig. 34).
A somewhat simi-
lar mechanism is
Fig. .'".:'1-_,-'[':lm'l'.|-'.__'~ oF H{.}.'.'T.’ #II!!WINH‘I_K'I'IZII— prm-'iﬂe:] in the case
CELLULAR PASSAGES BETWEEX THE CELLS.
of terrestrial plants.
At the time of their first formation, all the ecells are
in close approximation to each other at all points of
their surface. This condition 1s, however, only tempo-
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Fio. 86.—BecTion oF LEAF SHOWING THE LARGE INTERCELLULAR Spracks
oF THE MESOPHYLL.

rary ; during the early stages of growth the cell-walls
split apart at particular places, usually the angles of the
cells. A system of intercellular spaces 1s thus formed
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which, as growth proceeds, become continuous with each
other and form a system extending throughout the plant.
They can be detected in the root, in the cortex of which

Fi6. 37.—FPart oF Lower Suvnrace oF A Liear, snowixe THREE SToMATA
I¥ DIFFERENT STAGES oF OPeENING. * H00.

they are conspicuous (fig. 85) ; they may be traced through
all the ramifications of the stem, and are seen to form a
very prominent feature of the mesophyll of the leaves (fig.
36). They communicate with the exterior in all the green

parts of the plant,
especially the leaves.
In the epidermis of
all such parts are
small openings known
as stomata (figs. 37,
88), which are pro-
vided with two guard-
cells by the behaviour
of which the aper-

Fig. 88.—=8gcTiox ofF LoweR Ermmerymis or
A I;r..u'_ SHOWING A STOMA, = UMD,

tures can be opened or closed. In those regions of the
axis where corky layers ent off the metabolie tissue of the

I
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cortex from the exterior, certain other special apertures,
the lenticels, are present (fig. 39). The atmosphere conse-
quently. enters the plant by these orifices and cirenlates
through the whole of the intercellular space system. As
nearly every protoplast abuts in part upon a channel of

this system, its necessary
o aeration is secured. Each
= r. protoplast is thus in a
: _ 4 somewhat intricate manner
o HEL in contact with the external
s =SSs= air, though really situated
CEL L) perhaps deep in the tissues

L 5 -
Fig. 80.—SECTION OF A LENTICEL, of a 1]'IE'I.111:- of lEll'gE dimen-
{, lenticel; per, cork layer. s101S.

Like the aquatic plant,
the terrestrial one thus possesses a reserveir containing an
atmosphere, which, though its composition may not be
exactly that of the exterior, yet contains oxygen for the
need of the protoplasts and serves as the medinm by which
all surplus carbon dioxide is removed from them.

This intercellular space system not only subserves the
purpose of the gaseous interchanges of respiration, but
ministers in two ways to the metabolic phenomena carried
out by the plant. It permits the access of the atmospherie
carbon dioxide to structures in the leaves which make it
available for the construetion of food material. It further
i2 of great importance in helping to regulate the supply of
water to the cells. We have seen that a transport system
is differentiated which carries the water to them. This
transport system does not, however, remove it from them
subsequently. The protoplast can only get rid of water by
the process of evaporation, and as it constantly needs a new
supply, it must continuously exhale watery vapour to make
room for the incoming stream. Such evaporation takes
place into the intercellular spaces through the delicate cell-
walls which abut upon them. The intercellular reservoir
contains, therefore, an atmosphere which is charged almost,
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if not quite, to saturation by aqueous vapour, and under
ordinary atmospheric conditions this is being continually
exhaled as long as an excess of water is passing through
the plant. The regulation of the process of exhalation
depends mainly upon the condition of the guard-cells of
the stomata which can permit it to go on freely or can
check it by partially or entirely closing the apertures
according to various internal and external conditions (fig.
B7).
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CHAPTER III

THE SKEELETON OF THE PLAKT

[x the last chapter we discussed the differentiation of the
hody of the plant, and examined the constitution of varions
mechanisms which are associated with such differentia-
tion. If we study the arrangements which are peculiar to
any plant, we shall find that almost all such differentiation
as exists involves a modifieation of the non-living part, and
particularly the walls of the supporting and condueting
tissues, the living protoplasts having fundamentally the
same structure or composition, whatever may be the
nature of their immediate support. All the various dis-
positions of the non-living elements or structures are
secondary in importance to the protoplasts.

We cannot, indeed, lay too great stress on the fact that
the needs and conditions of the protoplasts are primarily
the causes of the differentiation of the non-living struetural
parts, and such differentiation is the expression of the fact
that division of labour has arisen among the protoplasts of
the community.

We have seen that a protoplast in its simplest condi-
tion 1z eapable of an independent existence without any
form of mechanieal support beyond that which it derives
from the slight difference of density between its external
layer and its interior. In most cases, however, this is
not sufficient for protection during its whole life, and a
membrane is subsequently formed around it. The mem-
brane itself is a secretion from the protoplast, which in
fact prepares its own defensive mechanism. In most cases
the protoplast is always clothed by a cell-wall, the forma-

S
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tion of every new cell being completed at once by the
membrane which is formed as soon as the protoplast has
divided into two. This is particularly noticeable in cases
where a cell-complex or community forms the plant-body.
Fach protoplast thus continually forms for itself a chamber
to dwell in, the walls of which at first, at any rate, are
probably all alike. We may thus recognise in the cell-wall
an exoskeleton for the individual protoplast, which may or
may not undergo subsequent modification.

In the case of a large plant consisting of mnumerable
protoplasts, the cell-walls of the separate units are found
united together in different ways, and to a different extent
in different individuals. The resulting network constitutes
at first the skeleton of the whole plant. The modification
of the cell-wall which was unnecessary so long as the
protoplast was solitary, becomes imperative as soon as the
needs of a large community ave established, and secondary
differentiations of such cell-walls result, the alterations
being due, like the original formation, to the aetivity of
the protoplasts. Not only are the walls changed in
substance and in thickness after they are formed, but the
protoplast itself frequently alters its shape, and conse-
quently the form of the cavity containing it, by irregulari-
ties of subsequent growth. The skeleton of the plant is
not therefore merely the hard tissues which will survive
maceration and desiccation, not merely those ecoarser
structures evidently set apart for protection and support,
but it ineludes all the delicate cell-walls which form the
cavities in which the protoplasts are living. We may
indeed diseriminate between the skeleton of the individual
profoplast and that of the large community of which it
forms a part.

The skeleton of a large plant such as a tree inereases
in complexity as its life continues. In such a plant
growth continually proceeds so long as life lasts, Every
year new branches or twigs with their associated leaves
are constantly produced. With such continuous increase
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of size, new conducting tissue must be formed. The
skeleton of a voung plant is consequently much smaller
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WG, 4h—8ecTion oF DicoTyLEpoxous STeEM [(Helianthus).
A, young condition, with the primary vaseular bundles only developed;
B, older, after secondary bundles have been developed between the
primary ones by the interfaseicular eambinm, forming a ring of wood.
than that of an old one. The difference between the con-
dition of a stem at two periods may be seen by comparing
fig. 40, A and B, the former of which shows the arrange-
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ment of the supporting and conducting tissue at an early
stage of its life, and the latter indicates the econdition
after several months, during which a large formation of
secondary vascular tissue has taken place.

The structure of a cenocyte shows a similar mode of
formation of the skeleton to that of
a multicellular plant-community.
In this ease, however, the several
protoplasts are not furnished with
separating walls, The only skele-
ton is the external membrane which
limits the whole structure, and
which is formed by the conjoint
activity of them all. In compound
or septated ceenocytes we have in
addition certain transverse walls
crossing the interior and giving a
oreater degree of strength to the
whole body. These separating
walls have a similar origin.

The primary cell-wall which
clothes the unicellular plant, and
which serves as the original sup-
porting membrane of the separate
protoplasts of a community or
colony, 1is, when first formed, a
clear, transparent, extensible, and
elastic membrane, which remains
? : Fig, 41.—Eunryo or Orobus
i contact with the protoplasm so  ar e exp or A rove
long as the latter is living. Under SUSrrssos, (THR S SRG-
certain conditions it is capable of C®yocvme  Smuerene,

(After Guignard.)
absorbing considerable quantities 7y.. rounded bodies in the sog-
of water, and in consequence swell-  {En OF the eanoeyics are
mg to a greater or less extent.

Under ordinary conditions it is freely permeable by
water. It is usually said to be composed of a sub-
stance termed ecellulose, whose chemical composition is
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represented by the formula »n(C.H,,0,), the value of »
not yet having been accurately determined. This sub-
stance is related to such bodies as starch, sugar, &e.,
being a member of the group of carbohydrates. It is
capable, under the action of hydrating reagents, of being
converted into a form of sugar, and under certain cireum-
stances it can yield nutritive material for the use of the
plant. Cellulose possesses the peculiar property of becom-
ing a deep blue in colour when treated with iodine in the
presence of sulphurie acid, chloride of zine, or other hydrat-
ing reagent. It dissolves with readiness in a solution of
ammonio-cupric sulphate (Schweizer’s reagent), but is not
soluble in dilute aecids or alkalis. Strong mineral acids,
such as sulphuric or phosphorie, cause it to imbibe water
and swell up, ultimately becoming gelatinous and dissolv-
ing. Certain soluble ferments affect it similarly.

When the cell-wall is examined by polarised light it is
found to be doubly refractive.

When cellulose is oxidised with strong nitrie acid it
vields oxalic acid.

Cellulose is capable of existing in more than one condi-
tion. We find some kinds of it which will stain blue with
iodine without previous hydration. Examples of this
variety are found in the cell-walls of the bast of Lycopo-
diwm, the endosperm of the Pzony, the cotyledons of some
of the Leguminosse, &c. The walls of the hyphe of the
fungi differ again, in that they will not give the blue colour
with lodine even after treatment with hvdrating reagents.
Recent observations suggest that this variety of cell-wall ap-
proaches in composition the chitin of the animal kingdom.

The celluloses which have been so far examined have
been divided into three categories, according to the ease with
which they can be made to undergo hydrolysis, and to yield
some variety of sugar by such treatment. The celluloses
of cotton fibres are perhaps the most resistent of all, and
may be taken as representatives of the mostrefractory group.
The cellulose found in the main mass of the fundamental
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tissue of the flowering plants is less resistent, giving very
easily the reactions which bave been just described. A
third variety ‘1s hydrolysable with still greater readiness.
It is to a certain extent soluble in alkalis and is easily
decomposed by acids with formation of other carbohydrates
of low molecular weight. Such cellulose is represented in
the cell-walls of most seeds.

It is probable that cellulose is chemically combined
with a certain amount of water, and that the degree of such
hydration differs in the different varieties described.

Though, as already stated, the cell-wall is commonly
sald to be composed of cellulose, the latter material is always
assoclated with other constituents, Among the latter we
find various members of another group known as pectoses,
which differ in many ways from ecellulose. This group
includes two series of bodies which vary among themselves
as to the degree of their solubility in water. One of these
series comprises bodies of a neutral reaction, while those
of the other are feeble acids. In each series there are
probably several members, which show among them every
stage of physical condition between absolute insolubility
and complete solubility in water, the intermediate bodies
exhibiting gelatinous stages, characterised by the power of
absorbing water in a greater or less degree.

Of the neutral series the two extremes are known as
pectose and pectine.  The former is insoluble in water, and
15 closely associated with cellulose in the substance of most
cell-walls ; the latter is soluble in water and forms a jelly
with more or less facility. Pectose has not yet been
obtained pure, in consequence of its close association with
cellulose and the readiness with which it undergoes change
in the process of extraeting it. The reagents which
separate it from cellulose convert it into pectine, or into
pectic acid, the former being soluble in water, the latter in
alkalis. The cell-wall can be shown to contain the two
constituents by the action of Schweizer's reagent, which,
when used with proper precautions, dissolves out the



49 VEGETABLE PHYSIOLOGY

cellulose and leaves the framework of the cell apparently
unaltered : it consists then, however, not of pure pectose,
but of a compound of pectic acid with some of the copper of
the reagent.

Peetine swells up and dissolves in water, forming a
viscous liquid which soon becomes a jelly. It exists in
considerable quantity in many ripe fruits and in some
mucilages, It gives no precipitate with the neutral acetate
of lead, but is thrown down by the basie acetate in the form
of white floceuli,  If it is boiled for some hours in water, it
is converted into parapectine, which i1s precipitated by
neutral lead acetate. Further boiling with dilute acids
converts it into metapectine, which 1s preecipitated by
barium chloride.

The acid series shows peculiarities similar to those of the
neutral one. Its most insoluble member is pectic aeid, which
will not dissolve 1 water, aleohol, or acids ; it forms soluble
pectates with alkalis, and insoluble ones with the metals
of the alkaline earths, of which caleie pectate 1s the most
widely distributed. It dissolves in solutions of alkaline
salts, such as the carbonates of sodinm and potassium,
alkaline phosphates and most organic ammoniacal salts,
forming with them double salts which gelatinise more or
less freely with water. Its solution in alkaline earbonates
18 mueilaginous, but when ammonie oxalate is the solvent
it is perfectly limpid.

The member at the other end of the series is mefa-
pectic acid, a body with an acid reaction, freely soluble in
water and forming soluble salts with all bases, especially
those of ealeium and barinm, which precipitate pectic acid.
Metapectates are coloured vellow when they are warmed
with an excess of alkali. This body and its compounds
are probably very prominent in the gums; when acted
on by dilute sulphuric aecid they sphit up, one of their
products being a crystallisable dextro-rotatory sugar which
is apparently arabinose. Metapectic acid does not form a
jelly, its solutions always being limpid.

B
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The two series of pectic bodies are closely related to
each other, for by the action of heaf, acids, and alkalis
the various members of both can be prepared from pectose.
The final product of the action of the reagents is the freely
soluble metapectic acid,

The cellulosic and pectic constituents of the cell-wall
show considerable differences of behaviour. The former
are soluble, the latter insoluble, in Schweizer's reagent ;
when oxidised with nitric acid the former yield oxalie, the
latter mueic acid. The celluloses when partially hydrated
stain blue with iodine ; the pectie bodies give no coloration
with this reagent. They behave differently also to staining
reagents and to dilute acids and alkalis.

Cellulose, as we have seen, 18 a member of the group of
carbohydrates. Various writers are not agreed as to the
relation of the pectie bodies to this group, some holding
that their reactions separate them from it entirely, while
others contend that they are closely eonnected with it, if
they do not actually belong to it. It has been suggested
that they are carbohydrates chemically combined with
acids., Like cellulose they yield some form of sugar when
hydrolysed with dilute mineral acids.

All unchanged cell-walls contain a varying quantity of
water, and various views have been advanced as to the way in
which the latter is held by the other constituents. It is
probably not in a state of chemical union, as the quantity
present can be easily inereased or diminished.

Naegeli suggested that the wall contained particles of
solid matter or micelle, of erystalline form, the long axis
of the erystals being arranged at right angles to the sur-
face of the wall. He supposed each micella to be surrounded
by a thin film of water. Every cell-wall is thus under
some considerable internal strain, the micellie attracting
each other and tending to squeeze out the water. The
latter, on the other hand, tends to separate the micella.

According to Strasburger, the particles of solid matter
are arranged in a network, water occupying its meshes.
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On either hypothesis the quantity of water is capable of
considerable increase or diminution, and the wall can be
made to swell up by causing it to imbibe more fluid. This
can be brought about by exposing it to the action of strong

mineral acids, such as sulphuric acid. The water is held,

however, by the solid particles with very great tenacity.

A different view of the composition of cell-wall has been
advanced in recent years by Wiesner. He holds that the
substance of cell-wall as it is first formed consists of rows
of granular bodies which he terms dermatosomes ; these are
connected together by protoplasm which surrounds them.
On this hypothesis the cell-wall
is living while young and grow-
ing. The protoplasm thus exists
between particles of solid matter
and holds water in its substance.

The thickening which always
supervenes to a greater or less
extent upon the first formation
of the eell-wall is brought about
Fre, 42, —Tmockexep CBELLS OF ]}:" the 111‘0'301}]115111 i a way

Wooo, ; Jmowieg. Sraasceiods iyl t:] that of its original
construetion. Layers composed
like the original one are continually secreted by the proto-
plast and are deposited upon its exterior in apposition with
the wall already there. Hence walls which have a perceptible
thickness show a certain stratification, which is most easily
seen in transverse sections (fig. 42). When several such
layers can be distinguished it has been found that peetic
bodies are prominent in the layers furthest from the proto-
plasm and cellulose in those nearest the interior of the cell.
The action of the protoplast is frequently irregular, so that
the thickening layers ave often seen as bands of various
form, giving the surface of the membrane particular patterns,
thin and thick places alternating in various ways (fig. 43).
These are seen most conspicuously in the walls of the
vessels of the wood.

Rl st i
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In cell-walls which have undergone considerable thick-
ening the membrane shows a marked differentiation. The
centre of the wall is found to possess a chemical composi-
tion very unlike that of the thickening layers. It marks
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off the limits of the cells, ocenpyving the position of the
original thin membrane and looking as if it were the
basis on which the thickening
layers have been deposited. When
a piece of tissue is warmed gently
with a mixture of potassic chlorate
and strong nitrie acid, this layer
dissolves and the cells become sepa-
rated from each other. It has by
certain - writers been termed the
intercellular substance and by others
the middle lamella (fig. 44). Though &

it 18 most easily seen in thickened ILl.{-i:-':jj_t,_i.l:.':um?-.m:a;i:i::'.?.'.'_
cells, it is probably not confined to Tt (After Sachs.)
them, but exists in all cell-membranes, even when they are
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very young. Treatment with the reagent mentioned will
disintegrate the tissue of even the growing points of stems
and roots, and will cause their cells to become isolated.
A thin layer of this nature must therefore exist even in
the primary cell-wall. 1t is added to materially, however,
during the growth in thickness of the walls, and in many
cases it ean be seen easily under a comparatively low
magnification.

This middle lamella is composed of a material which
is very unlike that of the rest of the cell-wall. It dissolves
readily under the action of potassie chlorate and nitrie acid
which do not affect the inner layers of the membrane. It
resists completely the action of sulphuric and other mineral
acids which cause the inner layers to swell and ultimately
to dissolve.

tecent investigations have led to the view that it is
composed of a caleium salt of pectic aeid.

Whether the primitive cell-wall is homogeneous or not
is uncertain. If it is, it must be regarded as being formed
of an intimate mixture or perhaps of a compound of cellu-
lose and pectose. At a very early period in 1ts development
the middle lamella becomes differentiated, owing possibly to
the conversion of the pectose into pectic acid and the inter-
action of the latter with some salt of caleium derived from
the cell-sap which infiltrates the wall. The caleinm pectate
becomes deposited in this way halfway between the con-
tignous cells which are separated by the particular mem-
brane in which the change is taking place.

If the cell-wall is not at first homogeneous, we must
suppose that the original thin membrane is composed of
three layers, a central one of caleium pectate, on each face
of which is a laver composed of the mixture or compound
of cellulose and pectose. We never find, even at the
moment of eell division, that the membrane is formed of
ealeium pectate only.

It is possible to explain the growth in thickness of the
middle lamella on either hypothesis. It is clear that the
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wall is the seat of a considerable chemical change which
affects its whole substance, though the degree, and possibly
the character, of the change may vary in the different
layers of which the wall is built up.

Not infrequently it is noticeable that the intercellular
spaces contain small coneretions of various form, which
consist of the same substance as the middle lamella.  This
is scarcely to be wondered at, as, when the intercellular
spaces are formed by the splitting of the cell-wall, the
region of the middle lamella, which is the central part of
the membrane, must abut upon the space formed in the
rupture. The caleinm pectate which is formed or deposited
in the central region, and which causes the thickening of
the middle lamella, may well exude to a certain extent into
the intercellular space that has been formed.

In such parts of the framework of a well-differentiated
plant-body as need considerable rigidity, a conversion of
cellulose into lignin takes place. This material is found
conspicuously in the walls of wood-cells and selerenchyma.
It is formed in the substance of the cell-wall, and inblml'-
tially lignified membranes the lignin can be dissolved out by
appropriate reagents, leaving a cellulose basis. In its
chemical characters hignin differs remarkably from cellulose.
It does not stain blue with iodine and sulphuric acid, but
can be recognised by its property of becoming red when
treated with phlorogluein and a mineral acid, or vellow
with anilin chloride under the same conditions. Its pl;}'sigral
properties are also different, and bear a definite relation
to the function of the tissue as a medium for the transport
of water. It has no extensibility, nor can it absorb water
and swell as can unaltered cell-wall ; on the other hand.
it allows water to pass through it with great rapidity and
ense.

Lignin is probably not a definite chemical compound,
but a mixture of substances successively formed from the
cellulose.

Walls containing it subserve a double purpose. Its
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physical properties render it particularly adapted to serve
as the material of which the tissues eonducting the stream
of water are composed. Its lack of flexibility or extensi-
bility makes it suitable for the securing of rigidity in tissues
or structures needing considerable power of resistance to
winds or storms. It is thus a valuable material in the ¢on-
struction of selerenchyma.

The protective tissues show a different modification of
the original structure. In the simplest cases we have seen
that the degree of protection secured is slight, and evidently
only transitory. The epidermis is, in these cases, the seat
of the changes which may be observed. The cells show
their walls sometimes very materially thickened on the
exposed sides (fig. 45),
though the thickness
varies in different
cases. Layer after
laver of substance is
deposited upon the
origmal wall in these
Fis, 46.—5gcTiox THRovGH EPIDERMIS 0F LEAF, regim]s, the other

SHOWING THE Ourer WALLS MATERIALLY l]-,l.]'tﬁ of 1t I‘E]'I‘j}‘t.inil']g

S thin. The thickness
itself secures a certain amount of protection against eold,
but to prevent absorption or dissipation of water or of
cases by these membranes, a chemical change also is
brought about. The outer layvers of the wall undergo a
process known as cuticularisation, which generally extends
about halfway through its thickness. This change in
the outer walls of numbers of contigunous cells renders
it possible to strip off from such a tissue a piece of
apparently structureless membrane which is technically
ealled the cuticle, and which consists of nothing more
than these altered layers of the outermost walls of the
contiguons cells.  The alteration of the chemical character
of this membrane in forming the cuticle of the epidermis
18 due to the transformation of its cellulose or pectose
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constituents into a substance known as cufin. Its
properties are very different from those of the original
cell-wall ; it is but slightly permeable by water, and it 1s
not easy for gases to pass into or through it. This dif-
ference of physical property is accompanied by characteristic
reactions ; it stains yellow instead of blue when treated with
iodine and sulphurie acid, and becomes brown under the
action of strong alkalis, such as caustic potash.

More efficient and prolonged protection is afforded by
the formation of sheaths of cork, certain layers of cells
being differentiated as meristem tissue for the continued
production of this material. The walls of true cork cells
are thin, but the presence of cutin is a conspicuous feature
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in them. They are very regular in form, and are closely
arranged together without any intercellular spaces (fig. 46).
Coming as they do between the exterior and the metabolic
tissue of the cortex of stems, thus cutting off the inter-
cellular space system of the latter from access to the air,
they are usually penetrated by special structures known as
lenticels, which are made up of corky cells very loosely
arranged, and which consequently set up the communica-
tion needed (fig. 47).

In the corky cell-wall the cutin is frequently associated
with a certain amount of hignin.

The thin corky walls possess almost exactly the same
physical properties as the thickened cuticle of the epidermis,
a fact which affords evidence that the primary meaning of
both is the same.
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Like the substance of the middle lamella, hoth lignin
and cutin are soluble in warm nitrie acid containing potassic
chlorate.

In some cases the cell-wall of the epidermal protoplasts
is impregnated with varions matters that do not proceed
from its own disintegration. Among these are various
fatty bodies, while wax is sometimes very conspicuous.
The bhloom of such fruits as the grape and the plum is
composed of very fine waxy particles ; the impregnation
in their case having been so great that certain particles
have passed beyond the walls and formed a layer on the

Fii. 49.—5zcTIoN oF PoRrTiox
o LeEar ofF Ficus, sHow.

Fio, 48. =CrYSTALR 0F CALCIUM G CysTOLITH  (eysl  IN
OxanaTe 18 Wanr or CeLL L.alkGE CELL OF THE THREE-
or THE Bast oF Ephedra. LAVERED Epmensis (ep',

outer surface. "The leaves of the wax-palm show an even
denser deposit.

Mineral matters arve also of frequent occurrence in the
cell-wall. The chief of these are salts of calcium, usunally
the oxalate, but often the carbonate. Some cell-walls show
a copious deposit of regular erystals of one of these—such
are the cells of the bulb scales of the onion, the fibres of
the bast of Ephedra and others (fig. 48). In many plants
copious deposits of silica are formed in the cell-wall,
especially in the epidermal cells of the Equisetacee, and in
those of the cereal grasses. The value of this deposit to
the plant is not very evident ; it appears at first sight to he
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an adaptation enabling the plant to remain upright, but it
is found that its absence does not render the grasses more
liable to fall.

Some cells of the epidermis of certain plants, especially
among the Nettle family, contain curious ingrowths of
cellulose, in which there is a very large deposition of
caleinm carbonate. They are known as eystoliths (fig. 49).

The cell-walls of certain regions of particular plants
are transformed into mucilage. This material is especially
prominent in the large brown seaweeds, particularly fhe
Fucaeea, where it forms the bulk of the internal tissue. It
oceurs also in certain layers of the seed-coat of such seeds as
linseed, and in certain regions in the sporocarps of Marsilea.
It is of assistance in the dissemination of the spores of
this plant, and possibly has a similar value in the cases of
such seeds as contain it. It differs from cellulose by
absorbing water greedily, and swelling up considerably.
[t gives a blue colour with iodine and sulphuric acid as
cellulose does, differing from the latter chiefly in the ease
with which the absorption of water is brought about. It
18 not elear at present whether muecilage is derived from
cellulose only, or whether the pectoses take part in its com-
position, though the latter is probable. The gums are closely
related to mucilage, and seem to represent a further dis-
integration of the cell-wall in that direction. Many of the
guins vield derivatives much like those of pure pectie
bodies, which suggests that their affinities are rather with
the latter. In all probability, however, they are all mix-
tures of the two classes of constituents.

We see thus that in the construction of the skeleton of
a complex plant, while its basis is the cell-membranes of
the several protoplasts, which at first form an almost
homogeneous tissue, not only does differentiation take
place in the direction indicated in the last chapter, but
this differentiation is accompanied by changes in chemieal,
physical, and mechanical properties, which fit the definite
tissues formed for the functions which fall to them.

E 2
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Temporary structures possess a very different chemieal
composition from permanent ones. The transitory cuticle
gives place to the more permanent cork, and this becomes
strengthened by the introduction of selerenchymatous
elements as the cork formation becomes continuously more
deeply seated. The strengthening tissue varies similarly ;
the walls of collenchyma, though thickened in a particular
way, are not chemically changed in the same manner as those
of sclerenchyma or woody tissue, for their cellulose under-
goes no conversion into, or impregnation with, lignin.
The fibres of the bast differ from those of the wood in the
same particulars,




CHAPTER IV
THE RELATION OF WATER TO THE PROTOPLASM OF THE CELL

Whexn we regard the arrangement of protoplasm in the
cells of the plant, or observe the environment of the free-
swimming protoplast, we notice especially its very close
relation to water. The naked zoospore is naturally
saturated with the latter, being in the fullest contact with
it.  Unicellular plants which are not actually immersed in
it are generally to be found in more or less moist situa-
tions, where they continually obtain supplies from dew or
rain. Indeed m times of drought when moisture is not
supplied to them they are seriously injured. The young
cell which is clothed with a cell-membrane speedily shows
a tendency to accumulate water in its interior ; gradually
drops appear, which lead ultimately to the formation of a
vacuole, which is always full of liquid. In a plant which
comsists of a complex of eells, such a vacuole is found in
every adult cell so long as it is living. The healthy proto-
plasm is thus always in contact with water. Indeed the
molecular constitution of protoplasm, as far as we know it,
lends itself to this relation, for the apparently structureless
substance is always saturated with it. It is only while in
such a condition that active life can exist ; with very rare
exceptions, if a cell is once completely dried, even at a low
temperature, its life is gone, and restoration of water fails
to enable it to recover.

The constaney of the ocenrrence of the vacuole in the
cells of the vegetable organism is itself very strong evidence
that such cells are dependent upon water for the main-
tenance of life. The cell-wall, though usually permeable.
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vet presents a certain obstacle to the absorption of water,
and so even those cells which are living in streams or
ponds usually possess a vacuole. Cells without a mem-
brane, such as the zoospores already many times men-
tioned, can more readily absorb water from without, and
hence they are not vacuolated to the same extent as are
those which possess a cell-wall; indeed many of them
have no vacuole. This cavity when present being always
filled with liquid, the protoplasm of the cell has ready
access to water, as much so indeed as the protoplast which
possesses no cell-wall.  The vacuole contains a store which
1s always available.

The gquantity of water which a vacuole ean contain is
very small, and as the needs of the protoplasm are some-
what extensive, a need arises for the continual renewing of
its supply. This is evident when we consider that the
protoplasm draws its nutriment eventually from the water,
and that it must return to it such waste produets as it
gives off. Its oxvgen must be drawn from the same
source, for this gas ean only pass into the interior of a cell
by entering into solution in the liquid which it contains.
In cells which are deep-seated this need can only be
supplied by a slow passage from cell fo cell of the gas
which has been dissolved by those abutting upon a free
surface. Similar considerations apply to the elimination
of the carbon dioxide which accompanies the respiratory
processes.

The life of a plant is consequently very intimately con-
nected with the renewal of the water which the cells contain.
Fresh liquid must be taken in, and that which i1s already
there must be to a certain extent removed; the plant
demands in fact a kind of cirenlation of water, and this
becomes the more imperative as the mass of the plant
increases, with the possible exception, however, of those
massive plants whose habitat is marine.

In examining the way in which this circulation is set
up and maintained. it is first necessary to inquire into the

il i, ot e i ek e it
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nature of the process by which water makes its entry into
a cell. This is based upon a physical process which is
known as osmosis.

When two fluids of different densities, such as water and
syrup, are separated from each other by a homogeneous
permeable membrane, they will tend to pass throngh the
latter in both dirvections till there is a mixture of the two of
equal density on each side of it. We shall thus have a stream
of water passing through the membrane to the syrup, and a
stream of syrup similarly passing to the water. The rate
of How of the two streams will not be the same however,
and the first result will be a considerable inerease of the
volume of the liguid upon the side of .
the membrane in contact with the syrup,
owing to the greater amount of water
that will have passed through.

A convenient form of apparatus to
exhibit this process of osmosis is repre-
sented in fig. 50. It consists of a
bladder fastened to the end of a narrow
tube which 18 nmmmersed, as shown, n a
vessel of water. The bladder and part
of the tube are filled with syrup, and the
height at which the latter stands mn the
tube is noted. After some time the
contents of the tube will be mereased in
consequence of the entry of water being "*'}r";: f:'{;‘]‘:{:“m“
greater than the escape of syrup, and  cess or Osuosis,
the liquid will stand at a higher level
in the tube. If the positions of the water and the syrup had
been reversed, the liquid would have fallen in the tube,
showing that the greater osmotic stream was in the opposite
direction.

The relative difference in the rate of the two streams
will vary with the concentration of the syrup.

Other substances than sugar have a similar power of
setting up osmotic currents, which indeed is especially pro-
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minent in those which are erystalline in character, though
it is not confined to them. Solutions containing different
substances in equal degrees of concentration do not, however,
possess equal osmotic powers ; each one has its own special
ability which is often spoken of as its osmotic equivalent.
With any particular osmotie substanee, however, the osmotic
efficiency varies with the concentration of the solution.
Though the process of osmosis as illustrated in the
experiment just deseribed is far simpler than that which
we have reason to believe takes place in the vegetable cell
we can apply it to explain the original formation of the
vacuole. Consider the case of a young non-cuticularised

Fia. 51. —=VEGETABLE CELLS.

A, very young ; B, a little older, showing commencing formation of vacuole.
g, protoplasm ; #, nuclens; v, a vacnole.
cell of the external layer of a plant which is immersed in
water. It is full of protoplasm, and limited or elothed by a
cell-membrane which is permeable more or less readily by
water. The protoplasm is saturated with water, but there
is no separate accumulation of the latter in its interior,
Part, at least, of the cell-wall is in contact with water on
the outside. The protoplasm is actively living, and in the
course of the chemical changes which are ineident to vital
action certain substances are produced by it, which, like the
syrup in the experiment already described, have an affinity
for water, or, to use a more technical phrase, have a fairly
lugh osmotic equivalent. Water consequently passes into
the cell, at first only in such quantities as to distend it
somewhat. As the process goes on, more liquid is taken up

.
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than ean be stored in the molecular interstices of the proto-
plasm. Drops consequently appear, and these gradually
run together until a distinet though small vacuole, and
later a number of such vacuoles, are apparent in the proto-
plasm (fig. 51). These soon run together as the amount of
water still increases, and after a time the protoplasm forms
a layer round the cell-wall, enclosing a single large cavity
in which the surplus liquid is held
(fig. 52).

But, as has already been said, the
process 18 not a simple physical one.
Though the conditions of the first
experiment are approximated to, they
are not altogether realised. The
syrup in the bladder finds its repre-
sentative in the osmotie substances
formed by the protoplasm and dis-
solved in the water in its substance ;
the water outside the cell 18 much .0 Avvir Veserasie
the same as the water in the outer  {ELLS. = 500 {After
vessel. But there is a great differ- , .oj.wall; p, protoplasm:
ence in the membrane. The bladder £ % :";“;1.':"_;;13 Wb it
of the experiment is replaced by a
film of cell-wall substance, which we may speak of in
aeneral terms as cellulose, and this is lined by a delicate
coating of protoplasm. This again is not homogeneous,
but has on its surface, which is adpressed to the cell-
wall, a very thin dense layer which forms a kind of

membrane known as the plasmatic membrane. As soon
as the vacuole is recognisable its cavity becomes lined by
another similar membrane, and between the two lies the
nearly homogeneous protoplasm. These plasmatic mem-
branes are immediately formed as soon as the surface of
the protoplasm comes into contact with water. The mem-
brane of the cell, therefore, through which osmosis must
take place, is composed of four different layers. In the
experiment we have assumed that the outer liquid was pure
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water ; this is not, however, the case with the fluid in
which the plant is living, for all such water contains a
large number of various inorganic salts dissolved in it,
though of course the coneentration of these salts is extremely
small. While all the layers of the cell’'s membrane are
permeable to water, they are not at all equally so to the
salts which it contains. In such a weak solution these can
pass freely through the cell-wall, but the plasmatic mem-
branes of the protoplasm offer a variable resistance to their
passage further. A further experiment will show a very
nmportant modification of the process depending on this
property of the protoplasm, and demonstrating that the
entry of both water and its dissolved saline contents into the
cell is very largely under the regulation of the latter, when
what is practically a dilute saline solution is presented to it.

Take a cell of the cortex of a plant and put it into
contact with a liquid of higher osmotic power than that
which 15 contained i its own vaeuole; for instance, a
solution of eommon salt of about 10 per cent. concentra-
tion. Watch its action on a slide under the mieroscope,
and let the salt solution be coloured with some vegetable
dve which will not injure the living substance. As the
salt solution reaches the cell, the protoplasm of the latter
eradually retreats from the walls (fig. 53), at first at the
corners and then all round the sides, till 1t appears as a
rounded or irregular mass in the centre. The salt solution
has abstracted the water from the vacuole, and the proto-
plasm, relieved of the pressure outwards cansed by the
liquid in the latter, has shrunk away from the walls. The
outward stream has been accompanied to a certain extent
by an inward one, as in the first experiment. The coloured
salt solution will be visible inside the cell-wall, betweei it
and the protoplasm. There has been an osmotic stream
therefore throngh the cell-wall inwards. But it will be
seen that the colour will not penetrate the protoplasm,
which in fact retreats before the coloured salt solution.
The latter has no power to pass the external plasmatic

'hlal

Lo e PTG bR L



RELATION OF WATER TO THE PROTOPLASM 59

membrane, even in the condition of dilution which must
result from its mixing with water which has been with-
drawn from the vacuole. If now the salt solution is
replaced by water, the latter is gradually ateracted again,
of course osmotically, into the cell. It passes through
the whole thickness of the protoplasm, the vacuole is re-
established, and the protoplasm again comes to line the
cell-wall, pressed against it by the water.

The protoplasm by means of its plasmatic membranes
thus can oppose the passage through it of various osmotic

Frio. S, —CELLE oF PAREXNCHYMA UNDERGOING PLASMOLYSIS

it, by o,  represent successive stages, The dotted area in each cell
represents the protoplasm.

bodies with which it may be brought into contact, though
it allows the water in which they are dissolved to permeate
it freely. In the experiment just described the strong salt
solution failed to pass through the external plasmatic
membrane ;: the re-entryv of the water into the vacuole
showed that the internal one prevented the osmotic sub-
stances, originally present in the water which the ecell
contained, from escaping in the issuing osmotic stream.
These substances must have been left behind, or there
would have been no osmotically active material to draw the
water back, when it was allowed to replace the salt solution
outside the cell,
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That this behaviour is dependent on the vital activity
of the protoplasm can be shown by repeating the experi-
ment after killing the living substance by a short immer-
sion of the cell in aleohol. Then the process of osmosis
goes on exactly as in the first experiment deseribed. The
salt solution penetrates into the vacuole as if only a cellulose
septum were present, the dead protoplasm exerting no regu-
lating influence.

We must not conclude from this experiment that mor-
ganie salts in all degrees of concentration are kept from en-
tering the cell by the protoplasmic membranes. If extremely
dilute solutions are emploved, the protoplasm permits their
passage together with a certain appropriate amount of
water. Similarly, extremely dilute solutions of bodies
found in the fluid of the vacuoles, the so-called cell-sap,
can make their way out of the cells. The protoplasm
exerts a definite regulating influence, however, upon both
the entry and the escape of these different substances.

The modified osmosis which is thus the mode of entry
of water into a cell containing no vacuole, and which
causes the growth or completion of the vacuole after its
first appearance, continues after its formation is finished.
This can be studied most favourably in aggregations of
cells, such as we find in the cortex of a stem or the loose
mesophyll of a leaf, as in such cells there is a more evident
renewal of the water of the vacuoles than in those of
tissues which are surrounded by liguid. In such tissues as
those just mentioned we can demonstrate with ease what
is more difficult to detect in the others, that not only is
water admitted to the cells, but it is also given off from
them. This does not depend on osmosis in the stem or
leaf, but is due to evaporation, which takes place from the
surfaces of the cells abutting on the intercellular spaces,
whence the watery vapour is exhaled through the stomata,
or, in the case of a woody stem, through the lenticels. Ina
cell surrounded by water such removal must depend upon
osmotie currents.
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This removal of water oceasions a need for a continuous
replenishinent of the liquid in the wvacuoles, which is
brought about by the same modified osmosis which has
been deseribed.  We ean see that this process must be
continually taking place in a complex of succulent cells.
[f we consider two which are contiguous and are separated
from each other by a common cell-wall, it is evident that
unless the proportion of water to osmotic substances in the
vacuoles of both 18 the same, osmotic earrents will flow
from one to the other till this equilibrium is reached.
Any disturbance taking place in one cell of a complex will
hence spread from cell to cell until the composition of the
Hluid contents of them all is uniform. When we consider
the differences, sometimes very slight, sometimes more
extensive, which are continually taking place in the meta-
bolie aetivities of the separate cells of a community, it is
evident that, so long as life lasts, osmotie eurrents of this
kind must be continually passing from eell to cell in varions
directions, and frequently at very different rates.

Evaporation from a cell into an intercellular space
must lead to a certain increase of the concentration of the
solution of osmotically active substance in its vacuole.
This then attracts water from the contiguous cells, and
consequently, independently of metabolic changes affecting
the guantities of such osmotic bodies, evaporation itself
must help in eausing movements of water from cell to cell.

The quantity of these osmotic substances which are
present in any particular cell will depend upon the
behaviour of the protoplasm from time to time. Such
substances are usually being continually produced in all
crowing cells, and i most others in which chemical
changes are proceeding. Hence such cells are continually
abgorbing water, and are consequently so full that a certain
stretching force 1s exerted on the cell-wall which bounds
them. Cells in such a condition are called furgid, and
the condition itself is known as turgor or turgescence. The
equilibrium which is attained by such a ecell is reached
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when the distension eaused by the entering osmotie stream
is balanced by the elastic vecoil of the extensible cellulose
wall. In some cases the tension set up in a tissue by the
turgescence of the cells is sufficient to force the water, by a
process of filtration, through the walls of the outermost
ones, so that it eseapes in drops or in a slow stream. This
may often be seen on the edges or apices of blades of grass
in the early morning. It is of great use also in foreing
water into the axial woody cylinder of roots, as will appear
later. Oceasionally the turgescence becomes so great as to
lead to rupture of the cell-walls, as is the case in some
pollen grains, and sometimes in certain fleshy fruits.

That the condition of turgescence in eells is attended by
a stretehing of the cell-walls can be seen by taking a piece
of a plant which is turgid, such as the stalk of a rhubarh
leaf, and, after carefully measuring its dimensions, steeping
it for some time in a ten per cent. solution of common salt.
On removing it, it will be found to have become flaceid,
and a remeasurement will show that both its length and
thickness have diminished. Turgescence 1s not, however,
due simply to physical causes; the protoplasm which lines
the eells has a regulating influence over the passage of the
water into and out of them. When a turgid pulvinus of
such a plant as Rebinia or Mimosa is stimulated by rough
handling of the leaf, the latter falls backwards from its ex-
panded position, and the fall is found to be due to the escape
of water from the cells of the lower side of the pulvinus.
The original state of equilibrium has been disturbed by the
shock to the protoplasm administered by the stimulation,
and the latter allows or compels the water to pass outwards.

The active influence of the protoplasm is seen also in
another class of phenomena. Certain structures known as
nectaries oceur conspicuously in many flowers. They are
ageregations of cells of a particular kind which exude a
sugary fluid upon their surface. The liquid in the cells
contains a little sugar, and this weak solution is eapable
of passing throngh the protoplasm, not by osmosis, but by
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a kind of filtration. Its concentration is usually increased
hv subsequent evaporation of the water in which it is dis-
solved, so that the secretion when collected has a distinetly
sweet taste. When the petals of certain Hlowers bearing
these nectaries are cut off, and their cut ends immersed in
water, the glands continue for some time to exude the
nectar. There can be no question here of a gross filtration
of water under pressure through the tissue, as there is no
such pressure acting on the base of the cut petal. The
protoplasm causes a stream of water to flow into the cells
of the gland by producing osmotic substances inside them,
in this ease chiefly sugar. The turgescence thus set up in
the gland cells exerts a strong hydrostatic pressure on the
limiting membranes of these secreting cells, which ultimately
so stimulates the protoplasm as to cause the sugary
solution to exude upon their free surfaces. We ean dis-
criminate between two forces at work in the execretion of
the nectar. The absorption of water by the gland cells is
due to osmosis ; the excretion from them on to the exterior
of the gland is more a question of filtration under pressure
from the turgid cell. This is shown by the fact that if the
surface of the gland 18 carefully dried, the exudation
shortly recommences. Osmosis is not possible under these
conditions. If the gland is killed by aleohol, the sugar
already there is retained in the cells, and no exudation of
nectar, or even of water, takes place.

The vital activity of the protoplasm is thus seen to be
intimately conneeted with the presence of water in its
substance. The importance of the ready access of the
latter 1s seen further from other considerations. We have
incidentally allnded more than onee to the fact that the
liquid concerned in these osmotic currents is not pure
water only, but should rather be regarded as an extremely
dilute solution of various salts. Though the pl'utuplu,mh
opposes the passage of anvthing like a strong solution of
inorganic salts, it allows very dilute ones to enter the cell,
much as it does pure water. ‘In this way the slowly dif-
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fusing stream brings to the protoplasm of each cell the
inorganic materials which are absorbed from the earth,
and enables the matters elaborated or formed from them
by the protoplasm to pass from cell to cell. The feeding
or nutrition of the various cells, together with the con-
struction of the substances which minister to that nutrition,
is thus dependent on the transit of fluid about the plant
in the way deseribed. The aceess of various gases is
similarly made possible, for these are dissolved in the liguid
stream. The oxygen upon the presence of which life depends
is thus transported to each cell, and the carbon dioxide
of respiration is removed from the seats of its liberation.

The condition of turgescence is necessary also for growth,
and for various movements of different parts, enabling
them to adapt themselves to varying conditions of their
environment. Some plants, particularly those which are
agquatic in habit, and such parts of terrestrial plants as
contain but little woody tissue, are dependent on the
turgescence of their cells for the rigidity which enables
them to maintain their position in the medium in which
they live. The maintenance of the turgid condition of
the eells is further of the highest importance in enabling
the interchange of water between econtiguous cells to take
place as freely as possible, and without intermission.
Flaccid cells do not effect suech interchange with sufficient
readiness. Flaccidity of an organ is attended by a partial
collapse of the tissue, which involves a diminution of the
volume of its intercellular spaces, and hence often a serious
interference with its processes of gaseous interchange,
particularly respiration.

The importance of the water supply, and indeed iis
necessity to the plant, explains the existence of certain
subsidiary mechanisms for its absorption and storage
which are occasionally met with, These will be considered
in detall in a subsequent chapter, but a few of such
adaptations may be noticed here. We frequently find
particular aggregations of.cells set apart for storage of
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water. The epidermis of certain parts frequently subserves
this purpose, and many plants possess a considerable
development of aqueous tissue, variously disposed, which
forms a similar storehonse. The cells of this tissue eontain
little else than water, and thus serve to supplement the
vacuoles of the ordinary cells. In plants that inhabit dry
arid soils such as sandy deserts there are often other
adaptations relating to water storage. Such plants arve
often covered with large bladder-like hairs which hold a
considerable quantity of liquid. Plants which are exposed
to conditions threatening too copious evaporation are gene-
rally furnished with a very prominent cuticle tending to
check undue escape.

1 5
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CHAPTER V
THE TRANSPORT OF WATER IN THE PLANT

WE have seen that it is necessary for the life of a plant
that all its living cells shall be freely supplied with water.
According to the habit of life of plants the mode of supply
must necessarily vary. Those which are so constituted
that water finds free access to all the cells, suech as the
unicellular or filamentous .lge, which live in streams,
pools, &e., present no diffienlty, as osmosis can go on freely
in each cell, water entering its vacuole from the exterior.
Sturdier plants of aquatic habit are almost equally easily
supplied ; the water enters hy osmosis into the vacuoles of
the epidermal cells, the walls of which in these plants
are not cuticularised, and from them it can pass from
cell to cell all over the plant-body. No force in addition
to osmosis is necessary in these undifferentiated plants.
Others, which have a terrestrial habitat, from the nature of
their environment require a more elaborate mechanism
which is found, as we have already pointed out, in the
well-differentinted system of conducting tissue, composed
largely of lignified vessels, fibres, and cells. Throughout
all such plants a stream of water passes, entering at the
roots, passing along the woody axis, and so rising up the
stem into the leaves, where a very large part of it is
evaporated. . This stream of water is often known as the
ascending sap.  In addition to this comparatively rapid
stream, slow eurrents of diffusion from cell to eell are also
maintained, as in the plants of humbler type. These
diffusion currents, depending mainly on osmosis between
eontignous cells, have not the definite direction of the
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rapid eurrent, and play quite a subordinate part in the
supply of the whole plant with water. They are, however,
supplementary to the ascending sap, and effect interchanges
in regions which the latter does not immediately reach.
The cortex of the axis of the plant is especially dependent
upon them, as various mechanisms exist in the different
regions of the stele to gunard against too free an escape of
water from its tissues into the cortex.

Except in some special cases the water which passes
through the body of an ordinary terrestrial plant 1s
obtained from the soil in which its roots are embedded.
The soil itself is composed of minute particles of inorganic
matter of very different degrees of solubility, derived origi-
nally from the breaking down of rocks, together with decay-
ing animal or vegetable matter mixed with the inorganic
constituents. This organic matter is known as lumus and
is of very varied composition. The soil thus consists of a
loose matrix of granular character, the interspaces of which
are normally filled with air. The air is in most cases
mixed with a certain quantity of carbon dioxide which is
being evolved from the humus constituents of the soil, and
which is slowly exhaled from the surface. The interspaces
are capable of containing varving quantities of water ;
indeed the soil may be so saturated with it that they ave
all full. We find soils of all conditions in this respect,
from the dry sands of deserts to the mud of bogs. The
water may be held with greater or less tenacity, clays and
sandy soils affording instances of two extremes in that
particular. When the interspaces of the soil are filled
with water, the plants which it is supporting are very
unfavourably placed for absorbing the liguid. By the
excess of water their roots are deprived of the air which they
need for purposes of respiration; their strueture does not
enable the absorption of water to take place all over their
surfaces, as their external cells are more or less cuticular-
ised ; they are consequently hindered and not helped by the
superfluity of liquid. When a soil is properly drained, its
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interspaces are filled with air, and a delicate film of water
surrounds each of its particles and adheres closely to it.
This water, often spoken of as hygroscopic water, is the
source of the plant’s supply. The presence of air in the
interspaces supplies the wants of the root and frees it from
the difficulties which have been pointed out.

The hygroscopie water adheres so closely to the
particles of the soil that it escapes ordinary observation ;
when, however, soil that has been allowed to dry at any
ordinary temperature till its interspaces are apparently
empty, is exposed to a heat approaching that of boiling
water, a considerable quantity of vapour is given off, due
to the volatilising of the hygroscopic films.

The difticulty of the eatry of the water into the cells
of the outermost layers of the yvoung roots involves the
development of a special absorptive
mechanism upon them. This takes the
form of a number of delicate outgrowths
of the external cells, which form long
thin-walled hairs (fig. 54). These are
not distributed all over the surface of
the young rootlets, but are confined to
a particular region not far behind the
apex. As the delicate branches of the
root grow, the root-hairs gradually perish,
more being formed continually at about
the same distance from the apex. There
Fio. 5h.— Urrnare 18 thus a continual renewal of this collec-

Eﬁ‘::ﬂ:m::! po tion of hairs, which is maintained as long
smox o Rout- a5 the root system extends and continues
functional. The interspaces of the soil

are penetrated by the young roots, the manner of whose
growth involves a very close approximation of their sub-
stance to the surface of the particles of which the soil con-
sists. The delicate hairs standing out at right angles to
the surface of the roots are consequently brought into very
close and intimate relations with these particles and witl:
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the film of hygroscopic water which swrrounds them. In
some cases the pressure between the two is so close that
the particles become embedded in the membrane (fig. 55).
The hygroscopic film of water is thus separated from the
interior of the root-hair by a most delicate pellicle of ecell-
wall substance, lined by an almost equally delicate layer of
protoplasm. The vacuole of the hair contains a somewhat
acid cell-sap, by virtue of which osmosis is set up; the
osmotic equivalent of the acids of the
sap being considerable, the ecell gquickly
becomes turgid and distended, such
turgescence continuing so long as the
conditions remain favourable. The root-
hairs are very numerous, and their united
action eauses a considerable accumula-
tion of water in the cortex of the root,
for it passes into the cells of this region
by osmosis through the base of the hair.
This, being one of the cells of the ex-

ternal layer, impinges upon one or more ., ;r,

) T

of the cortical cells, which have a similar AR
- - - [T

reaction to that of the root-hair itself. <y

Osmotic currents are thus set up from el el
every hair, and a gradual accumulation IN CONTACT WITH
of water takes place in the cortex of the i e e
voung root, making all its cells turgescent and ecausing
a considerable hydrostatic pressure in the tissue. This
turgescence with its consequent pressure extends all along
the axis of the young root, though it is originally set up only
by the region which is clothed by the absorbing hairs,

The central portion of the axis of the root is occupied
by a eylindrical mass which extends throughout its whole
length, and which 1s known as the stele (fig. 56). It 1s
generally marked off sharply from the cortex, the cells of
whose innermost layer, the endodermis, are often peculiarly
thickened. This thickening is not, however, usually very
marked in the region of absorption. At certain places
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round the periphery of the stele of the root, the woody
strands (fig. 56, Sp) may be seen. These are in contact
with the suceulent and turgid parenchyma which has been
filled with water in the way described, and consequently
the hydrostatic pressure which has thus been set up is
brought to bear upon the walls of the woody vessels which
constitute the greater part of those strands. These form
the lower portions of continuous open, or nearly open, tubes,
which extend from the roots to the leaves; at the time
when the absorption of the root-hairs and eortex is greatest
these vessels are empty, or nearly so, and the effect of

Fia. §6.—SncTon or Boor, gnowing RooT-HAIRE ABUTTING ON THE PaREx-
cHyMA OF THE CoRTEX, AXD THE WooDy BTRANDS, Sp, oF THE BTELE. (Affer
Kny.)

the hydrostatic pressure on their walls is to foree the
water from the turgid cortex into the walls and cavities of
the wvessels. How the water is distributed is not fully
known:; we have seen that lignified cell-walls have a
certain power of taking up water, and of passing it on with
considerable rapidity, so that part of it may be expected to
remain in the walls., Part, however, passes through into
the cavities of the vessels, and in the early part of the
vear, before the leaves of the plant expand, they thus
become filled with liquid. This filtration into the vessels
tends to relieve the pressure in the cortex, and additional
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water can then be absorbed from the soil as before. The
consequent increase of the turgescence is followed by further
filtration into the vessels, and these two factors continually
acting together, the water is made to rise gradually in the
axial stele. The root-hairs and the turgid cortex, in fact,
exert in this way a kind of continuous pumping action,
forcing it along the axis. The force, which is the expres-
sion of the elastic recoil of the cell-walls of the over-
distended cortical cells, and which 1s brought to bear upon
their fluid contents, squeezing a quantity of liquid through
the cell-walls into the vessels, is known as roof-pressure,
and is one of the main factors in the transport of water
through the plant.

The turgescence not only leads to the rise of the
sap in the axial stele, but it
spreads throughout the whole of
the cortical tissue of the plant,
stem as well as root, reaching
indeed every ecell into which
osmotic diffusion can take place.
The action of the root-hairs is
thus responsible not only for the
rapid ascent of the sap, but also
for the maintenance of turgidity
outside the region supplied by
the ascending stream.

The stele of the root is
directly continuous with that of
the stem, and though the dis-
position of the woody elements MG MT—Dudka showi
is somewhat different in the two BuspLes 1x 4 DIcoTyLE-

poxoUs PLasT.
regions, there is no doubt that
they also are continuous throughout (fig. 57). The stream
of water consequently passes up the woody tissue of the
stem so long as the cells are living. The stream in
voung plants passes along the whole substance of the wood,
which in most cases forms a central mass of some size.
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In herbaceous plants the bundles do not usually form a
continuous cylinder, but are more or less isolated in their
course. In old trees the water-conducting area is limited
to the onter regions of the central woody mass, which are
known as the alburnwm or sap-wood. The central portion
of the wood is dead, and the cell-walls are often very
much altered in chemical composition. This region is
known as the duramen or heart-wood ; it takes no part in
the conduction, the tissue always remaining dry.

The vagcular bundles are seen to be continuous from
the axis to the leaves, where they are no longer found
arranged in a cylindrical manner, but are disposed in
various ways as a much-branched net-
work (fig. 58). The separate ramifica-
tions are known technically as wveins,
and they are distributed in the various
ways known, largely through the method
of branching of the leaf axis. The
latter, however, with very rare exeep-
tions, is flattened or winged throughout
! the whole or part of its length, and the

Fio. 58—Vascurar  wings or flattened portions are supplied
Brjoes (VENS - Gith veins continuous with those of
the branched or unbranched axis. The

vascular tissue, therefore, if traced from below upwards, is
seen to exhibit a separation of its constituent bundles, which
continually appear to subdivide until they form a series of
delicate ramifications of considerable tenuity which per-
meate the whole of the flattened portions of the leaves or
other parts. The tenuity of the ultimate endings of the
vascular bundles is attended with eertain changes in the
character of the constifuent cells, but they remain woody
and irregularly thickened as they are lower down in the axis.
In the leaves these endings of the bundles, which are some-
times free, and sometimes disposed in the form of an open
network, are surrounded by delicate parenchymatous tissue,
whose cells are in immediate contact with the woody ele-
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ments, as they are in the root (fig. 59). These delicate cells
are also in contact with the special parenchyma of the leaf,
which is in part very loosely arranged and provided with a
great development of the intercellular space system (fig.
$0), which we have seen to be characteristic of the whole

e
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1-‘I~i; 59, —Expixe oF A FiBRo-vascrvLar BUNDLE IN THE
PanexcHYMA oF 4 LEAF.
of the tissue of the plant. The cells abutting on the
bundles are filled, like the root-hairs and the cells of the
cortex, with a watery sap which contains substances possess-
ing a relatively high osmotic equivalent. The woody

Fig. 60.—TRANSVERSE SECTION OF THE BLADE oF a LEar, sHOWING
THE INTERCELLULAR SPACES OF THE INTERIoR. = 100,

elements of the veins are not completely empty : their
walls, at any rate, are saturated with the water ascending
from the roots. We have consequently here a resnmption
of the osmosis which we noticed to play so econspicuous a
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part in the original absorption of water. The water is
drawn from the woody elements into the parenchyma of
the leaf, and as it passes from cell to cell the leaf tissue is
made turgescent. The turgescence 1s very largely due to
the ascending stream, whose progress we have traced ; at
the same time we must remember that the turgid cortex of
the root is continuous through that of the stem with the
soft tissues of the leaves, and hence the slow movement of
diffusion assists in its maintenance. In plants which have
but little woody tissue, such as the greater number of
herbaceous annunals, this slow movement plays relatively a
mwore important part than in those ftrees which have a
conspicuously woody trunk.

As we have seen, the turgid mesophyll tissue has a
ereat part of the surface of its cells abutting on the inter-
cellular spaces of the leaf. The cortical cells of the axis are
also similarly placed, though the spaces are much smaller
in that region. The intercellular spaces of the plant are
in communication throughout, and the cells which abut
upon them are in most places, and particularly in the
leaves, furnished with very delicate cell-walls which readily
allow a process of evaporation to take place, watery vapour
passing into the passages. The whole intercellular space
system thus becomes charged with vapour, the process of
evaporation from the cells being, however, much more
marked in the leaves, owing to the greater development of
the spaces there. At particular spots in the leaves and
other green portions of the plant, these intercellular spaces
or canals communicate with the external air by means of
sinall openings or creviees in the outer layer of cells, which
are known as stomata (fig. 61). Each stoma is surrounded
by two cells of peculiar shape, known as guard-cells, which,
by being approximated to each other to a greater or less
degree, enable the extent of the communication to be
varied from time to time according to the conditions of
the plant. The ultimate escape of the watery vapour from
the interior of the plant is subjeet by means of these
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stomata to a very delieate regulation. So long as the
apertures are open the watery vapour diffuses outwards
into the external air. We may thus have a copious
exhalation taking place from the surfaces of the leaves and
other green parts, which plays an important part in causing
the flow of water through the plant. This evaporation or
exhalation from the surface is known as transpiration ; it
will be discussed more fully in a subsequent chapter.

Little or no evaporation takes place from the surface

Fi6. 61.—TureEe Stosmara ox THE LOWER SURFACE oF A LEar, sHOWING
DIFFEREXT DEGREES 0F CLOSURE.

of the epidermal cells of the leaves, which have their outer
walls generally cutieularised to a greater or less extent, the
cuticle offering considerable resistance to the passage of
water or watery vapour through them in either direction.
The escape of watery vapour by transpiration is supple-
mented in some cases by an actual excretion of water in
the liquid form. This happens when the hydrostatic pres-
sure is very high at times in herbaceous plants, water being
forced out at the tips of the leaves. It is not infrequently
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seen in the case of grasses, the edges or apices of whose
leaf-blades may show drops of liguid standing upon them
in the early morning. Similar drops are often to be seen
on the surfaces of the leaves of Alchemiila when they have
ceased to transpire during the night, while the absorption of
water by the root has continued actively. The escape of
liquid in this way is due to a filtration similar to that by
which the water is forced into the woody elements of the
stele of the root, as previously deseribed.,

A subsidiary mechanism allowing the escape of watery
vapour from the cortex of stems and roots is provided by
the lenticels. We have seen that these are loose aggrega-
tions of corky cells which are developed in eonnection with
the sheaths of cork that form part of the secondary
tegumentary protective tissue of a thickened axis. They
are not, however, so intimately connected with evaporation
as the stomata, probably being more concerned with the
aeration of the tissue (fig. 89).

The stream of water thus passing through the plant
has a very important influence nupon its development. We
have seen how important a factor in its growth is the
maintenance of a condition of turgescence, which in turn
depends on the constant absorption of water to take the
place of that removed by evaporation. The quantity pass-
ing is correlated with the amount of leaf surface which the
plant possesses : where there is a large leaf area there is
copious transpiration ; this necessitates a large path for the
ascending stream, and a consequent development of the
axial portions of the plant.

The greatest increase in the number of the proto-
plasts takes place at the so-called growing points which are
situated at the terminations of the twigs, and which give
rise continuously to additional leaves and branches. The
development of new material of this kind and of the new
protoplasts which they contain is largely dependent upon
another feature of the water supply to whieh attention
has already been called. A considerable part of the
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material from which the food of the plant is constructed
is absorbed from the soil in solution in the water, and
is transported by means of this stream to the regions of
cell-formation. The fact that the quantity of the nutri-
tive salts in the water is extremely small is a further
reason for the transport of such large quantities of
water as pass through the plant; for by the aradual con-
centration of the solution in the cells of the leaf enough
new material can be obfained by the protoplasts for the
construction of the food necessary for their nutrition,
growth, and multiplication. Where there is a large flow
of water, as in a tree, there is a continuous formation of
new cells and of the various mechanisms their life demands ;
where the transpiration is but slight, as in a Cactus, or
where the supply of water is limited, as is the case with
such plants as grow in deserts or in rocky situations, there
is but little formation of new substance.
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CHAPTER VI

THE TRANSPIRATION CURREXT. ROOT PRESSULE.
TRANSPIRATION

Ix terrestrial plants, so long as circumstances are favour-
able to the vital activity of the organism, we have, as we
have seen, a stream of water passing from the roots
through the axis to the green twigs and leaves, where the
oreater part of it is evaporated. This stream, which we
have spoken of as the ascending sap, is often called the
transpiration current. Its path through the axis of the
plant has been determined to be the xylem vessels, which are
in complete continuity from the young rootlets to the veins
of the leaves.

In thick tree-trunks, in which the wood can be seen to
consist of alburnum and duramen, the stream is confined
to the former. Proof of this can be obtained in various
ways. If an ineision is made all round the trunk of a tree
and a ring of tissue removed, everything being cut away
down to the outermost ring of wood, the leaves of the parts
above the wound eontinue to be turgid. If, on the other hand,
the woody evlinder is cut through, while the continuity of
the cortex and that of the pith are allowed to remain
intact, the leaves very speedily droop and become flaceid.

If a plant in a pot is watered with a solution of a dve
which has no noxions action on the protoplasts, the colour-
ing matter is absorbed in the liquid which the roots take
up, and its progress can be traced by a subsequent miero-
scopic examination of the various tissues of the axis. The
eolouring matter will be found to have stained the wood
for a considerable distance ; in the case of a small plant,
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indeed, it will be coloured quite up to the veins of the leaves,
while the pith and cortical tissues will remain unstained.
An isolated branch can be taken as the subject of the experi-
ment, its eut surface being placed in a solution of the dye.

The dye in these cases passes with the current of water,
as may be seen by the difference in its rate of passage when
transpiration is vigorous, and when from severance of the
leaves of a branch it can penetrate only by diffusion.

A good deal of controversy has been excited with refer-
ence to the manner in which the transport of the water in
the wood takes place. Sachs originally suggested that the
path was altogether the walls of the cells, and that their
cavities were empty. This view was based partly on the
fact that the vessels undoubtedly contain a quantity of air
during the period of active vegetation, and that this air 1s
at a less pressure than that of the atmosphere. Another
reason advanced for 1t was based on the nature of lignin
and its relation to water. While refusing to absorb much
water and swell as cellulose can be made to do, hignin ean
contain a certain quantity, which it will part with very
easily. On this view the walls of the lignified vessels may be
regarded as a column of water held together by the mole-
cules or micelle of lignin. A very little water removed
from the top of such a column would be immediately
replaced from below so long as a supply existed there.

Such a remarkable conduetivity, however, is probably
not possessed by the walls of the vessels. Many observa-
tions made in recent vears tend to negative this view, and
to support the hypothesis that the water passes in the
cavities of the vessels. Sachs’s opinion that these are
always free from water during active transpiration has
been shown not to be well founded, for various observers
have proved that their cavities arve oceupied by a chain of
water-columns and air-bubbles, the air having been
originally absorbed from the intercellular space system.
If the end of a transpiring branch is injected for a short
distance with a viseid fluid, which will penetrate the
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cavities of the vessels, and subsequently solidify, these
passages can be occluded for a distance of a few centi-
metres.  Gelatin or paraffin can be used for the experi-
ment, being injected at a moderately low temperature snch

as will not injure the vitality of the tissue. If after it has

solidified a fresh surface is made by a clean eut a very
short distance from the end, and the branch immersed in
water, the leaves very soon flag, even if some pressure
is applied to the water in contact with the cut surface. If
the path of the liguid were the cell-walls, no obstacle heing
offered to the transfer of water to them, the upper portions
ought to remain turgid. The experiment shows that the
normal channels are blocked by the paraffin or gelatin
used, and flageing results.

A similar demonstration that the water passes by the
cavities or lumina of the cells is afforded by the experi-
ment of compressing the stem in a vice ; if the pressure
1s carried so far as partially or entirely to obliterate their
cavities, the rate of flow i1s materially interfered with.

The progress of a dye injected into the surface of a cut
branch also points to the same conclusion. If such a stain
as fuchsin or eosin, which colour wood very rapidly, is
forced up into a stem and seetions made almost immedi-
ately, the lignified walls will be found to be in process of
staining, and the colour will be seen to be deepest on the
side of the wall abutting on the lumen, often only penetrating
partly through the thickness. If the wall 1itself were the
path of the pigment solution, its thickness would be stained
uniformly as far as the dye penetrated at all.

The rate at which the transpiration current naturally
Hows varies a good deal, plants showing differences among
themselves as to facilities of transport. In a fairly vigorous
tree it may be taken to he about 1-2 metres per hour,
though in some plants it has been observed to be three
times as rapid. In other eases as low a speed as -2 metre
per hour has been found. It is a little difficult to measure
in most cases; the plan generally adopted has been to
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immerse the cut ends of branches in a solution of such a
dve as eosin, and notice how far the dye penetrates in
some unit of time. The objection to this method is that
very frequently the water of such a coloured solution will
travel faster than the dye dissolved in it. Sachs used
instead a solution of a salt of lithium, which he found was
free from this objection. He detected the rate of progress
of the lithium by means of spectroscopical examination,
ascertaining how far the metal could be traced in the stem
when pieces were cut out and burnt after a definite time,
during which absorption had proceeded.

The causes of the transpiration current are not fully
known, but there is no doubt that it is due to the co-
operation of many factors, not one of which by itself is
sufficient to account for it. Two of the main influences
which are at work have heen incidentally alluded to, which
must now be discussed in greater detail. These are the
constant pumping action of the cortex of the root, giving
us the force known as root-pressure, and the modified
evaporation into the intercellular spaces, and its exhala-
tion from the surfaces of the green parts of the plant,
which we have spoken of as transpiration. Recent
investigations make it probable that we must add to these
the force of osmosis in the parenchyma of the leaves, which
apparently brings about the passage of the water from the
veins into the eells of the leaf-substance.

Besides these, other factors have been held to co-
operate, though much less certainly than they. The walls
of the vessels having an extremely narrow calibre, capil-
larity has been suggested as playing a part. This cannot,
however, have much effect in a system of closed tracheids,
like those of the secondary wood of the Conifers, which,
nevertheless, conduct the water. It has been thought
that the living cells of the parenchyma, which abut upon
the woody tissue of the stele, may play a part similar to
the pumping action of the root. The medullary rays of
the stele in tall tree trunks have been held to play a

ir
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similar part. Against this theory we have the fact that, if
the transpiration current is made to contain substances
that are poisonous to the living cells, and the latter are
consequently killed, the current still goes on. Considerable
lengths of a stem have been killed by heating it to the
temperature of boiling water, and the dead part has proved
to be no obstacle to the transport. Nor do differences of
gaseous pressure within and without the plant, or at
different portions of the axis, explain the matter more
satisfactorily.

Roor-prEssvre. — We have seen how the absorption of
water osmotically from the soil by the root-hairs leads to a
oreat turgescence of the tissue of the cortex of the root, not
only in the regions of absorption but along the whole length
of the younger portions, which turgescence exerts consider-
able pressure on the sides of the vessels and tracheids of
the xylem of the stele. By this means water with various
salts and other constituents in extremely small quantity
is foreed into the fibro-vascular tissne. The process is not
a purely physical one of filtration under pressure, but is
regulated to some extent by the protoplasm of the cells which
abut upon the xylem. When these are distended to their
greatest capacity, their protoplasm appears to be stimulated,
perhaps by the very distension, and in consequence to
allow water to transude through its substance. This mode
of response to stimulation is not infrequent in vegetable
tissues ; indeed it appears to correspond to the response of
a muscle to stimulation by the process of contraction. We
must not push this comparison too far, for the protoplasm
of the vegetable cell seems to respond not by contracting
but by modifying its permeability, so that the hvdrostatie
pressure existing in the cell is able to force the water
throngh the living substance with greater facility than it
could before the stimulus was appreciated. By thus modify-
ing the turgor of the cell, the protoplasm relieves itself of
the over-distension, and we get an intermittent pumping
action set up, which has a certain rhythm. By it large
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quantities of liquid arve continually being forced into the
axial stele. This rhythm, which is comparatively rapid,
must not be confused with another rhythm which is much
more gradual, and which constitutes what iz called the
periodicity of the root-pressure.

When transpiration is not taking place, the water may
accumulate in the vessels, and its presence can then very
readily be demonstrated, and the force of the root-pressure
measured. If a vine stem is cut through in the early
spring before its leaves have unfolded, a continuous escape
of water takes place from the cut surface, and the vine is
said to bleed. The phenomenon is not peculiar to the vine,
but is exhibited by most other terrestrial plants.

In plants which have a large woody system the accu-
mulation of water in the vessels can only be demonstrated
while the absence of leaves renders transpiration impossible.
Many herbaceous plants show a similar phenomenon daily,
owing to the intermission of transpiration during the
night. In these cases it is not necessary to cut the axis
at all; the aceumulation of water extends to the whole of
the plant. In the early morning the plants show a eertain
exudation of water from the tips or apices of the leaves,
drops acecumulating on their surfaces. Alehemilla and
Tropeolum especially display this phenomenon, which is
due to the over-turgescence of their tissues, brought about
by the pumping action of their roots.

This phenomenon of setting up a hydrostatic pressure
causing an exudation of water is not confined to roots.
Whenever the active living cells of the stem, or even of
the leaves, force water into the vessels, the same exudation
can be noticed. It ean be shown by burving the cut ends
of young stems of grasses in wet sand ; after a time drops
of water ooze out of their projecting upper ends. If the
leafy branches of some trees are immersed in water so that
only the cut ends project, the leaves can absorb water and
force it through the stem, so that an exudation after a time
¢an be noticed to take place from the eut surface which is
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not immersed. A similar exudation can be caused to take
place from the hyph® of fungi and from the tissues of
IMOSSEes.

We must, however, be cautious not to attribute every
escape of water from a plant to this eause. When a tree
trunk is wounded or cut on a warm sunny day in winter,
there is frequently an exudation of water from the wound.
This is generally due to purely physical causes, being
brought about by the expansion of
the air which is contained in the
vessels of the wood. It ean be
artificially produced at any time
in winter by warming a freshly
cut piece of wood ; and its cause in
this ease can be seen to be physical
by the fact that as the wood cools
the water in contact with the cut
surface is again absorbed, owing to
the contraction of the air, which
was expanded by the warming.

To measure the root-pressure
in a plant the apparatus shown in
fig. 62 may be used. It consists of
a T-piece of glass tubing ([7), which
i is fastened by indiarubber rings
Fia. 62.—Arpasatvs vor mae (1) to the top of a cut stem, such

‘:‘”::mnx oF RooT-RES- oo that of Helianthus. To the side
arm of the tube a manometer (g),

with a capillary bore, is attached by a tightly fitting cork
(k), and the T-piece is filled with water from the upper end
(k). Mercury is poured into the manometer till it stands at
a level a little below the cork A, and the aperture k' is
then tightly closed. As the root continues to take up water,
it forees it into the tube K, whence it overflows into the
proximal arm of the manometer, causing the mercury in
the two limbs to be at unequal levels. By the displacement
of the mercury theforee of the root-pressure ean be
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estimated. A variation of the apparatus can be used, in
which the manometer is replaced by a glass tube bent at
right angles. The water will be forced through this, and
can be collected in a suitable receiver, and its amount
ascertained.

In performing the experiment it is best to allow the
apparatus to stand for some time before closing the tube
at &', as, if the plant is taken while transpiration is proceed-
ing, the vessels of the stem will contain air at a certain
negative pressure, and a certain amount of water will be
sucked back until the vessels are full. As soon as this
condition is reached, the pumping action of the roots will
become evident, and the root-pressure will make itself
obvious.

The root-pressure of various plants has been measured
by different observers; an idea of its amount may be
gathered from the fact that a medium-sized Fuchsia in a
pot has been found able to send a column of water up a
tube of the same diameter as the stem to a height of
twenty-five feet.

The activity of the roots will depend upon various
conditions, of which temperature, both of the air and of
the soil, is one of the most important. The exudation of
water has been observed at temperatures as low as freezing
point, but most plants will not show it below about 5° C.,
and as the air becomes warmer the quantity of water given
off increases. Warming the soil of the pot in which is the
plant under observation also increases the flow.

Of other influences which exert an effect upon the
activity of the roots may be mentioned oxygen. Like all
other vital actions, the absorptive power of the root-hairs
depends upon their being in a healthy condition, and this
cannot be maintained In any protoplast without the due
performance of respiration. The character of the soil
must also be considered. Without a due supply of moisture
the process, of course, cannot go on, and a disturbance of
the normal eonstituents of the soil will lead to modifications
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of the process. If there is too great a preponderance of
neufral salts such as sodium chloride or potassium nitrate,
so that the liquid presented to the roots is practically a
saline solution, the exudation will cease ; indeed, under such
cireumstances water may actually be withdrawn from the
plant.

Root-pressure is continually at work while the trans-
mission of water is going on ; but it is not easily seen later
in the year when the development of the leaves has caused
an active transpiration to proceed. 1f the stem of the vine
is cut in July instead of in Mareh, no bleeding follows the
wound. This is not, however, due to the absence of
activity in the roots, but to the fact that the copious
evaporation of transpiration prevents the necessary ac-
cumulation of water in the cavities of the woody elements.
In the experiment in the early spring the conditions were
different ; there were no expanded leaves, and the water
absorbed and sent upwards by the root consequently
remained in the vessels of the stem, escaping at once when
the latter was cut. In July the vessels have been emptied
by the transpiration, and there is no accumulation of
water to overflow. The apparatus deseribed will show,
however, if the experiment with it is continued for some
time, that root-pressure is still at work, even though
transpiration is vigorous until the stem is severed.

The foree of root-pressure must therefore be regarded
always as a factor in maintaining the transpiration current.
It is eontinually forecing water into the vessels of the axis,
and the fact that transpiration prevents an accumulation
there does not show that the influence of root-pressure is
done away with as soon as it ceases to be easily demon-
strated.

The root-pressure, though always considerable, is not
the same at all times of the day and night. It can be
measured by observing the output of water in the second
form of the apparatus described above, measurements
being taken every hour, or in the first form of the

SEPRE.
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apparatus the manometer can be fitted with a float carrying
a pen, which ean be made to trace a continuous line on a
slowly rotating recording surface. The line will be found
to deseribe a curve, showing points of activity varying from
maximum to minimum. The general features of the curve
will be the same for all plants, but all do not give the
maximum at the same time of the day. In the case of
Cucurbita Melopepo the minimum point oceurs in the early
morning ; the curve rises slowly during the forenoon,
reaching its maximum goon after midday. From this
point it falls ; sometimes a second smaller rise takes place
towards evening, and then it sinks continuously all might.
The time of the oceurrence of the maximum point varies
in different plants, but in all it appears to be during the
afternoon. In Prunus Laurocerasus it is much later than
in Cucurbita. The points of maximum and minimum
activity appear, however, to be about twelve hours apart,
s0 that there 1s a complete diurnal cyele.

There may be noticed In some trees also a variation
which suggests a yearly periodicity. The power of exud-
ing water is lost for a time during the winter, the loss
being noticeable at different times in different trees. Fifis
vinifera does not show any exudation usually in January ;
Aeer platanoides is passive in November ; many plants will
not bleed at all during the winter.

The causes of these variations in the activity of the
absorbing mechanisms of the roots are still obseure. The
annual periodicity, when it exists, appears to be connected
with conditions which lead to the diseontinuance of growth
during winter. The trees pass in fact into a state that may
be compared to hibernation. The daily periodicity does nof
appear to depend upon variations in the surroundings of
the plant, but to be due to some cause or causes inherent
in its constitution. It has been suggested that it has been
induced in plants by long-continued variations of external
eonditions, particularly those of illumination, involved as
these are in the alternation of day and night. This alter-
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nation, affecting suceessive generations of plants through
an enormous length of time, may have impressed upon the
protoplasm a peculiar rhythm of greater and less general
activity, which has become ultimately automatic and inde-
pendent of the immediate surroundings. Of this the vary-
ing action of the roots may be a particular expression.

It is remarkable, however, that very young plants do
not exhibit this diurnal variation, but they gradually
acquire the power of doing so as they develop, subject as
they are under normal conditions to the alternation of light
and darkness. In many eases, again, the diurnal periodi-
city is not manifested at all.

The effect of the periodic alternation of licht and dark-
ness cannot in any case have been originally appreciated by
the roots, as they are implanted in the soil and so escape
its influence. If it was originally due to such variations,
these must have been impressed upon the general orga-
nisation of the plant.

TraxseiraTioNn.—The modified evaporation by which
the protoplasts get rid of water and enable the contents of
their vacuoles to be continually renewed takes place ulti-
mately from the surfaces of all the sucenlent parts of
plants, and to a less extent from portions of the exterior
which are covered by a layer of cork. Like the activity
of the absorbing organs of the root, it is essentially a vital
process and is regulated by the protoplasm of the cells
which take part init. As we have seen, it is usually spoken
of as transpiration.

It is easy to demonstrate the fact of its continuous
existence during daylight by enclosing a plant, or part of
one, in a dry glass vessel which can be closed so as to
admit no air.  Very soon the surface of the glass becomes
covered by a fine dew, which is the condensed vapour that
has escaped from the plant. The same thing may be seen
when a vigorous plant is covered over by a bell-jar, the
water condensing copiously npon the sides of the latter.

A more elaborate method of demonstrating transpiration
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consists In placing the end of a cut branch in a small glass
vessel, preferably a U-tube, filled with water, as shown in fig.
3. The branch passes through the cork of the vessel in
such a way as to prevent any escape or evaporation of
water at that point. Communicating with the other arm
of the U-tube is a side tube bent at right angles, which dips
into the water through a perforated cork. This tube is
also filled with water. As transpiration proceeds the water
is gradually drawn from the horizontal tube, and its pro-
oress can be noted by arranging a scale behind it. The

Fig. 63.—APPARATUS TO DEMONSTRATE TRANSPIRATION OF A BRANCH.

stem or branch should be kept with its cut end immersed
in water for several hours before being placed in the
apparatus, as its vessels contain air at a negative pressure
when it is cut, owing to the transpiration which has been
taking place from it before its separation from the plant.
The existence of this negative pressure will lead to an
immediate absorption of water, which might be mistaken
for an active transpiration.

The evaporation takes place to a certain extent through
all the epidermal cells of the transpiring organ, but not to
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a very great one, the degree of the development of the
cuticle having considerable influence upon its amount. It
is carried out much more freely through the thin walls of
the cells abutting upon the intercellular spaces, which, as
we have seen, communicate with the external air by means
of the stomata and the lenticels. Very little watery vapour
is given off by the latter, so that by far the greater amount
that is exhaled passes through the stomata. Transpiration
18 consequently most copious from the leaves, the structure
of the lower side of which, in dorsiventral forms, is espe-
cially favourable to it (fig. 64). If a leaf is taken which has
stomata upon its under surface only, and the rates of watery
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Fro. 64.—Traxsverse SEcTion oF THE Brape or A LEar, SHOWING
THE INTERCELLULAR SPACES oF THE IXTERIOR.

exhalation from the two sides are ecompared, it will be found
that the stomatal gives off considerably more vapour than
the other surface.

A method first introduced by Stahl enables us to prove
with eonsiderable facility that the escape of vapour through
the stomata is much greater than that through the euticular
surface. It consists in applying to each side of a leaf which
has stomata only on the under surface, a piece of filter-
paper which has been impregnated with a solution of
cobalt ehloride and dried. When dry this paper is blue in
colour, but it rapidly becomes pink when exposed to
moisture. A fresh dry leaf is taken and placed between
two pieces of the cobalt-paper and the whole put between
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two dry sheets of glass of somewhat larger area. In a very
short time, often in less than a minute, the paper in con-
taet with the lower side of the leaf becomes pink, while the
other piece remains blue for a considerable time.

The amount of water given off by transpiration varies
in different plants. In the sunflower (Helianthus) the
amount has been stated to be 1 cubic inch of water per
square inch of surface in twelve hours. V. Hohnel has
computed that a birch-tree with about 200,000 leaves may
transpire 60 to 80 gallons of
water during a very hot day. E& :{:'3
Doubtless, however, individual mw’}’ 7 f:}
plants show a considerable variety > x.‘_}?"i
in the amount. This copious N
evaporation readily explains why 7
the bleeding of plants from wounds c

ean seldom be observed when the £ &
leaves are expanded and active. %

When transpiration is exces-
sive the leaves and branches lose
their turgescence, become flaceid,
and droop. A branch which has
reached this condition may be [
revived by forcing water into it, [
j.vh‘ich oA baidons: by “fastening: . oo L Ll
it into one arm of a U-tube con- DepeExpENCE 0oF WITHERING
taining water (fig. 65), and pour- ot LB S
ing mercury into the other. The restoration of the water
restores the turgescence of the tissues, and the branch
regains an erect position.

The exhalation of the water accumulated by root-
pressure in the closed system of the vessels leads to a
diminution of the pressure of the air which they contain
in addition to the water. Indeed it is by such a suetion
that the air is originally enabled to enter the vessels, being
drawn into them from the intercellular spaces. Conse-
quently, while transpiration is active, there is a negative
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easeons pressure existing in the wood vessels. This con-
tinues after transpiration ceases, and no doubt, like the
evaporation itself, 1t 1s of assistance in maintaining the
upward flow, acting as it does in the same direction as the
turgid cortex, upon which it exerts a considerable suetion.
It continues until the entry of water from the root causes
the pressure of the air in the vessels to be equal to the
atmospherie pressure. This negative pressure is of eon-
siderable 1mportance also mm assisting the movements of
gases in the plants.

The exhalation of watery vapour from the surface of
the cells is not a process of simple evaporation. As in the
other phenomena which we have examined, the proto-
plasm exercises a regulating influence npon the eseape of
watery vapour from the cell. If the amount given off from
a measured area of leaf-surface is compared with the
quantity evaporated from an equal area of free water, the
latter is found to be much the greater. This area is
probably much less than the area of the cell-walls actually
involved, which abut upon the intercellnlar spaces opening
by the stomata included in the measured area. That this
difference is due to the life of the leaf, and consequently to
the protoplasm, is seen from the fact that a dead leaf gives off
its water and dries up more rapidly than a surface of freely
exposed water. The eaticle of the living leaf and its cell-walls
are consequently not the causes of the differences observed.

The ultimate exhalation of watery vapour, we have seen,
is chiefly carried out through the stomata of the green
parts, at any rate in those plants which possess them.
Each stoma is situated above a somewhat conspicuous
intercellular space, to which it forms an outlet. The
stoma originates by the vertical division into two of one
of the cells of the epidermis which is usually somewhat
elaborately differentiated from the rest. The partition
which is formed between the two daughter cells thickens
slightly and splits so as to form an opening between them,
which does not, however, extend the whole length of the
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wall, so that the two cells remain attached to each other by
their ends (fig. 66). The split constitutes the stoma, and

Fira, 66, —Bvurrack VIEw oF rART oF THE Uxnper Svrrack oF A LEaF,
HHOWING THREE STOMATA IN DIFFERENT STAER oF OPENING AND
CrLosixa,

the two cells are known as the guard-cells. They are
commonly of a more or less semilunar form and contain
some chloroplastids, a pomnt in which they differ from the
other cells of the epidermis in the higher plants. Their
walls become thick-
ened and euticu-
larised, particularly
those which abut upon
the slit and upon the
intercellular  space
(fig. 67); the wall
which is in contaet
with the other epi-
dermal cells, however,
- remains thin. When the guard-cells are full of water, their
form and mode of attachment cause them to become

Fia. 67.—=88cTiox oF Lower Ermervmis or
A LEAF, SHOWING A BTOMa.  x 300,
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curved so that the orifice is widely open. This is helped
by the thickening of the free edges, which makes it difficult
for them to swell in the direction of each other. When,
on the other hand, they lose their water, they relax, and
their edges coming into contact, the aperture between them
is more or less completely closed (fig. 66).

The number of the stomata varies very considerably.
The following table will give some idea of their abundance
in leaves, and it will be observed that the number of stomata
is usually greatest in those leaves from whose upper surface
they are entirely absent.

Stomata in One Square Inch of Surface

Upper surface Lower surface

Mezereon : : : . . NOne . 4,000
Pmony . ‘ . ; . . none 13,780
Vine i PR ; : ¢ . none 18,600
Dive - : - - . .  Tone A7.600
Holly . ' : . . . none 63,600
Laurnstinns . ; ¢ . . none 00,000
Cherry-laurel . : - - . hone HRITL
Lilag . i " : . : None IR
Hydrangea : - - . . none 160,000
Mistletoe . ; : . ; - 200 200
Tradeseantia . - - - . 2000 2@ 000
House-lesk . - : - . 10,710 G, (00
Garden Flag . . . : . 11,500 11,500
Aloe ; : ; ¥ : . 25,000 20,000
Yucea . ; ' : ; . 40,000 40,000
Clove Pink ; ’ : : . 88,500 A5.500

The modification of the turgescence of the guard-cells
is caused by the osmotic transference of water between
them and the other cells of the epidermis from which they
are separated by thin walls. The vapour which is in the
intercellular space below them does not penetrate them,
the walls abutting on the space being thick and cuti-
cularised, The osmosis alluded to may be associated with
the presence of the chloroplasts in the guard-cells, which
are instrumental in the production there of various sub-
stances, so that their contents have a higher osmotic
equivalent than those of the epidermal cells which are con-
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tiguous to them. When, therefore, the epidermal cells are
charged with water, this is osmotically drawn into the
cuard-cells, which become turgid, and consequently separate,
opening the aperture. When the contiguous epidermal cells
lose their water, the osmotie constituents of their contents
become more concentrated, as these do not leave the cells
with the water. The direction of the osmotic stream is
consequently reversed, the guard-cells lose some of their
turgidity, so that their edges fall together and partially or
wholly close the slit. Thus the escape of watery vapour
is accelerated or retarded by their action.

Transpiration is markedly inereased by sunshine, rising
to many times its original amount when a plant is trans-
ported into it from a dim light. No doubt this is due in a
very large measure to the heat rays which then fall upon
the plant, and which would raise its temperature very
dangerously were they not applied to the evaporation of
the water. But it is not due entirely to them, nor to the
higher temperature of the air accompanying their passage.
The light has, indeed, an influence apart from the heat.
No doubt, so far as the visible rays of the spectrum are
converted into heat vibrations after absorption, they must
influence transpiration indirectly in this way. Besides
acting thus indirectly, light has a direct effect upon the
process, for it influences the size of the stomatal apertures.
These have been observed to be open during the day and
more or less completely closed during the night. The
gaseous interchanges which light induces, in causing the
decomposition of carbon dioxide and the evolution of
oxygen, on the whole favour the exhalation of watery
vapour, When green plants are exposed to light of various
colours the most marked inerease of transpiration is cansed
by the light of which the plants absorb most. This ean
be observed not only in the green parts of plants, but in
those which are not green, as in the petals of the flowers.

The fact that the rays which are absorbed by ¢hloro-
phyll are the most active in promoting the process has
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some significance when it is remembered fhat the guard-
cells of the stomata eonfain this pigment. The nature of
the action of chlorophyll in this direction is not, however,
fully understood.

Apart from direct radiation, the temperature of the
air, and its hygrometrie condition, are important factors
in causing an increase or a diminution of the watery
vapour exhaled. They aect prineipally by exerting an
influence directly upon the evaporation from the ecells,
but several indirect effects can also be noticed. The
general movements of water in the plant, as well as its
absorption, are influenced particularly by wvariations of
temperature, and the latter has also an effect upon the
width of the stomatal orifices. A rise of the external
temperature causes the saturated air in the intercellular
passages to expand, as the air acquires the new temperature
more rapidly than do the tissues of the plant. The escape
of vapour is consequently accelerated as the temperature
rises, even though the rate of evaporation from the cells
into the intercellular spaces is not at first affected.

The influence of the hygrometrie condition of the air,
apart from changes of temperature, ean be seen when a
plant which has been exposed to a dry atmosphere till its
leaves have become flaceid is transferred to one sawurated
with moisture. After a short time the drooping leaves
again become turgid. This is not due to an absorption of
water in the form of vapour by the leaves, but to a
diminished loss by the checking of transpiration. The
return of turgidity is ecaused by the accumulation of the
store drawn from the earth by the roots. This ecan be
shown by comparing the behaviour of two plants treated in
the way deseribed, one of which is allowed to remain
rooted in soil, while the other is taken up from the earth
and exposed in that condition to the saturated air. There
15 in the latter ease no recovery of turgescence.

The temperatare of the soil in which the roots of a
plant are embedded has also an influence upon the exhala-
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tion of watery vapour, which inereases as the soil is
warmed and diminishes as it becomes cooler.

If the protoplasts of the cells of the turgid leaves of a
branch are stimulated by violently shaking it, the leaves
become flaceid.  The protoplasm under the stimulus allows
more water to pass through it to the cell-walls, and hence
evaporation is promoted. The effect may be compared
with that which has already been mentioned as set up in
the cells of the cortex of the root by their over-distension
by the water which accumulates in them in consequence of
the continuous osmotic activity of the root-hairs. The
stimulus of this distension is responded to by the proto-
plasm by its becoming more permeable by the water of the
vacuoles of the cells, The response made by the protoplasts
of the leaves to the stimulus of shaking may help to explain
the flaceid condition observable in the foliage of certain
trees after the prevalence of a high wind. DBesides this
effect upon the protoplasm, the continuous removal of the
air around the transpiring organs has, no doubt, a consider-
able influence upon the removal of the watery vapour from
their intercellular passages.

The effect of alteration of the external conditions upon
transpiration may be investigated by means of Darwin’s
potometer, which enables approximately accurate determina-
tions of its amount to be made from time to time. This
instrument is shown in fig. 68. It consists of a glass tube
with a side arm which is bent upwards so as to be parallel
with the tube itself. A capillary tube of about -2 mm. bore
is fastened by an indiarubber cork into the lower opening
of the tube so as just to project beyond the cork. A con-
venient length of the capillary tube is about 20 em. Its
lower end dips into a small vessel of water, arranged so as
to be easily withdrawn from the tube. The upper orifice
of the potometer is closed by a tightly fitting cork, and the
plant whose transpiration is to be observed is fitted into
the side arm by means of an indiarubber band or tube
which embraces the glass arm and the end of the eut

i
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branch so as to make a water-tight connection. The whole
apparatus must be filled with water, and care must be
taken that no escape of liquid can take place at any of the
junctions. Any air that finds its way into the instroment
during the arrangement of the branch in its position can
be removed by causing it to colleet at the upper portion
of the straight tube of
the potometer. To take an
observation of the rate of
transpiration of the branch,
a bubble of air must be
admitted into the eapil-
lary tube by momentarily
removing the wvessel into
which it dips, and replac-
ing it as soon as the tran-
spiration has caused the
air to enter. The bubble
of air must be of uniform
size in successive readings,
to ensure that the latter
shall be strictly compar-
able with each other. The
bubble will rise in the
tube, and finally make its
way to the upper part of
% ,_@\ the straight limb of the

instrument, the rate at

which 1t travels serving as
an index of the rate of the
transpiration.  The eapillary tube should be marked
by a transverse line a few millimetres from its lower end,
and by means of a stop-watch the time taken by the
bubble to rise from this mark to the free end of the tube
should be observed. The branch may be covered by a
bell-jar, so that the variations of temperature, moisture,
&e. of the air surrounding it ecan be controlled during a

Fra. 68.=Tur PorosMeren,
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series of observations. Less accurate observations can be
made by substituting for the eapillary tube a tube of wider
bore bent at right angles a little below the orifice of
the potometer, and affixing to it a scale by means of which
the rate of passage of the
column of water in the tube
ean be observed (fig. 63).

According to the varia-
tions in the external condi-
tions of the plant, ineluding
all the features already
alluded to, the amount of
watery vapour transpired
is continually changing.
The most favourable con-
ditions being afforded in
summer, i1t is not to be
wondered at that tran-
spiration attains an annual
maximum during that sea-
son. It does not, however,
entirely cease during the
winter, though it is reduced
to & minimum, especially
in the case of such trees
as shed their leaves in the
autumn.

Apartfromsuch changes
in the external conditions,
transpiration appears to
show no independent pe-
riodicity, differing in this  Fie. 60 —Arpanatvs 1o smow The
respect conspicuously from e tafie Detmer) I
root-pressure. It is, how-
ever, very sensitive to only slight changes in the environ-
ment.

It was mentioned in an earlier part of this chapter that
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the foree of transpiration was. of considerable assistance in
maintaining the upward flow of water from the roots. The
apparatus shown in fig. 69 enables this to be demonstrated.
The eut end of a branch is connected by an air-tight joint
with a glass tube filled with water, the lower end of which
dips into a vessel of mercury. As the water is transpired,
a certain quantity of mercury enters the tube, and is drawn
up for some considerable distance by the suetion.

The evaporation from the cells takes place, as we have
seen, not immediately into the external air, but into the
intercellular passages of the plant. The foree causing this
suetion, so far as it is due to evaporation, is therefore localised
in the surface film formed in the evaporating cell-walls.
Such an evaporation has been shown by Strasburger to be
capable of raising a current of water through pieces of dead
wood which have been soaked and injected with water.

There is reason to believe, however, that a third factor
in the ascent of the stream is interposed between the forees
of root-pressure and the evaporation deseribed. The water
is passed from the wood-vessels or eonduits to the evaporat-
ing cells throngh a varying thickness of parenchyma (hig.
70), which is kept turgid during active transpiration. The
turgid eondition of the cells is maintained by osmosis, just as
is the similar condition in the roots. The vessels abutting
on the parenchymatous cells arve well supplied with water,
which is in their eavities and which saturates their walls.
The cells contain substances of an acid reaction which
possess a high osmotie equivalent. We cannot doubt that
osmogis takes place through the walls of the cells, and that
the turgidity of the tissue of the leaf is due to 1t as mueh
as is that of the cortex of the axis. Researches carried out
by Dixon show that this osmotic foree plays a very im-
portant part in supplying the water to the evaporating
surfaces. If the end of a ent branch i1s immersed, in
any of the forms of apparatus deseribed, in a solution of a
salt which will plasmolyse these cells by destroving their
turgescence, such as the sodium chloride which we have
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already seen capable of doing so, the rate of transpiration
continues without much, if any, diminution till the salt can
be detected in the leaves, when it suddenly falls off. This
takes place though there is no inferruption of the con-
tinuity of the fluid in the channels of the transpiration
current. From this point onward, instead of evaporation
sucking up water from the root, it gradually leads to a
drying of the leaf. A similar result 1s brought about by
raising the temperature of the transpiring branch to such
a point as will kill the protoplasm of the cells. As these
die the evaporation is unchecked at first, but gradually the
water 1s taken from their interior and no more is supplied.

Fia. 70.—Expmxeg oF A FIaRo-vascuLan BUXDLE IN THE
1 R 'l P d A Fald v
PARENCHYMA OF A LEar

The cells rapidly become flaceid, the leaves droop, and the
total quantity of vapour exhaled is materially lessened, the
intercellular passages soon becoming partially obstructed
by the collapse of the cells abutting upon them. The
experiment does not interfere with the continuity of the
water-stream, but as soon as the cells are made unable to
retain their turgidity by the interference with osmosis
which follows the death of the protoplasm, the evaporation
empties the cells and no more water enters them to replace
what has been lost. As we have seen in other cases, the
death of the protoplasm is followed by the escape of the
osmotic substances, which do not leave the cells during
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their life. The mechanieal effects which follow the collapse
of the tissue are the consequence of the assumption of a
flaceid condition, and they intensify the check to the escape
of watery vapour from the affected organ.

The course of events in a normal leaf during active
transpiration appears to be, then, the setting up of a tension
in the parenchymatous cells of the leaf by evaporation
from their surfaces which tends to cause them to collapse
and become flaceid. This tendency is opposed and over-
come by a greater force excited by the turgescence of those
cells whose osmotic properties exert a traction upon the
water in the conduits or wood-vessels. Water is thus
supplied through the inner walls of the evaporating cells as
quickly as it is lost by evaporation from the surfaces which
abut upon the intercellular passages.

Dixon ascertained that the osmotic pressure in the
leaves of transpiring branches of the Laburnum amounted
to between six and eight atmospheres, a force which is
capable of raising a column of water to a height of more
than 200 feet.

Careful consideration of the facts recorded in this
chapter shows us that although we cannot fully explain the
ascent of the transpiration current, we can see that it
ultimately depends upon the behaviour of the pretoplasm.
All the factors which aid its progress, root-pressure, tran-
spiration, osmosis in the cells of the leaves, are largely
under the eontrol of the living substance, and are particu-
larly influenced by the power it possesses of allowing more
or less water to pass through it, according to its condition.
Moreover all the external influences which we have ex-
amined, which are brought to bear upon these factors, are
mainly efficient in as far as they affect the protoplasm in
the exercise of this power.
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CHAPTER VII
THE AERATION OF PLANTS

Ix the study of the vital processes carried on by the
protoplast we have seen so far how entirely it 18 dependent
upon the free access of water. Another factor necessary
for its existence i1s a supply of air. With but few exceptions,
and those ocenrring among the lowliest plants, every living
organism carries out a series of gaseous interchanges, a
feature of which is the absorption of oxygen. In nearly all
cases a corresponding amount of carbon dioxide is exhaled.
In the case of many plants, of all, indeed, that are green,
another gaseous interchange takes place, carbon dioxide
being absorbed and oxygen simultaneously eliminated.
Every protoplast must consequently be afforded facilities
for carrying out gaseous interchanges, the nature and
extent of which vary according to its constitution. The
water with which it has such a close relationship serves as
the medium through which such interchanges take place,
for it is only in solution that gases are able to penetrate
imto the living substance.

In the case of those protoplasts which live in a watery
environment, the latter supplies them with the gases they
absorb and receives those which they exhale. If all air is
withdrawn from the water in which they are living, death
speedily ensues. The gases enter the naked protoplasts hy
diffusion through the film of water which is in contact with
their free surfaces. In the case of those which have a
cell-wall the same means are made use of. Gases in
solution can diffuse through the cell-wall, which, as we
have already seen, is saturated with water. If we turn to
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those unicellular or filamentous plants which live on the
surfaces of rocks or tree-trunks, the process is only slightly
maodified, for the gases of the atmosphere readily dissolve
in the water which the cell-walls contain and diffuse thenece
into the interior of the cell.

In the cases of those more bulky plants which we have
especially been considering in the last chapter, a further
mechanism 1s necessary, as the external air cannot gain
access into the interior of a large mass of cells without
special arrangements for its admission. This is especially
the case with such plants as are possessed of proteetive
mechanisms like the corky layers of the bark, or the
strongly developed cuticle of the leaves. The arrange-
ments of the structural elements in these plants we have
seen to include a very complete system of intercellular
spaces, passages, or canals, by means of which almost all
the constituent cells are placed in nearly or quite complete
relation with the external air. The intercellular space
system has consequently a wvery important funetion to
discharge in this particular, as well as to serve as the
means of carrying off from the interior the aqueous vapour
exhaled from the cells.

The intercellular space system begins to appear at a
very early period in the development of the young plant.
While all its cells are merismatic, as is the case when it
begins to emerge from the seed, they are united together
entirely, a condition which persists at all the growing
points of the plant as its age increases. During this
condition the aeration of the internal cells is provided for
by the slow diffusion of the gases from cell to cell, absorp-
tion from the exterior by the external cells being possible
s0 long as their walls are not euticularised. Some of the
cells situated deep in the interior of the adult parts are
dependent upon a similar process, but the majority of the
protoplasts are provided with access to the air by the early
formation of spaces due to the splitting of certain of the
cell-walls, and the subsequent partial separation of the
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cells, Air makes its way into these spaces by a process of
diffusion outwards from the cells abutting upon them, and
very soon external orifices in the shape of stomata make
their appearance. The various constituents of the air
make their way into and out of the cell by a process of
diffusion, being dissolved in the water of the cell-wall or
escaping from such a moist mem-

brane according to the conditions

existing, and the relation between the

internal and external pressure of the

particular gas in question.

As soon as the differentiation of Fie. 71.—Criis senrrmise
the tissue in the growing part of an  Tersseriivras Seacks.
organ begins to take place, the forma-
tion of the intercellular spaces can be observed. In these
regions they begin by a splitting of the wall between two
contiguous cells or at the angles where three cells join
(fig. 71). The crevice soon extends and may make its
way for a considerable distance round any particular cell.
The cavities so come
into  communication
among the cells, each
of the latter abutting
upon a single one or
upon several. While
the tissue is young
these are very narrow
and slit-like, or are
only wisible at the
angles when the cells
are 1]0]‘}*]"3(]1-&], T]IB}' Fia, 72—Conrex or Roor, sHowiNg IxTER-
I‘ﬂ'i}id].:f Hennthic IILl‘gEP CELLULAR PPASSAGES BETWEEN THE CELLS.
(fig. 72), and in some parts, particularly in the interior of
the lower strata of the mesophyll of dorsiventral leaves, they
may oceupy more space than the cells themselves (fig. 73).
Light appears to influence their development somewhat,
though no definite relation can be shown to exist between
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the degree of the illumination and the capacity of the
cavities formed. Light is, however, not the only factor,
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Fie. 78, —8EcTioN oF LEAF SHOWING THE LARGE INTERCELLULAR
Braces oF THE MESOPHYLL.
and probably not the most important one, in determining
their extent, for they are usunally prominent in the cortex
of roots, which receive but little illumination. The

Fri., 74.—8ecrion oF LEA¥ oF Jsoffes,

ity lneunar cavities ; &, vascular bundle.

explanation of the relatively large development in this
region may lie in the fact that the intercellular cavities
there have very little communication with the outer air, as
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stomata do not exist upon roots. There is thus a necessity
for a larger reservoir of air than in parts where gaseous
interchange 1s more readily effected.

Besides these comparatively narrow channels we find
cases where reservoirs of large size are specially developed.
Such struetures oceur in the leaves, rhizomes, and roots
of aquatic plants which are nearly or entirely submerged.

Fia. Ti—8ecrion oF Buizoume oF Marsidea.

co.da, lacung i cortex.

Among them conspicuous examples are afforded by the
leaves of Salvinie and Iscétes (fig. T4), the rhizome of
Marsilea (fig. 75), and the leaf stalks of many of the aquatic
Phanerogams. These are developed in a similar manner to
those already deseribed, and they are so prominent in the
strueture that a section shows them separated from each
other by rows of cells not more than one cell thick (fig. 76).

In some cases where large cavities of this kind occur
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the mode of formation is different. A mass of tissue lying
in the position of the subsequent cavity does not keep
pace in its development with the growth of the ecells sur-
rounding it, and consequently becomes ruptured, and the
cells of which it is composed are gradually destroyed, leay-
ing a cavity of some size. Instances of this mode of
formation are afforded by the stems of Equisetum (fig. 77),

FiG. Th.—5gcTioN oF STEM orF Pofamogefon, sSHOWING AR PassaGcEs
1% THE CEJ]:".I'E:;,

the haulms of grasses, and the hollow stems of the
Umbellifer®e and other plants.

The oceurrence of these large air-containing cavities in
partially submerged plants may be explained by a considera-
tion of their habitat. The plant is in contact with the air
by only a very small portion of its surface ; the leaf-stalk of
Nymphaa, for example, is always submerged, and only the
floating lamina can obtain a direct supply of air. The

T T Tl e
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stomata are placed upon the upper surface, and afford its
only means of entrance. The stems and roots are also cut
off from air by being placed either in water or in mud. The
protoplasts of such a plant arve almost entirely dependent
upon the reservoir of air which the body of the plant can
contain, a small quantity only entering by diffusion from
the water info its epidermal cells.

The air cavities which arise in the stems of terrestrial
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Fis. 77.—Fortiox oF AERIAL STEM oF Eguisefum.

a, cortical lacuna; b, lacuna in vascular bundle; ¢, chlorophyll-containing eells.

plants, such as the grasses, are probably not primarily
developed with a view to the aeration of the plant, but are
rather intended to economise the material used in construe-
tion. The hollow stems with a rigid periphery, strength-
ened at intervals by diaphragms, such as occur at the
nodes of these organs, are especially adapted to maintain
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an upright position with comparatively little expendi-
ture of material. A somewhat similar mechanism is met
with in the stellate parenchyma of the stems of the Rushes
(fig. 78). There is little doubt, however, that these spaces

Fis. T8 —PorTiox or Sxcriox oF STEM oF RUSH, SHOWING STELLATE
Tissve o THE PITH, WITH LARGE INTERCELLULAR SPACES.

are of great assistance in promoting the aeration of the
whole strueture.

As has been already mentioned, the external orifices of
the system of the intercellular spaces are the stomata of
the leaves. In woody and corky parts these are supple-
mented by the lenticels. The evidence for this statement
does not consist only of mieroscopic examination of the
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tissues. A direct proof ean be afforded by a simple experi-
ment. If the lamina of a

leaf is immersed in water, /,;,

air can be driven through " E\\ per.
it by subjecting the cut end
of the petiole to gaseous
pressure by means of an 3 =S
air-pump, or even by the
effort of the ll.'ll'lgﬁ of the Fi6. 70.—BecTion oF A LEXTICEL.
observer, and can be seen 1, lenticel ; per, cork layer.

to emerge from the surface

of the leaf on which the stomatal apertures are situated.
If a petiole is passed into a glass bottle through a tightly
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Fro, 80.—AppanpaTus o siow CoNTisurmy oF INTERCELLULAR
Braceg ¥ THE LEAv. (After Detmer.)

fitting cork, and covered with water, while the lamina
remains in the air outside (fig. 80), bubbles of gas can be
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made to emerge from its eut surface in a continuous stream
by reducing the pressure above the water by means of an
a1r-pump.

The facility of the interchanges will largely depend

upon the number, size, and position of these orifices. A

lenticel will allow more gas to pass between its loosely
arranged cells than will a stoma, but their relative numbers
make the stomata much more important than the lenticels.
In most cases there is a free passage through the stomatal
pore, but in others considerable difficulty is afforded by
the aperture being sunk in the epidermis or situated in a

Fio. 81, —TRANSVERSE SEoTION oF RoLLEn Lear or HreaThH.

depression of the leaf. In the rolled leaves of heaths and
certain grasses this difficulty is frequently partially com-
pensated by the lacunar character of the parenchyma,
which is in the immediate neighbourhood of the stomata
(fig. 81).

It must be noted in this connection that the stomata
and the lenticels are passive with regard to the process of
aeration, and do not exert an active influence upon it.
The variations in the width of the stomatal apertures
which are of so much importance in the regulation of
transpiration must be regarded as bearing upon that
function alone, being caused by fluctuations in the amount
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of water in the plant. They serve automatically to preserve
the plant from excessive loss of water, but they have
no direct regulating influence upon the interchange of
gases. Indeed, when, from flaccidity of the leaves or from
other causes, they close, the aeration of the plant is, to a
certain extent, interfered with, if not suspended—a con-
sideration which will help us to understand why a plant
needs to contain so large a reservoir of air as 1s afforded
by its intercellular spaces. The volume of this reservoir
varies considerably in different plants, as has already been
shown. Unger has put on record measurements of the
relative volumes of air and cellular tissue in the leaves of
forty-one species of plants. These were found to range
from 77:1000 in Camphora officinalis, where it was least,
to T18:1000 in Pistia texensis, in which it was greatest.

The movements of the air in the intercellular space
systems of plants depend almost entirely upon the physical
processes of diffusion. The entrance and exit of air from
the exterior are generally possible, occasions when the
orifices are completely occluded being very rarve. It does
not, however, at all follow that the atmosphere in the
spaces has the same percentage composition as the external
air.  When we consider that it is the source of the supply
of the gases used in the metabolism of the plant, and the
recipient of those which are from various causes exhaled, it
becomes evident that this is not the case. Nor is its
composition uniform for even a short time, as the various
processes which subtract from or add to it take place in
different parts with very different rapidities. At the same
time there is a tendency for it to become uniform according
to the laws of the diffusion of gases.

The amount of nitrogen varies but little. This gas
has a certain feeble solubility in water, and a small
quantity goes into solution in the water which saturates
the cell-walls ; but as such nitrogen i1s not made use of in
the cells, its absorption very speedily ceases, the cell-sap
not being able to contain more than a trace of it. The



114 VEGETABLE PHYSIOLOGY

percentage of nitrogen in a volume of gas obtained from a
plant may not correspond with the percentage in an equal
volume of air, but this will result from an interference
with the amount of oxygen and carbon dioxide, and not he
due to an absorption or exhalation of nitrogen, neither of
which takes place to an appreciable extent.

The variations in composition which are noticeable are
due to two processes which are characteristic of the vital
processes of green plants. As we shall see in a subsequent
chapter, all the green parts of plants are during daylight
engaged in absorbing carbon dioxide from the air, and
exhaling oxygen into it. In such parts this interchange
takes place with considerable energy, and the composition
of the air in their intercellular spaces varies accordingly,
becoming relatively much richer in oxygen than it is in the
deeper parts which are not illuminated, and which contain
no green colouring matter. A change in the opposite
direction goes on continually wherever there is living
protoplasm, for this is always absorbing oxygen so long
as it lives, while a good deal of carbon dioxide is simul-
taneously exhaled. This process, unlike the other one, is
not confined to any particular part of the plant, nor is it
ever in abevance. Thus the plant shows a continuous and
universal produetion of earbon dioxide, and a partial and
local consumption of this gas. At the same time it
exhibits a constant demand for oxygen evervwhere, and a
temporary production of it in places. The composition of
the air in the intercellular spaces must therefore vary
from time to time, and from place to place, aceording to
the intensity and the localisation of these changes.

The process of diffusion, which is one of the phenomena
characteristic of gases, leads to a constant occurrence of
gaseous eurrents in plants. These currents may be influ-
enced by various properties of the gases concerned, and by
other factors, both internal and external. The rate at which
carbon dioxide is absorbed by the cell-wall is very different
from the rate of absorption of oxygen. If an atmosphere
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containing a good deal of the former gas is in contact with
wet cell-walls, the result of the active absorption will be to
set up a stronger current to that spot than would be the
case if oxygen replaced it. Any cessation in the absorption
of earbon dioxide by the green cells owing to diminution of
light must be attended by a certain variation in the gaseous
stream. The ways in which alterations in the absorption of
oxygen will affect the currents will also be readily apparent.
During bright sunlight, when both processes are proceeding
in the same and in different parts of the plant, local
positive pressures of either oxygen or carbon dioxide may
oceur, and 1t 18 evident that the direction of the gaseous
currents will be very varied in consequence.

The structure of the plant has a certain influence on
the composition of its internal atmosphere. The epidermis
of most terrestrial plants is strongly euticularised, while
there is but little cuticle to aquatics. The entry of gases
into the latter is accordingly easier than it is into the
former, penetration into which must take place through
the stomata. Moreover, the larger reservoirs in the
interior of aquatics serve to equalise the composition of
the internal atmosphere, and to cause 1t to resemble more
closely that of ordinary air.

Such plants again as contain no green colouring mat-
ter —for example the bulkier Fungi, which require provision
for the supply of air to their interior—have only the one
metabolic process in which the interchange of oxygen and
carbon dioxide is involved, the former being absorbed, and
the latter exhaled. To a corresponding extent, therefore,
the gaseous currents are simplified, though even in these
plants the direetion and the amount are never constant for
long together, the metabolism continually varying,

In another important respect the internal air of plants
differs from that of the atmosphere. It is always charged
with aqueous vapour, frequently even to the saturation
point, as we have seen in connection with the process of
transpiration.

12
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The external conditions to which a plant is exposed
have a considerable influence upon the gaseous currents.
The effect of light upon a green plant has already been
alluded to. The influence which it exerts is an indirect
one, affecting the consumption of carbon dioxide and the
liberation of oxygen. Nearly all the vital processes are
subject to modification by the various external conditions.
Transpiration we have seen to be very largely influenced
thereby, and the varying amounts of watery vapour exhaled
introduee variations in the amounts of the purely gaseous
interchanges.  The influence which the variation of the
quantity of water in the plant exercises takes the form
especially of modifying the width of the stomatal apertures,
and hence of favouring or checking the entry and exit of
cases into and from the leaves.

Mechanical disturbances due to wind are of some
importance, generally inereasing the gaseous interchanges.
Diminution of the turgidity of the tissues, amounting
gometimes to flaceidity, interferes at times to a serious
extent, the intercellular spaces becoming narrowed by the
falling together of the cell-walls, a phenomenon which is
noticeable also in the partial or complete closure of the
stomatal orifices, due to the flaccidity of their guard-cells.

Variations of barometric pressure and of temperature
also influence to a considerable extent the process of diffu-
sion within the plant, as well as the interchange between
the interior and the external air.

The movements of the air in the plant are subject to
disturbance also by the setting up of the negative pressure
in the cavities of the vessels of the wood which we have
seen to be caused by active transpiration. This negative
pressure can be demonstrated with considerable ease in the
cases of woody stems, but it can be seen also in plants in
which the development of wood is only very slight, having
heen observed in some cases in the elements of the central
eylinder of some of the stouter Mosses.

To demonstrate the existence of the negative pressure



THE AERATION OF PLANTS 117

in the vessels of the stem, a young plant should be removed
from the soil and allowed to become flaceid. The stem
should then be partially immersed in mercury and cut
across below the surface of the latter. The mercury will
immediately rise to some distance in the vessels, being
drawn up by the suction exerted by the negative pressure
therein.

An actual positive pressure can under certain conditions
be observed in the intercellular air-reservoirs of particular
plants. This can be shown by ecufting the stems of sub-
merged plants such as Myriophyllum, when, if they are
brightly illuminated, bubbles of gas may be seen to emerge
from the eul end. This positive pressure appears to be
due to a considerable production of oxygen by the green
parts of the plant under the conditions of illumination, as
it varies with the intensity of the latter, and ceases entirely
in darkness.

It is well that we should lay some stress upon the rela-
tion which the stomata show to the processes of gaseous
interchange. Though they are the chief means of the
entry of gases into and their exhalation from the plant,
it is misleading to speak of them as the organs of such
caseous interchange. The actual processes of interchange
take place between the protoplasts and the air of the
mtercellular reservoirs, so that the latter are the special
organs devoted to such functions. The stomata and the
lenticels are merely the openings by which the air of these
internal formations communicates with the outer atmo-
sphere. The true gaseous interchanges which subserve the
life of the protoplasts, and hence of the plant, take place
not at the stomatal orifices, but completely thronghout the
interior of the substance of the plant.
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CHAPTER VIII
RESPIRATION

Or the gaseous interchanges which were mentioned in the
last chapter as characteristic of living protoplasts, the
most widespread is that which is marked by the absorp-
tion of oxygen. With the exception of a few of the lowlier
organisms, all of which are members of the group of
Fungi, every living protoplast must be constantly absorb-
ing this gas in order not only that its vital activities may
continue to be discharged, but that its life itself may be
maintained. Withdrawal of oxygen from the environment
of the protoplast iz after a longer or shorter interval
followed by its death. It is true that under certain con-
ditions which we shall discuss in a subsequent chapter the
interval may be prolonged, but death ultimately ensues.

This absorption of oxygen is in most cases associated
with an exhalation of carbon dioxide, which is generally
given off in a volume approximately equal to that of the
oxygen taken in.

The universality of this process is not always easy to
demonstrate. It ean be ascertained without difficulty in
the case of almost all animal organisms, and of such of
the vegetable ones as possess no chlorophyll. In the case
of those plants which are green, however, there is, as we
have already mentioned, and as we shall discuss more fully
later, a converse gaseous interchange occurring so long as
the green parts are exposed to sunlight, carbon dioxide
being absorbed and decomposed, and an equal amount of
oxvgen being exhaled. This interchange is usually more
vigorous than the first one, and the latter is therefore diffi-
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cult of detection under conditions which allow both to take
place simultaneously.

The absorption of oxygen can be easily observed in the
case of a large fungus, such as a mushroom. If one of
these plants is placed in a closed receiver containing air,
and is left there for several hours, at the conelusion of the
experiment the mixture of gases in the receiver will be
found to be almost devoid of oxygen, that which was there
originally having disappeared. An almost equal amount
of carbon dioxide will be found to have replaced it, so that
the volume of gas in the receiver will be unaltered.

It is possible to devise an experiment which will show
that a green plant has the same absorbing power. [If the
light is excluded from one placed in a similar vessel, no
evolution of oxygen will take place from 1f, and that the
oxygen present in the air at the -:.':mnmencement of the
observation will diminish to the
point of extinetion can be made
evident, just as in the case of the
mushroom.

We have evidence, however,
that this is not caused by the
exclusion of the light, but that
the gaseous interchange in ques-
tion proceeds in the light as well
as in darkness. An apparatus
which was originally devised by
Garreau, and which can be easily
ﬂl'l‘&llg&d to show the ﬂhﬁﬂ]'[ﬂ’-iﬂll Fie. 82— APPARATUS TO SHOW
of oxygen, even when a green ﬂfﬂ_‘c}:l_:zgﬁgrlfgi‘;:_:j_Ux*‘ﬁf-w
plant is exposed to a bright sun-
light, is shown in fig. 82. It consists of a glass vessel
which can be closed by a cork through which a bent glass
tube of small calibre is passed. The fube is carried over and
made to dip into a small dish containing mercury. The
bottom of the vessel is covered with finely broken glass,
upon which is poured a strong solution of caustic potash.
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Above the latter, supported by the glass so as not to be in
contact with the alkali, is placed the plant fo be examined.
Watercress or any other herbaceous plant will answer
very well. The potash will absorb the carbon dioxide of
the atmosphere originally admitted as well as whatever
quantity of this gas is given off during the experiment.
As the experiment progresses the temperature must be
kept constant, when the mercury will be found slowly and
gradually to rise in the small glass tube, indicating a
diminution of the volume of the air in the flask. If the
experiment is continued till the mercury ceases to rise
in the tube, and the gas remaining in the wvessel is
measured at the ordinary atmospheric pressure, and at
the temperature at which the experiment was starfed, it
will be found that its volume has been diminished by
about twenty per cent., and that what is left consists of
nitrogen. The oxygen will have been completely removed
by the green plant, even when the apparatus is left
exposed to the sunlight during the daytime. If the
caustic potash is examined, it will be found to have gained
considerably in weight, and to contain a quantity of car-
bonate of potassinm, derived neecessarily from the plant
during the experiment. The weight of this will enable the
volume of the evolved carbon dioxide to be ascertained.
There will have been proceeding during the experiment an
absorption of oxygen, attended as before by an exhalation
of carbon dioxide, the latter having combined with the
potash.

The evolution of carbon dioxide by the plant can be
more easily demonstrated by the use of the apparatus
shown in fig. 88. The jar Ao in the centre contains the
plant to be examined, which may preferably be represented
by a number of germinating peas. 1t is closed by a cork,
which is perforated in two places. Into one hole a tube is
inserted which passes to the bottom of the jar, and serves
for the admission of air. An outlet tube passes through
the other hole from the upper part of the jar, and leads to
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another jar, ¢, which is partially filled with baryta water.
The final outlet from ¢ can be attached to an aspirator
by which a stream of air can be drawn through the
apparatus.

Before the incoming air reaches the jar a it is made to
pass through another jar, ¥, containing a solution of caustic
potash which frees it from all traces of carbon dioxide.
To ascertain that this is secured, it passes next through a
jar B which contains baryta water. A stream of air is
then passed slowly and confinuously through the whole
apparatus, and as it bubbles through the baryta water in ¢

Fia. 85.—APPARATUS To s8HOW THE ExHALATION ofF CagponN DIoXIDE BY
GERMINATING SEEDS. THE AR ENTERS THROUGH THE TURE ON THE LEFT;
ITE CARBOXN DIOXIDE 1S ABSORBED BY THE POTASH I¥ F. IT PASSES THROUGH
A IN WHICH THE SEEDS ARE PLACED, AXD THE CAREON DIOXIDE GEXERATED
THERE I8 CARRIED OVER 15To O, WHERE IT 15 PRECIFITATED BY THE BAKYTA
WATER.

it causes the formation of a white precipitate, which
analysis shows to be barinm carbonate. The formation
of this body proves the evolution of carbon dioxide from
the seeds, as the entering air contains none. By using a
known strength of baryta water in ¢, the amount of the
oas evolved in a definite time may easily be aseertained.
These two processes, the absorption of oxygen and the
exhalation of carbon dioxide, are characteristic of what is
known as respiration. As already stated, it is a normal
process of the life of almost all protoplasm, and is con-
tinually going on so long as life lasts, although it is not
easily observed while the converse process, the absorption
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and decomposition of earbon dioxide, is proceeding, accom-
panied by the evolution of oxygen. It iz frequently said
that during daylight the process of the respiration of a
green plant is masked by that of carbon dioxide decom-
position. To put this statement into somewhat different
terms, the carbon dioxide which is liberated in the course
of respiration by the green plant, and which is in com-
paratively small amount, is reabsorbed by the green parts
of the cells, and undergoes the same decomposition as that
which is brought to the plant by the surrounding air. It
thus escapes observation unless special means, such as
those detailed, are adopted to bring it into evidence.

The respiratory processes are easily observed in the
case of all plants, and parts of plants, that are not green,
as there are in such cases no gaseous interchanges that
would interfere with their manifestation.

If a plant be carefully weighed at the commencement
and at the end of such an experiment as has been described,
it will be found to have lost weight during its stay in the
receiver, so that respiration 1s associated with a loss of
weight to the plant. This may readily be inferred from
the fact that the oxygen absorbed and the carbon dioxide
exhaled are approximately equal in volume, carbon dioxide
being perceptibly heavier than oxygen. DBesides the
carbon dioxide, however, there is always also a certain
exhalation of watery vapour which takes place quite
independently of any supply from the root or the cut end
of the stem. The nature of the metabolism, or the vital
processes, is such that the living substance gives off both
water and carbon dioxide, while it coineidently absorbs
oxygen. This is quite independent of any constructive
processes, for it can be observed when no nutritive material
of any kind is supplied to the plant.

Though respiration is constantly proceeding wherever
living substance is found, the activity of the process is
by no means uniform. With care it can be detected in
such quiescent parts of plants as resting seeds, or buds
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during their winter suspension of development, but in
such cases the gaseous interchange is reduced to a mini-
mum. In growing shoots or germinating seeds in which
vital processes such as the growth of protoplasm are going
on rapidly, and life is very active, it reaches a maximum,.
In ordinary adult leaves and branches the activity of
respirafion is intermediate between the other two condi-
tions. It is more intense, again, in the floral organs during
the time of their maturation. We may say in general
termg, wherever protoplasm is abundant, and the chemical
processes connected with the manifestation of its life are
going on most vigorously, there respiration is most active.
It is connected especially with the vital processes, and is
not associated direetly with the presence of food materials.
A proof of this is afforded by an estimation of the activity
of respiration in seedlings, which, in the case of wheat, has
been found to increase steadily for about a fortnight, and
then to decline. Further evidence is afforded by the fact
that if seeds are thoroughly dried they do not respire. In
this condition the protoplasm is completely quiescent, so
far as we can ascertain. If, however, only a little water is
supplied to them, which, as we have seen in an earlier
chapter, is a condition necessary to set up changes in the
protoplasm, respiration commences, and increases as the
proportion of water present rises up to a certain limit.

When the respiratory processes are carefully measured
and compared with the weight of the organism, it is found
that under appropriate conditions they are more intense in
plants even than in warm-blooded animals. The respiratory
activity is as great in many seedlings as it is in the human
body, provided that both are maintained at the same
temperature. There is, however, a very great variability in
this respect, and the maximum activity is never maintained
very long in any particular plant. As maturity succeeds to
development its amount falls materially, being marked at
or near the original rate only in the regions of the active
meristems.
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All seedlings, again, are not alike in the vigour with
which they carry on their respiratory processes.

We may pass on to inquire what is the relation between
the absorption of oxygen and the formation and elimination
of carbon dioxide and water. It is conceivable that the
oxyveen may unite in the plant with earbon and with
hydrogen to produce at once the exhaled compounds. A
study of the living organism at work, however, soon shows
us that the process is not of this simple nature. We have
said, in the course of what has already been advanced, that
the amount of the carbon dioxide exhaled and that of the
oxygen absorbed are approximately equal. This, however,
is only true within certain limits; if each is measured
accurately, they are not found to show an exact correspon-
dence. The ratio Co,:0 is usually spoken of as the
respiratory quotient.  When the two processes are equal
the value of the respiratory quotient is unity; when the
carbon dioxide 18 in excess it is greater, and when the
oxygen is in largest amount it is less, than unity. The
respiratory quotient has been found to vary to a greater or
less extent in different plants, and in the same plant under
different conditions. If its value 18 determined in the case
of germinating seeds, these differences are soon evident.
With starchy seeds the quotient is unity; with oily seeds
it 1s much lower. That is, in the former case, the seeds
absorb a volume of oxygen equal to that of the carbon
dioxide they exhale ; in the latter case they take up more.

Various observers have shown that in certain cases
suceulent leaves, such as those of the Agave or of particular
plants belonging to the Saxifragacee and the Crassulacee,
or again the phylloclades of Opuntia, one of the Cactacee,
are capable of absorbing oxygen without the simultaneous
evolution of carbon dioxide. Nor is the oxygen absorbed
in these cases any more than it is in others without enter-
ing into some form of chemical combination, for it cannot
be extracted by the air-pump. The latter also fails to
extract any carbon dioxide from the plants. The oxygen
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enters the plant, and is in some way fixed or combined ;
the other process which usually accompanies this absorp-
tion does not take place, the carbon dioxide not only not
being exhaled, but apparently not even formed.

Conversely, carbon dioxide may be thrown off from a
plant without any simultaneous or even antecedent abso