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504 MR. F. FROST BLACKMAN ON VEGETABLE

Section I.—Introduction.

TaAT individual cells within the substance of all plants conduct the gaseous exchange
necessary for their metabolism by diffusion through their proper cell-walls must be
beyond doubt, and that the exchange of gases between a water plant, as a whole, and
the surrounding liquid is of the same nature seems as indubitable. When, however,
we consider land plants, it becomes less obvious in what way or ways the continuous
-exchange of gases between the plant and the atmosphere is effected.

The epidermis of such plants is covered with a more or less well-developed cuticle,
through which specialized openings, stomata, occur with varying distribution and
frequency. In maturer parts the epidermis and its cuticle may be replaced by
suberised tissue, and the stomata by less specialized openings, the lenticels.

In such aerial plants, then, there appears to be a choice of two paths by which gases
might pass between the air and the interior of the plant. TFirstly, by diffusion across
the substance of the external membranes; and, secondly, by movement through the
small openings that interrupt them. The relative extent of these two processes has
been much discussed, and much conflicting evidence, mostly of an indirect nature,
brought up in support of the opposed views.

The gaseous exchange everywhere taking place between the plant and its surround-
ings reaches its climax in the process of assimilation in bright light. It is there-
fore the mechanism of exchange in green leaves that has excited most interest and
attracted most investigation.

- It is the object of this paper to deal somewhat exhaustively with this problem of
gaseous exchange by combining a critical consideration of existing evidence with new
direct experimental data obtained from living leaves under approximately natural cor-
ditions. '

The differences of opinion on this question that exist among vegetable physiologists
may be well illustrated by quotations from a few more important text-books.

On this subject, as on so many others, SACHS was the first to collect and critically
weigh the previously scattered evidence ; in his ¢ Handbuch,” 1865, he hesitatingly
states that stomata take some part in gaseous exchange “aber doch so eng, dass sie
selbst bei bedeutenderen Druckdifferenzen der inneren und iHusseren Luft eine
Ausgleichung nur sehr langsam gestatten” (1).

Later, in his  Lehrbuch,’” 1874, he deliberately assigns the chief part in assimilatory
exchange to the stomata. * Layers of tissue in which a rapid interchange of gases is
proceeding, are covered with an epidermis containing a greater number of stomata
than those which require a less active interchange ” (2), and “leaves owing to their
thick cuticle require a large number of stomata in order rapidly to interchange large
volumes of CO,, with as large volumes of O, in sunshine.” In his ¢ Vorlesungen,’
1882 (8), he divides the function of the stomata between discharging aqueous vapour,
and at the same time facilitating the entrance and exit of carbon dioxide and oxygen.
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ASSIMILATION AND RESPIRATION. 505

PrEFFER, ¢ Pflanzenphysiologie,” 1881 (4), strikes a balance between the two opposed
exchanges, cuticular and stomatic, and considers that both must play important parts.

HaBERLANDT regards the part played by the stomata in gaseous exchange as
quite subsidiary. We find it stated in his ¢ Physiologische Pflanzenanatomie,’
1884, that “ Eine subepidermale Assimilationszelle bezieht die Kohlensiure nicht
blos aus den sie begrenzenden Intercellularriumen; sie empfiingt diesen Nihrstofl
auch direkt von Aussen, indem die Kohlensiure mit ziemlicher Leichtigkeit durch
die cuticularisirten Epidermiszellwandungen hindurchtritt” (5). He considers the
specialized arrangement of intercellular spaces in assimilatory tissue as chiefly
adapted to direct the outflow of plastic products from these cells, and confine it to the
most direct routes.

Through these transitions we pass to the extreme view widely held in our own
country, and thus expressed in VINES' ‘ Physiology of Plants,” 1882. “It is often
thought that the stomata are of primary importance in the absorption and exhalation
of gases by leaves; BoussiNgAuLT has found, however, that the upper surface of
various leaves absorbed carbon dioxide more actively than the lower surface, although
the upper surface had scarcely any stomata, whereas they were very numerous on the
lower.”

“The stomata have evidently no effect upon the absorption of this gas (CO,).
The absorption of gases is effected then principally at least by the superficial cells of
the leaves ” (6).

Before proceeding to the experimental solution of this dilemma of contradictory
opinion, we must consider in some detail the historical development of our knowledge
on the subject.

Section 1I.—Historical Survey.

The acquisition of knowledge on this subject has been much retarded by the
difficulty of performing direct experiments by reason of the minuteness of the gaseous
- exchange that has to be localized.

Most of the direct experiments that have been recorded are either made by untrust-
worthy methods or fallaciously interpreted. The soundest work is indirect, and with
this the difficulty lies in deciding how far it is applicable to the living leaf.

The earliest paper that must be noticed is by DutrocuET (7), 1832. He draws
attention to the extensive system of intercellular spaces to be found in leaves,
especially in the lower strata, and demonstrates by injection the connection with the
stomata and the interruption by the lesser branches of the veins, so that the spaces
are marked off into small polygonal areas. Irom determinations of the composition
of the gas normally contained within these spaces he concludes that this internal air
has a real physiological significance, and that the leaf of the plant has a lung-like
function, handing on to the outer air the carbonic acid formed within the bulk of the

MDCCOXCV.—B. 3 T
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506 MR. F. FROST BLACKMAN ON VEGETABLE

plant, and returning oxygen in exchange : a similar but much less concrete idea had
been previously put forward by BRONGNIART.

Some few years later the nature of cuticule was first made clear, and the possibility
of isolating it as a histological entity proved by BRONGNIART.

Interest in the role played by this limiting membrane in absorption and exhalation
by the aerial parts of the plant, stimulated GARREAU (8) in 1850, to carry out a series
of researches on these points.

Among other results he arrived at the well-known one that transpiration of water-
vapour takes place to a much greater degree through areas provided with stomata
than through uninterrupted cuticle, so that more water is given off from the lower
than from the upper surface in the great majority of leaves.

In the same paper in which these often-quoted experiments are detailed, there is a
usually neglected section which bears immediately on the subject now under con-
sideration. In this GARREAU gives the results of the extension of his method to the
comparison of the amounts of carbon dioxide given off by the two surfaces of leaves
respectively.

He attached a glass chamber containing a small shallow capsule of lime water to
corresponding areas on each surface of a leaf. The carbon dioxide liberated by the
leaf produced a film of calcium carbonate, of varying thickness, on the surface of the
lime water ; this was too fragile for direct weighing, so he collected it on pieces of
tared filter-paper, and after drying determined the gain in weight.

This method is of course decidedly inadequate, but the results tended strongly to
show some relation between the distribution of stomata and the evolution of carbon
dioxide.

Of the twelve experiments carried out in darkness seven are tabulated below,
excluding only duplicates and those in which the amounts of transpiration and the
number of the stomata were not determined.®

* 1t may be of interest to point out here an error in the statement of one of GARREAU’S results on
transpiration which is reproduced in most text-books. He states that with the leaf of Syringa vulgaris the
stomata are m the proportion 149 and the transpiration 3. Now,as correctly given by Weiss (25), the
leaf of this plant has no stomata on the upper surface. Unless GARREAU misnamed the plant that he

employed, the correction entirely destroys the value of this result.
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Tasre I.
Absolute Ratios of
amounts of CO . amounts of . .
Name of plant for 20 sq.centim?s;. R:EOS of water hRatwslof .
ame ot ptant. and 12 hours eset transpired t f?mm oers
given by the two amounts. by the two of stomata.
surfaces. surfaces.
~ cub. centims.
O. [y
1. Tilia europea . 52—44 T}‘ ~§—- »é-(())m !‘
. 1-0 1 1 | 3
2. Plumbago europea . . . 70 " 5 e
1-15 1
3. Tropecolum majus ZEE 4 “;“ %
. 0-55 1 3 0
4. Aralia racemosa . . . . 170 3 5 65
. ; 05 1 1 1
5. Polygonum orientale . . . 19 21 ) 35
oo 035 1 1 1
6. Althea officinalis . 070 T 1 5
L . 17 1 5 3
7. Nicotiona rustica (young) . - 1 v 4

The numbers here given are reduced from GARREAU’S numbers to equal areas and
times. We shall show later that they are very inaccurate, and all too large, no
doubt increased by atmospheric CO,. The transpiratory and stomatic ratios are
taken from his previous experiments. ‘

In four experiments carried out in diffuse light, no film of calcium carbonate was
formed in connection with either surface. The concurrence of assimilation with
respiration would naturally be expected to produce this result, but in all five experi-
ments carried out in direct sunshine a certain amount of carbon dioxide escaped from
each surface of the leaf. The amount was in some cases nearly as great as that
formed in darkness, and also exhibited about the same ratio of production for the two
sides. It is not at present quite clear to what cause this should be attributed, but
probably to some experimental error.

Among the conclusions to the paper, we find it stated that the expired quantities
of carbon dioxide appear to be in a much closer relation to the distribution of
stomata than do those of exhaled water. This is exhibited in most of the cases
given above, and 1s, indeed, the utmost that can be said, for there is but little agree-
ment enough between these stomatic and respiratory ratios. Yet there is, without
doubt, a tendency shown for the exhalation of CO, to follow the distribution of
stomata. No attempt to obtain similar numbers has been published during the time
that has elapsed between the paper under consideration and the present paper.

37T 2
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In 1867, BoussiNgAULT contributed a long experimental paper (9). He directed
his attention entirely to the gaseous exchange taking place during active assimila-
tion. As this exchange far exceeds in intensity that of respiration, the former subject
appears much the more likely to give a decisive experimental answer to the problem
of the nature of the path of exchange.

The results, however, led him to take up a view exactly the contrary of the one
supported by GARREAU, and to minimise the function of stomata in gaseous exchange.
He appeared to prove by trustworthy experiments that the vigorous intake of carbon
dioxide during assimilation in bright light proceeded chiefly through the astomatic
cuticle. These experiments demand detailed criticism, which must be reserved for a
subsequent special section (V.). It may be here pointed out that his critical experi-
mental proof consisted in showing of two otherwise similar leaves, that the one which
had its stomata mechanically blocked did not decompose any less carbon dioxide than
the leaf with its stomata in open functionable condition.

Between 1829 and 1866, GrRarAM (10) published a series of papers on the various
diffusion phenomena presented by gases, to our knowledge of many of which but little
has since been added. For the clear exposition of our subject a short consideration
of his views on those forms of diffusion which are of biological importance seems quite
unavoidable, as many of the views and researches which follow are based directly
upon them.

‘The simplest form of diffusion consists in the intermixing of two different gases or
mixtures of gases which are in contact with cne another unseparated by any septum.
GRrRAHAM ascertained that gases move into one another at rates inversely propor-
tional to the square roots of their respective densities. This form of diffusion,
without an intervening septum, may be called ¢ open diffusion.”

Of diffusion through membranes two forms are recognized, one to be known as
“ porous diffusion,” in which the diffusing gas passes through minute hypothetical
pores, invisible with the highest magnification, by virtue of the motion of its individual
molecules. .

The relative rates at which different gases pass in this way through the same thin
graphite plate under similar conditions have been again found to be inversely
proportional to the square roots of the densities of the gases. For oxygen or carbon -
dioxide, which are alone of biological importance, this ratio is 1 :1'17 ; the times
required for equal volumes of the two gases to pass through will be of course the
reverse of these. If the pores of the material are larger than this ideal smallness, as
are those of unglazed porcelain, dry bladder, &c., the difference of velocities between
the two gases is less marked and diminishes with increasing porosity till, with visible
holes such as those through which gases can pass nearly instantaneously by difference
of pressure, it, ceases to be appreciable. ’

Certain other membranes through which gas can also pass have nothing of this
finely porous structure but are theoretically continuous, and are as a class known as
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colloid membranes ; such are caoutchouc, water films, and all membranes saturated
with water. The phenomenon of the gas passage is here known as ¢ osmosis,” and it
is supposed that the gas enters into union, either chemically or by a sort of solid
solution, with the substance of the membrane on one side, and passing on through it
in this condition is given off on the opposite side in a gaseous form. The relative
velocities of different gases are for osmosis quite the reverse of those for porous
diffusion, CO, travels 5°3 times as fast as oxygen. GrAHAM worked out this
phenomenon for thin films of caoutchouc, but since his time much has been done on
the osmosis of gases through water films, such as soap bubbles, to which, in this
relation, many organic membranes saturated with water seem to approximate. For
a long series of vapours and gases Exnur (12) finds that the velocity of transmission
is proportional to C/+/d, where C is the absorbing or solvent power of the film for the
gas and d the gas density.

For a given permeable membrane the only experimental way of deciding by which
process gas passes through it, is by the determination of the relative velocities for
two or more different gases. Through a dry stucco plate, as we have said above,
oxygen passes slightly faster than carbon dioxide. If, however, the stucco be wetted,
the gases both pass very much slower and carbon dioxide then five times as fast as
oxygen. The former is due to porous diffusion, the latter to osmosis.

Through capillary tubes, fine openings in thin plates and other narrow spaces of a
measurable size, gases pass much quicker than even by porous diffusion, but the
passage is not even here a simple mass movement, for increased pressure quickly
ceases to cause a proportional increase in the rate of passage, and further, different
gases move at their own specific rates. Two sorts of passages have been worked at
quantitatively, but only one concerns us at present, this form is known as “effusion,”
and has been investigated by drawing various gases into a vacuum through a fine
hole in a very thin metal plate. The holes used by GramAM were a few hundredths
of an inch in diameter, and the plate must be so thin that the hole is in no way a
capillary tube lest a mixed effect be produced. Such openings as are here in
question occur naturally as stomata. Through such a hole different gases pass at the
same relative rates as in porous diffusion, though the two are essentially different
phenomena, and it can be deduced simply.from the laws of falling bodies what
relative rates will hold for effusion. The absolute velocities in the two cases are in no
way comparable. (Gas. passes into a vacuum by effusion many thousand times faster
than by porous diffusion.

We continue the biological papers with one by Bartatremy (13) in 1868. After
premising on the strength of BoussiNGAULT’S researches that stomata only play a
secondary réle in gaseous exchange, and that there exists no fixed relation between
number or size of stomata and assimilatory activity, he brings forward for the first time
the view that the cuticle plays a definite specific part in gaseous interchange. This view
was suggested to him by Gramam’s (10) work on the osmosis of gases through thin
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films of caoutchouc combined with FREMY’s (14) then accepted determination of the
chemical constitution of cuticle, as being very similar to that of caoutchoue. Carbon
dioxide is transmitted through caoutchouc with a rapidity far exceeding that of other
ordinary gases, and, of course, it is this gas that must make its way with great
rapidity to the internal cells of the leaf during assimilation. Cuticle, then, accord-
ing to BARTHELEMY, is to be regarded as a membrane specially fitted by its physical
colloid properties to transmit carbon dioxide into the interior of the leaf. Nothing
is suggested as to the path by which the equally large quantities of oxygen formed
are passed out of the leaf.

If this view be correct, it should be experimentally possible to show that carbon
dioxide passes faster through cuticle than do other gases. By the use of GrAaHAM'S
form of apparatus, BARTHELEMY obtained results which, if trustworthy, afford ample
and striking evidence that this is so.

He closed the top of a wide tube full of mercury with a leaf 20 sq. centims. in
area, supported on a thin porous plug or layer of chamois leather, and carefully luted
to the tube at its edges. When the stopcock at the lower end of the tube of
mercury was opened, the weight of the column sucked air through the leaf. Employ-
ing different gases, the rate of sinking of the mercury was found to vary considerably,
that is, the gases passed, according to him by osmoss, through the leaf at different
rates. The relative times for equal volumes of gas were found to be, CO, =1,
0,=9, N;=15. These are quite in harmony with the corresponding numbers 1,
54, 13°6, obtained by Gramam for caoutchouc, but the absolute rate ot passage
exceeded any record for the latter substance, as much as 40 cub. centims. passing
through 20 sq. centims. in 6-9 minutes. 4 priors, one could not but be sceptical of
the trustworthiness of these numbers, so difficult is it to obtain a perfectly
unperforated stretch of most leaves 20 sq. centims. in area, and so large are the
quantities of gas stated to pass through in a given time.

In 1874, BarrtHELEMY followed the subject up with a second paper (15), in which
further evidence of a similar nature is brought forward. The absence or sparsity of
stomata on Cacti, green fruits, spathes, and other active parts, is pointed out, and
also the difficulty with which, on account of its high density, carbonic acid would
diffuse through stomata. Since the previous paper the author has performed some
more exact experiments on the relative rate of osmosis of gases through cuticle.
The material he now prefers to employ is very thin withered Begonia leaves, which
have dried up till they form a pellicle consisting of little more than the cuticularized
layers ; also strips of epidermis that separate from the subjacent tissue in certain
Begonia leaves to form the well-known white spots. With this dubious material,
further numbers, closely in accordance with GrRAHAM's for caoutchouc, are obtained.

He now concludes, finally, that the entrance at all events, of carbon dioxide into
the leaf, takes place almost entirely through the cuticle. As to the stomata, he
enunciates the view that they act as valves, allowing gases to pass out when internal
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pressure is in excess, but never allowing movement of gas in the reverse direction.
This valvular function is deduced from anatomical considerations, from the visible
opening of the large stomata on the leaf of Ranunculus ficaria when air is forced
into the petiole and the converse visible closing of the guard cells when suction is
applied to the petiole, and also from an experiment first. given by HALEs, in which
a tube dipping into mercury is securely luted to the cut end of a leafy branch, and
the branch carefully varnished all over its surface. Under these circumstances a
column of mercury may be held up in the tube for over a day, because the stomata
admit practically no air through them into the intercellular spaces, and so down into
the tube supporting the column of mercury. The accuracy of his observation on
Ramnunculus has been denied, and the experiment by HALES is now interpreted as
only a demonstration of the narrowness of the intercellular spaces in wood.

In 1877 and 1878 MERGET contributed three short notes to the French Academy
opposing BARTHELEMY, and experimentally supporting the stomatic réle by ingenious
though rather inconclusive diffusion experiments.

The first (16) attempts to follow the path of diffusion into leaves of those vapours
whose passage can be traced by their discoloration effects. Of these, mercury-
vapour is considered to yield the most decisive results, as it is said that it cannot be
carried in a water current nor osmose through a colloid membrane. BoussiNgAULT
(17) and others have shown the strong toxic action of this vapour, and that it
particularly attacks protoplasm, producing dark discoloration and death. TIf a leaf
be exposed to mercury vapour, even ‘the deeply situated cells turn dark in a short
time. From this ready penetration by a substance that cannot osmose, MERGET
argues that the vapour must pass through the stomata and penetrate by the inter-
cellular spaces. Also, if a leaf be.injected with mercury and pressed between paper
sensitized with AgNOQ;, the blackening of the paper by the vapour only occurs in
those parts which bear stomata. The interpretation given is no doubt correct, but it
is not logically conclusive, for the very fact that mercury attacks protoplasm shows
that it must osmose through a colloid membrane-~the cell wall—and so might enter
the leaf partly through the cuticle.* One fact the author does establish, namely,
that diffusion takes place through stomata with equal facility in either direction.

Several other vapours, such as H,S and SO,, gave similar results, and NH, was
especially rapid in its action. A leaf, injected with ammonia solution, shows white
fumes with HCI and blackening of mercuric nitrate paper in contact with its stomatic
surface alone.

To this paper, BARTHELEMY replied (18) criticising the abnormal and toxic character
of the gases that MErGET employed, and reinforcing his arguments on the difficulty

* From the toxic effect of mercury vapour described above, it would almost seem that we are
justified in assuming that mercury, though of course only to a very slight degree, actually is soluble
in water, if indeed some poisonous soluble salt of mercury is not formed on contact of the vapour with
the moist cell walls. COf., further, NARGELI, on so-called oligo-dynamic phenomena.
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of assuming that all the immense quantity of carbon dioxide taken in during
assimilation, so diluted as it is in our atmosphere, and so slow in its rate of diffusion,
should be introduced through stomata, always minute in their dimensions and often
retired in their situation. The assumption of the cuticular rdle seems necessary,
further, for young organs where stomata are yet unopened and assimilation is said to
be active.

In a second note, MERGET (19) replies that he is in the course of obtaining quite
similar results with normal uninjurious gases, and states that he has repeated
BARTHBELEMY’S osmosis experiments as carefully as possible, consistent with the vague
description given of them, and has obtained opposite results.

His third note (20) contains the promised experiments with uninjurious gases,
which simply show that the intercellular system of a leafy branch may act as a
medium of diffusive exchange between a chamber of hydrogen, in which either the
cut end or the leaves are placed, and the external atmosphere: in a longer or
shorter time all the hydrogen is replaced by air. Artificial blocking of the stomata
prevents this exchange, but coating the astomatic surfaces has no such effect.

Meanwhile, N. J. C. MtLLEr (21), in 1870 and 1873, had described experiments
made by him on similar lines to those of BARTHELEMY, but carried out with infinitely
more care and exactitude. Unfortunately, for the value of his conclusions, it appears,
according to WIESNER (28), that his material, the upper epidermis of the leaf of
Hemanthus puniceus, which he considered to possess a perfectly continuous cuticle,
must be rejected as untrustworthy. The apparatus he uses is rather complicated and
based on GramAM’s diffusiometer. He at first hoped to be able to ignore the
occasional stomata that occur on the upper epidermis of many leaves reputed to be
free of stomata, by employing the expedient of keeping the material saturated with
water so that the stomata should be hermetically closed by the turgidity of the
epidermis cells. In this hope he made preliminary experiments on the suction
required to force the stomata open and draw bubbles of air through such material,
but found that it was not as great as the suction he must employ in his diffusiometer,
so that a pure diffusion result could not be thus obtained. His results on this point
are, nevertheless, worth recording. The upper epidermis of Scilla peruviana required
when in air, a column of 12¢ millims. Hg. to draw air through its stomata ; when
put in contact with water on its internal cellulose side, the required pressure rose
gradually to 222 millims. If the whole experiment was performed in direct sunlight,
which dilates the stomata, lower numbers were obtained, 30 millims. in air, 170
millims. in water. When the cuticular surface is kept wet, the effect is less
marked.

MULLER therefore had to seek for an epidermis entirely free from stomata : this he
thought he had found in Hemanthus puniceus, and he regarded the gas that came
through under pressure as the result of a purely molecular motion. He alone of all
writers on the subject dwells on the compound nature of the isolated epidermis
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employed in such experiments, how it consists of two layers of cellulose wall and of cell
contents, as well as the cuticular membrane to which many experimenters attribute
all the effect. He experimented on the epidermis, both moist and artificially dried,
but to eliminate the part played by the cell contents he rejects his results on the
former, where CO, passes faster than oxygen in the ratio €. The rate of passage of
gas through artificially dried membranes is absolutely quicker, but in this case
oxygen passes slightly quicker than carbon dioxide. These results he accepts as
exhibiting the proper physical properties of the cuticle and epidermis wall, and so
evidently regards the process as allied rather to porous diffusion than to osmosis.

His results are thus entirely opposed to BarTHELEMY’S, and certainly would
recommend themselves much more strongly by the care with which they are per-
formed were his material unobjectionable.

In 1879 WiEsNER (23) published the results of his determination from the purely
experimental point of view of the parts played by some of the different diffusion
processes in relation to the varying gas-pressure within the plant. He first defines
the terms employed, not altogether in an unexceptionable manner, but these need not
be further dealt with. The short section devoted to epidermis alone concerns us
here. Although aware that the accepted view was that stomata in general are so
small that the normal- difference of internal and external pressure can only be slowly
equalized through them, WirsNER anticipated that such passage of gas would take
place according to the law for gaseous effusion.

To confirm this he determined the rates at which equal volumes of gases of various
densities pass through stomatiferous epidermis under the suction of a column of
mercury. The epidermis of the under surface of the leaf of Agave americana, which
is very easily stripped off, is most suitable for this experiment. In this case the
stomata are of quite exceptional size, the area of the opening being estimated at
000019 sq. millim., and through 12 sq. millims. of this tissue about 2 cub. centims.
of air could be drawn in a minute by a column of 75 millims. of mercury. KEqual
volumes (approximately 0'6 cub. centim.) of air, coal-gas, and carbon dioxide of
the relative specific gravities 1, 0°74, and 142 required respectively 185, 16, and 23
seconds for their passage under similar conditions. If this passage takes place by
effusion, the times required for equal volumes should be inversely proportional to the
square root of the density of the gas employed. The above numbers are very nearly
in this relation, from which WIESNER concludes that effusion through stomata is the
process by which the gases pass. To this one can assent, but it should be pointed
out that, in porous diffusion through the cuticle, the same law for relation of velocity
to density holds, as in effusion; so that, theoretically, this form of diffusion is not
excluded, though, on other considerations, it hardly seems probable that it should
occur here.

When, however, similar experiments are tried with the isolated epidermis of
leaves possessing stomata of the usual small size, nothing like so great a quantity of

MDOCCXCV.—B, 3 U
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gas can be drawn through, and the truth of SAcHS' qualifying remarks (p. 504) is well
brought out. Thus, with Sawxifraga sarmentoss, where the area of the stomatal
opening when extended is only 0:00008 sq. millim., a suction of 70 millims. Hg will
draw no visible quantity of gas through in several minutes; a column of 200 millims.
Hg is required to obtain quantities sufficient to prove the ratio to be in accordance
with the law for effusion.

From these results it seems that BARTHELEMY was perhaps partly correct in his
view of the valve-like action; for slight differences of pressure cause no passage of
gas, but in all cases, on increasing the pressure, gas passes. WIESNER does not seem
to have tried the effect of reversing the epidermis, so that gas might be drawn in the
opposite direction ; any difference in the two results should throw a clear light on
this uncertainty.

‘WiESNER gives his reader the impression that the normal exchange of gases through
stomata takes place by effusion (cf. p. 7 of “Sep. Ab.’); and further, he has defined
effusion, p. 8, as including ¢ den Ausgleich zweier verschiedener Gase ” through a fine
opening, as well as the passage of one gas into a vacuum through such an opening.
In reality, however, the interdiffusion of two different gases through an opening is a
slow process of pure diffusion without a septum, which we have called “ open diffu-
sion,” and quite different from the hundred times faster process of effusion, although
in each case different gases move at the same relative velocities. Effusion in nature
only comes into play when the manometric pressure within a leaf is greater or less
than that of the external atmosphere.

We have no evidence that during life such differences of pressure do occur to any
extent within the leaf, which seems, in fact, peculiarly adapted by its structure to
equalize such differences. Such assimilatory or respiratory exchange, as we shall
decide does take place through stomata, takes place, then, by * open diffusion.”

No further papers bearing directly on this subject appeared till 1887, when
MaxciN published two summary notes (26), (27), and then followed them up in 1888
by a detailed paper (28) of careful experiments on diffusion through cuticle.

The fundamental object of this paper is the determination, firstly, of the
quantity of gas that might diffuse under given conditions across the isolated cuticle ;
and secondly, of the quantity of this gas absorbed or exhaled by the organ to which
the cuticle belongs, in full activity. If the former is less than the latter, stomata must
come into use, but if the former is the greater, then osmosis may be sufficient to
account for all the exchange.

In the introduction MANGIN handles BoUsSINGAULT'S quite genuine experiments
rather roughly, but as he fails to perceive that their error lies in a fallacious inter-
pretation only, he cannot suggest the correct way of bringing them into harmony
with his own results, and so attributes their divergence to experimental imperfections
of the means used to mechanically block the stomata (starch paste and lard), and
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suggests as an improvement vaseline, which I shall show later on gives identically
the same results.

ManacIN also objects to SacHS’ well-known experiment of sucking gases in through
the stomata and intercellular spaces of a leaf-lamina, and out through the cut end of
the petiole, as no proof of a natural ventilatory function, and states that since
GARREAU has shown that cuticle free from stomata is pervious to CO,, il est certain
que les expériences de M. SacHs donneraient les mémes résultats si on les répétait
avec des membranes ou des feuilles dépourvues de stomates.” This seems a startling
statement, and must be incorrect.

The diffusion experiments are carried on in an ingenious apparatus invented by the
author, in which the cuticle under investigation serves as a diaphragm between two
chambers, one of which is kept filled with CO, while the other is closed, contains
some other gas, and is connected with an adjustable manometer, the movements of
which record the amount of gas diffusing into or out of the chamber through the
diaphragm of cuticle.

From the ratio of the manometric change observed when the one chamber contains
some solid caustic potash, to absorb the carbon dioxide diffusing through the cuticle,
to that observed when it contains none, the rate of diffusion of the gases can be
calculated.

The method appears excellent, but the materials used seem to be open to objections.
The cuticle of various leaves is isolated, by allowing the leaf to remain macerating for
some weeks in a culture of Bacilius Amylobacter, which gradually destroys the rest
of the tissues. Pieces of cuticle,* 2 to 4 centims. square, are thus obtained and
employed. In order to render them more resistant, they are painted over with a
ten per cent. warm solution of glycerine jelly. Of this it is alleged that it produces
no appreciable increase of the resistance of the cuticle to the passage of gases, and
that it will serve to block up the stomata and cracks which have hitherto been the
great stumbling-block in such diffiusion experiments. Surely it must still be objected,
that, since it is so permeable, gas will pass much quicker through those spots where
there is nothing but a film of glycerine jelly covering a stoma or crack than through
the unperforated cuticle. The osmosis numbers obtained one would expect to be
much too high. Thus, prepared cuticle gives numbers for the rates of diffusion of
equal volumes of different gases agreeing closely with those obtained by Gramam for
caoutchouc.

Cuticle . . . CO,=1 H=275 0=55 N=11%
Caoutchouc. . CO, =1 H=247 O=538 N =135

Fallacious as may be the absolute numbers, the relations between different cuticles
are of interest. Thus the cuticle of the lower surface of the leaf is always found to
be more permeable than that of the upper.

* WIESNER reasonably suggests that this so-called cuticle is really, in most cases, epidermis.

3 U 2
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Subjoined are some of the quantities of CO, that diffuse through the cuticles of the
respective surfaces, expressed in cubic millimetres per hour and square centimetres.

Holly 095, Pear 932,  Privet 052,

The lower “cuticle” thus never exceeds the upper in permeability by more than
five times, in spite of the fact that the lower is usually riddled with stomata covered
only with a film of glycerine jelly, while there are but few of these weak spots on the
upper cuticle. This shows that the actual permeability of the cuticle of the lower
surface, apart from the stomata, is never as great as five times that of the upper
cuticle. I hope to make use of this later.

In no case does the author give any diffusion results with a cuticle perforated with
stomata taken before as well as after the coating with glycerine jelly, so that a real
quantitative estimate of the effect of this latter might be made.

In the second part of the paper, from experiments on the respiration and assimila-
tion of a piece of leaf, the author comes to the conclusion that the amount of osmosis
through the cuticle, calculated from the above data, is quantitatively insufficient to
account for the whole of the necessary gas exchange.

Moreover, as we have seen, the osmosis numbers accepted are probably too high for
isolated cuticle, not to mention that in natural circumstances the cellulose walls and
protoplasmic and aqueous contents of the epidermis cells, each offering its own resis-
tance, have all to be traversed before the gases reach the active palisade cells.

The experimental results on respiration and assimilation are given with complete
absence of absolute numbers and conditions, so that it is quite impossible to judge of
their value, therefore, without quoting any of them ; it may be stated that from the
reduction in the respiratory exchanges in living leaves when the stomata are blocked
with glycerine jelly, the author concludes that the part played by the stomata is one-
half to one-third that of the cuticular exchange. During assimilation, however, he
holds that the stomata must carry on practically the whole of the exchange, as the
tension of CO, in the air is too small to produce much osmosis through the cuticle.

In a note to a paper on Starch Formation from Sugar and other substances, Boenm,
in 1889 (29), mentions that he has performed experiments, which go to prove the pre-
ponderating réle of stomata in the gaseous exchange of assimilation. He exposed thick
hypostomatic leaves, laid with their lower faces on the surface of water, to bright light
in an atmosphere rich in carbon dioxide, and found that starch was only formed in
small areas. He concludes that gases diffuse only extremely slowly through the
epidermis cells, and the stomatic path of gaseous exchange must be much the more
important. ' :

According to the work of NacaMATZ (46) this experiment should only succeed with
those leaves whose surfaces can be wetted and the stomata so blocked. Other leaves
which retain a sensible film of air on them from bloom or other causes, should be able
presumably to assimilate in the given conditions. According to GERNEZ (49) most
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substances, including leaves, unless especially cleaned, retain an imperceptible film of
air on their surface when under water, but this does not seem to come into play in
assimilation by submerged plants.

In 1889 WIESNER, in conjunction with MoriscH, published a second paper (30) on
the movements of gases in plants. It is practically all devoted to the solution of two
problems : (1) Can gases be filtered by pressure through cell walls? (2) To what
extent do gases diffuse through cell walls, dry and wet ?

As he points out, the most diverse views on these points and as to whether gases
pass through cell walls more easily wet or dry, find supporters. Only tissues that
are devoid of intercellular spaces can give really trustworthy experimental results,
and all previous experiments are rejected as either made with imperfectly continuous
tissue or fallacious in interpretation.

Such are the experiments of LrrrzmaNy (31)., Those of MaNGIN, WIESNER regards
as completely vitiated by the fallacious use of glycerine jelly and of no physiological
import.

(1.) On the first point all sorts of material were investigated, often with pressure
differences of several atmospheres applied perhaps for days, and all gave negative
results :—bottle cork, potato periderm, grape and apple-skins, thallus of ulva, endo-
sperm and pith with occluded interspaces.

- Dealing with the epidermis of leaves, WIESNER says that even in the absence of
stomata it nearly always contains fine openings, which would invalidate the experi-
ments. A previous paper has shown that gases pass through such openings at rates
inversely proportional to the square root of the density of the gas; consequently, on
obtaining experimentally such rates of passage with different gases, a leaf may be
rejected as being perforated with fine openings. Leaves which withstand this test
allow no air to pass through them, even under considerably increased pressures.
The delicate leaves of Mnium, only one cell in thickness, fulfil this condition, if
supported on some coarse porous material. A pressure of 250 millims. Hg continued
for 30 days drew no air through them. Leaves of Potamogeton crispus gave the same
result.  Pieces of Ivy leaf were similarly tested for 14 days with a pressure of
600 millims. Hg, or 3 atmospheres for 24 hours. The leaf of Stratiotes aloides alone
allowed air to pass through under a pressure of 3 atmospheres. The gases in this
case do not follow the law of velocities for effusion, but for osmosis, to which process,
made possible by the exceptionally large amount of water in the cell-walls, the passage
of the gas is attributed.

Thus, of the astomatic epidermis, as of all other plant membranes, it must be said
that it does not allow an appreciable mechanical passage of gas under pressure.
This means that it is in no way porous or comparable to graphite as Prerrer had
held.

(2.) On the question of the permeability by osmosis of cell membranes to gases,
an equally general but positive answer is returned. Firstly as to cork : BoenM (32)
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has shown that cork absorbs CO, as other gases, and of course will give it off again
when in an atmosphere free from CO,. From this one would expect that, contrary to
common belief, cork is in very thin layers permeable to gases by osmosis, and this
WIESNER proved to be the case. He also proves that moistened cork allows gas to
pass faster than air-dry cork. Other investigated tissues allow practically no gas to
pass when dry, but when moistened become very permeable. The same materials as
before were experimented on; no satisfactory lignified material could however be
found on which to perform trustworthy experiments, but it appears, like corky tissue,
to be somewhat permeable when dry.

We thus see that corked membranes, among which isolated cuticle should be
included, differ in their behaviour from cellulose walls.

WIESNER points out that, rather than graphite, cell-walls resemble caoutchoue, in
that they absorb and transmit CO, more readily than other gases, and are practically
impervious to gas under pressure; caoutchouc, however, cannot imbibe water. A
colloid membrane, such as gelatine, fulfils this and the other conditions as well, but
does not fall into analogy with corked cell-walls in being pervious when dry.

Cuticle and corked cell-walls, I would suggest, are largely imbibed with some sub-
stance of a waxy nature, in which CO, may be dissolved (¢f. Appendix). The wax,
then, would play here the same part as does the water in cellulose walls ; but, inas-
much as the wax cannot be “dried” out of the walls in the same way as water can,
so air-dry cuticle and corky tissue are pervious to gases by osmosis. For the passage
of gases through cell-walls imbibed with water the conditions approximate closely to
those in the passage through films of water, such as soap-bubbles, which have been
worked out by EXNER and others.

The most recent work on our subject is by SranL, 1894 (33), who has anticipated
myself in publication of one class of experiments that go to prove the almost absolute
rdle of stomata in assimilatory exchange.

These consist in showing the local absence of starch formation when a limited area
of a leaf is coated on its stomatiferous side with some substance that mechanically
blocks the stomata. This forms an easy demonstration experiment ; STAHL tried it
on numerous leaves, with the uniform result that, while starch was plentifully formed
in normal parts of the leaf, no starch appeared in the coated parts after long exposure
to light (¢f. Section V., p. 550).

We may now shortly sum up the bearing of these various researches. Our history
commences with two pieces of direct experimental work on the living leaf. That of
GARREAU showed that the exhalation of respiratory CO, was locally related to
stomatic distribution ; the other, by BoussiNncauLt, showed, in opposition, that the
inhalation of assimilatory CO, is locally independent of stomata. Unless the view
were accepted that respiration took place by one path and assimilation by another,
one of these opposed pieces of work had to be discarded. That by GARREAU, as the
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earlier, as performed by an obviously experimentally inexact method, and on a func-
tion which quantitatively and qualitatively was much inferior to that worked on by
Boussineaurr, fell into the background, and BoUssINGAULT'S results were generally
accepted. Of the various researches on diffusion which followed, the first, by
BarraELEMY, strongly supported BoussineaULr’s view. Then MERGET took up the
view that stomata are the important paths of exchange, and performed a few inge-
nious, but not very conclusive, experiments on the effect of mercury vapour and
diffusion through whole branches. In the controversy with BarTEELEMY that
ensued, the latter’s influence gradually faded away, but that of BoussiNgaULT
remained. Other workers then investigated the physical properties of isolated cuticle.
Of these, MULLER and MANcIN, fifteen years apart, determined the relative rates of
passage of different gases through this material. MULLER did but little more than
this, and, of his different results, accepted the incorrect one that oxygen passes
through quicker than CO, MAaANGIN reversed this relation, with results similar to,
but inﬁnitély more trustworthy than, those of BarTHELEMY. But MANGIN did more
than this, for, from his numerical estimates of the rate at which gases do diffuse
through cuticle, failaciously high as they are, he concluded that this diffusion would
be insufficient for the constant needs of the plant, and that stomata must play some
part as paths of gaseous exchange ; this he estimates at a half to a third of the total
for respiration, and nearly the whole for assimilation. WIiEsNER worked only indi-
rectly on the questions before us; he showed that when gases pass through stomata
under pressure they obey the laws for effusion through fine holes, but, further, incor-
rectly extended this to signify that normal gaseous exchange through stomata takes
place by effusion. WiesNer and MoLiscH again, in direct work, proved that con-
tinuous cell-walls are pervious to gases by osmosis, and more readily when wet.
Cuticularized and suberized walls alone allow gases to pass when dry.

The two other more recent papers, those by BormaMm and STAHL, are limited to
confirming experimentally MANGIN’S view that stomata play a great part in assimi-
latory exchange. BormM supposed that he had blocked stomata by water, and
found that under these conditions very limited starch formation took place. STAHL
covered the stomatic surface of leaves with a coat of wax and found that no starch
formation took place on the coated areas. In spite of these various experiments,
possibly explicable in some other way than that suggested, BoussiNGAULT'S work
still remained firmly established.

A year and a half previous to this point—in 1893—I commenced the researches to
be described in the present paper. In the two succeeding sections I hope to prove
that nearly the whole gaseous exchange takes place through the stomata both in
respiration and in assimilation. In a further one I shall completely explain away
BoussiNGAULT’s results, the only experimental support of the cuticular exchange
theory, and afterwards provide a few data as to what possibility there is of any
exchange at all taking place through unperforated epidermis and cuticle.
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Section 1II.—FExperiments on the Paths of Exit of Carbonic Acid from Leaves.

Experimental comparison of the amounts of CO, passing into or out of the two
~surfaces of living leaves, on which the distribution of stomata is known, must be
held capable of giving a more direct answer to the problem of what part is played by
the stomata during life in gaseous exchanges and what part by other paths, than can
possibly be drawn by induction from diffusion experiments on isolated epidermis or
from similar indirect considerations.

Such actual determinations it is my part to supply. The only previous attempts,
those of GARREAU (¢f. p. 506), were made by such an untrustworthy method, and give
results so irregular in their relation to stomatic distribution, that they afford no real
basis for generalization. In these determinations the chief difficulty lies in the
smallness of the quantities that must be estimated. The total amount of carbon
dioxide given off by a leaf rarely exceeds one-tenth of a cubic centimetre for
10 square centimetres in an hour, and may be only half this quantity. Nor can the
area that is employed be much increased beyond this without seriously limiting, by
reason of the magnitude of the leaves required, the range of plants that can be
utilized.

Most of the experimental difficulties have been overcome by the use of the apparatus
described in the previous paper,* which, indeed, was designed chiefly with the view
of directly attacking this problem. The detailed description there given will not be
reproduced here ; it need only be said that employing this apparatus, two constant
currents of air, generated by two aspirators and either freed from carbon dioxide or
charged with a given percentage of it, can be drawn over the respective surfaces of
the same or different leaves, and the amount of carbon dioxide that is present in the
current after this passage be continuously determined through any period of time
without stopping or altering the current. For the respiration experiments now to be
considered, it suffices to free from carbon dioxide the currents of air, and this is
accomplished, without producing a negative pressure that might draw gases out of
the leaf, by the potash tower (B. L., fig. 4). The current from this passes over the
leaves attached to the two capsules to be immediately described, and so through
either the ““ absorption chambers” or the * resistance bottles” to the aspirators. The
capsules, of which there are a pair, one for each surface of the leaf, were made by
the Cambridge Scientific Instrument Company to my design. Each (fig. 1, B),
consists of a stout circular brass rim, to one face of which a thin plate of glass is
hermetically cemented. ~Through the rim are drilled two diametrically opposite
small holes. Into each of these a fine copper tube 1 millim. in bore is soldered. One
tube is curved half-way round the rim till it reaches its fellow, and they then both
proceed away from the capsule for a length of 10 centims., to where they pass through

% ¢« Hxperimental Researches. No. I. On a New Method for Investigating the Carbonic Acid
Exchanges of Plants.” This will be afterwards referved to as B.
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a short hemi-cylindrical block of brass, and terminate in rounded ends to which
india-rubber tubing can be attached. When the two capsules are placed face to face,
these brass blocks are just in contact, and so form together a complete cylinder which
can be firmly gripped in an ordinary retort-stand clamp ; thus the pair can be secured
in any desired position. The depth of each chamber is 5 millims. and the diameter
86 millims. If any leaf sufficiently large be slipped between them and be secured
hermetically by a ring of wax to the capsules on either side, the arrangement is
complete. One tube from each chamber is attached by india-rubber tubing to the

Fig. 1.

glass tube L of the apparatus (B. L., fig. 1), which supplies air freed from carbon
dioxide ; the other two tubes are connected to the two glass tubes projecting from
the switchboard (G, F) which are in connection with the absorption chambers.
When the current of air is circulating it then enters each capsule by one hole in the
rim and leaves it by the other opposite hole, taking up carbonic acid in its passage.
In addition to these circular capsules, I had made also a pair of oblong ones 75 millims,
long by 15 millims. wide, with rounded corners, and with the holes for the circulation
of the air-current at the opposite ends. These are shown with a leaf in sity in
fig. 1, A. It will be noticed that both pairs cover approximately the same area,
10 sq. centims., so that the results obtained with them are directly comparable.
Armed with these two shapes, either long narrow leaves or roundish ones can be
experimented on easily ; and very jagged and deeply-cut leaves are the only ones
that cannot be employed. With these convenient capsules the manipulation is
comparatively simple, but making an air-tight wax union between the leaf and the
MDCCCXCV.—B. 3 X
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rim of the capsule requires a little care. The wax which I have found most appro-
priate is a mixture of beeswax 50 parts, vaseline 35 parts, and resin 15 parts (36).
This melts at 52° C,, is soft enough to be extremely easily moulded, and is very
tenacious, never cracking when cold.

The necessary amount, of wax is attached to the rim of the capsules first, and then
the leaf is gently pressed between the two and so a preliminary adhesion obtained.
The brass blocks are now screwed up in their clamp and the whole can thus be easily
handled ; by holding each side uppermost in its turn and going round the wax with
a hot wire an air-tight union is secured with surprisingly little damage to the leaf
employed.

The leaves investigated are usually taken from branches removed with al
precautions against withering, and cut down under water till only the desired leaf
remains. The choice of leaf is determined by careful examination with a lens to see
that no perforations occur through the substance of the leaf. In a few cases the
leaves have been left in silu on a plant in a pot, and in some others the lamina has
been cut closely round the edge of the capsules after the leaf has been waxed in, and
the projecting rim of leaf carefully waxed over. All the methods seem to give the
same results for the first hours of investigation. Except where otherwise stated, it
will be understood that the first of the above methods has been employed.

When the leaf is securely waxed on, the capsules are tested to see if all the unions
are air-tight, by clamping the tubes leading to them and noting whether this com-
pletely stops the air current through the pressure bottles. A similar test is performed
at the conclusion of the experiment. Everything being ready, the current is allowed
to flow for an hour or more at some constant fixed rate between 50 and 100 cub.
centims. per hour, through the capsules and the pressure bottles, in order that the
amount of carbon dioxide the current is taking up from the leaf may become
constant. It is, of course, understood that in all experiments on respiration the leaf
is darkened by a black cloth. ‘

At the end of some time the two currents are simultaneously switched through the
two absorption chambers for some period varying from two to sixteen hours, at the
end of which an estimation of the carbon dioxide absorbed is made. In many cases
the experiment is started in the evening and allowed to go on all through the night
till the next morning, this gives a convenient and relatively large amount of carbon
dioxide for estimation.

We may start by first considering some cases where the contrast between cuticle
and stomata is most marked, that is, where the cuticle is very thick. Evergreen
leaves furnish the best examples of this; I have experimented on the Ivy. Oleander,
and Cherry-laurel,
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ExXPERIMENT L——Nerium oleander. Mature leaf of previous year.

Total CO, per

Duration of experiment. Surface. co hoar Ratio.
g :

| cub. centim. | cub. centim,

: ' ‘ . U 0025 0002
April 24-25, 9.14 »u. to 10.44 .., 13 hrs. 30 mins. { ool | 08 0065 } 8o
Upper 0025 0-006
i’ 25, 11.43 .M. to 3.43 P.M., 4 hrs. { Under 0°365 0091 } T6%

ExPERIMENT I1.—Prunus lourocerasus. Fully developed leaf.

Duration of experiment. Surface. | %032'1 C&"HI;.OP Ratio.
- o cub. centim. | cub. centim.
July 1-2, 820 rat. to 1085 aar, 1 hus. 20 mins. . { PR 98| DO g
¢ : . : | Upper 0-00 0-000
» 2,125 v, to 3.20 pou., 3 hrs. 30 mins. . . { Uﬁg; 0'30 0-090 } 190 |
| ] B |

ExreriveNT 11I.—Hedera helixz. Mature leaf. These determinations were taken
on only one side at a time, and on two diftferent leaves.

i
m | 1 l
Duration of experiment. Surface. | 100821 { pef]%zm'. i Ratio.
cub. centim. | cub. centim,
1110 oM. to 310 M., 4 hes. . . . . . . . . .| Upper 000 |+ 0000 N
Upper j ‘
3.30 p.M. t0 1030 Am., 19 hrs. . . . . . . . . (same | 004 | 000z
leaf) E ke
Lower | i |
4.30 p.y. to noon, 19 hrs, 30 mins, . . . . . . (different | 108 | 0054
leaf) 1 J

In all these cases the amount of carbon dioxide given off from the upper surface
never exceeds a trace. The allowed experimental error in estimating the carbon
dioxide amounts to one-hundredth of a cubic centimetre, so that for short periods
an accurate determination for the upper surface cannot be expected. Neglecting these
short experiments and considering only those that outlast twelve hours, we find for
the upper surfaces a uniform amount of 0'002 cub. centim. per hour for the 10 square
centims. of area, which is only 8 to 4 per cent. of the amount for the lower surface.
None of these leaves have stomata on their upper faces, and we see, then, clearly,
that here the stomata are practically the only paths of exit of carbonic acid from the
leaf. '

3x2
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The resistance, then, which a thick cuticle offers to the passage of water vapour is
more than equalled by its resistance to the passage of carbon dioxide, and GARREAU (12)
was quite right when he held that stomata distribution is more closely quantitatively
linked to exhalation of this gas than to that of water vapour. STAHL’S recent
researches on transpiration (33), made by the aid of cobalt chloride paper, point
strongly to a much greater divergence between the water exhalation on the two
surfaces of hypostomatiferous leaves than GARREAU found.  The latter rarely found
the lower surfaces transpire more than four times as much as the upper, whereas the
times required for the reddening of cobalt chloride paper, given by StaHL, indicate
an almost negligible transpiration from the upper surface of thick leaves. We may
anticipate that numbers with a ratio approaching those for respiration more closely
than the numbers of either GARREAU or voN HoHNEL (36) will be obtained by future
investigations.

Recalling that voN HouNEL (36) has shown that in young hypostomatiferous leaves,
before cuticularization is complete, the transpiration is greater from the upper surface
than it is in mature leaves, I experimented on the respiration of young leaves of the
above three plants, as soon as they had grown large enough to be used. In all cases
the leaves were of a bright light-green colour, and had but just expanded.

ExperiMENT IV.—Nerium oleander.  Very young leaf, just the size of the oblong

capsules.
. A . _ . m CO, per .

Duration of Experiment. Surface. | Total CO,. hoar Ratio.

N - “cub. centim. | cub. cenbirﬁtﬂ vvvvvvvv )

T. o . .
April 25-26, 5.56 p.u. to 10.11 A.x., 16 hrs. 15 mins. { 1 pper. oo oo } tie
. Upper. 0:00 0:000 ‘

, 26,115 aar to 12,50 rax, 1 hr. 45 mins. { [pper. ooy 00 } .

ExPERIMENT V.—Prunus lourocerasus. Youngest leaf but one of branch ; of just
sufficient length to take the oblong capsules.

Duration of Experiment. Surface. | Total CO,. C}(z) 21111?‘91' Ratio.

cub, centim, | cub. centim.
May 22, 1.20 p.at. to 6 var, 4 hrs. 40 min. . . . . { Upper. | 0005 ool s
. 22-93,6.46 b to 1246 par, 18 Ius. . . . . { Upper. | 0085 | 0001 } o
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ExperiMENT VI.—Hedera heliz. Young terminal leaf just large enough to take
the circular capsules.

I
} Duration of Experiment. Surface. | Total CO,. ChOO Lilfer Ratio
| .
cub, centim. | cub. centim.
j| Upper. 002 0-001 ,
May 20-21, 3.19 v.u. to 8.19 Aaw., 17 hus. ] v Von oo0s } s

- From these experiments it is clear that, instead of a greater percentage of carbon
dioxide being exhaled from the upper surface in the young leaves, the ratio is,
if anything, less, as indeed is also the absolute amount, while the total amount exhaled
altogether by the two sides is, as would be expected in still growing leaves, larger
than in mature leaves.

It thus seems that the young cuticle of these leaves presents no greater
permeability to carbon dioxide than the fully developed. This is opposed to the
results for water obtained by voN HomnerL (36). The leaves which I employed were
not, however, very young, and when a more suitable material is found I hope to do
further experiments on still younger leaves, and correlate the results with the
development of the stomata. SrTAHL, in his recent paper, referred to above, finds,
though his work is only qualitative, no approach to equality of transpiration on the
two surfaces of hypostomatiferous leaves, even in their youngest stages within the
bud, such as voN HouNEL and MErGET (37) affirmed to exist.

Contrasting the mean results of both groups of experiments, we get for the carbon
dioxide evolved, in cub. centims. per hour :—

TasrLe IL
Developing leaves. Mature leaves.
Plant. . ) N
Upper Lower . Upper Lower —
surface. surface. Ratio. surface. surface. Ratio.
Nerium oleander . . . .| 0001 "0-147 <y 1 0002 0-078 -
Prunus laurocerasus . . . 0-001 0-085 <iis 0-002 0-076 -
Hedera heliw . . . . . 0001 0-075 <+i5 ; 0-002 0054 ks

- We may now turn to some herbaceous and thin leaves which have all their stomata
on the lower surface. I have investigated the thin leaves of Platanus and dmpelopsis
hederacea and the extremely delicate leaves of Polygonum sacchalinense.


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

526 MR. F. FROST BLACKMAN ON VEGETABLE

ExperiMENT VII.—Platanus occidentalis. Fully developed leaf cut closely round the
margin of the capsule.

. . Total CO, per :
Duration of experiment. Surface. CO,. hoar. Ratio.
cub. centim. | cub.centim.
Aug. 3-4, 8.9 . to 119 A, 15 hus. Al R | O 000 |} xs

In morning, testing disclosed a small rupture of the wax round the midrib on lower surface;
carefully re-waxed.

Upper

Aug. 4, 1.35 van 0 635 vt S s, . . . . . . {| pERO

0225 0045

0:015 ‘ 0:003 l} ,
s

EXPERIMENT‘ VIII.—Platanus occidentalis. A different mature leaf.

| Duration of experiment. } Surface. %%z’l 'pegggur.
|

‘ cub. centim. | cub. centim.
i Aug. 10-11, 7.35 p.m. to 10.35 Am., 15 has. . .| Upper 0-02 0001

A

ExperiMENT IX.—Ampelopsis hederacea. A single large leaflet experimented on. |

Duration of experiment. Surface. %%:1 pel('jl(l) (?ur. Ratio.
cub. centim. | cub. centim.
1 e to 430 par, 8 hrs. 30 mins. . . . . . . .| Upper 001 0003
Lower 35
4.45 p.M, to 815 p.at., 3 hrs. 30 mins. . . . . . (different 031 010
leaflet)
ExperIMENT X.—Ampelopsis hederacea. Another leaflet.
Duration of experiment. Surface. gg;l pefl?gur. Raitio.
cub. centim. | cub. centim.
Aug. 4-5, 619 poxv. to 1149 A, 15 s, 30 mins. {| PEe: S o |} s
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ExperIMENT XI.—Polygonum sacchalinense. A large fully developed leaf.

Duration of experiment. Surface. g(gal pef}? car. | Ratio.
0 .
- o cub. centim, | cub. centim.
Aug. 11-12, 811 par. to 9.41 A, 13 hrs. 30 mins. . { Upper oo o } T
Aug. 12,10 A, to 6.45 p.w., 8 hrs. 45 mins. . I| Ppper oo oo } .

This last leaf is the most delicate one known to me that carries all its stomata
on its lower surface. :

If we tabulate the results for these thinner leaves, taking the mean of all the
determinations for the lower surface and neglecting those for the upper surface,
which are shorter than 12 hours, we get in cubic centims. per hour :—

Tasie I11.
Plant. Upper Lower Ratio.
surface. surface.
cub. centim. | cub. centim.
Platanus occrdentalis . 0-001 0:05 -
Ampelopsis hederacea 0003 010 55
Polygonum sacchalinense 0-002 003 i
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From these we cannot but conclude that, practically speaking, no more CO, passes
through the cuticle normally in these thinner leaves than in the thick ones. That
in Polygonum the ratio reaches 6 per cent. is due to the very small total activity of
this very thin leaf’; the absolute quantity from the upper surface is no larger than
in other cases, and the internal tension may be the same,

It must be recalled too, that the amounts estimated on the upper surface, even in
a twelve- hour experiment, are only two or three times the allowed error of observa-
tion in titration, and further, that if a current of air freed as far as practicable from
CO, has been drawn through the baryta solution in the apparatus for a corresponding
period, a glass plate having been substituted for the leaf, a certain, though minute
amount of carbonic acid will have found it way into the baryta solution by the end
of the experiment. The amount of this error of working may be more than half as
much (0°02 cub. centim. for twelve hours) as a leaf appears to give out by the upper
surface. So it seems that delicate as is the method of estimating the CO,, the
amount given out by 10 square centims. of upper leaf surface during many hours is
so minute as to rank almost with the errors of working and observation. Further
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there is a possible source of error in the occurrence of occasional isolated stomata on
the upper surface of these leaves.

We may, therefore, conclude generally that those leaves which have all their
stomata on the lower surface, exhale nearly the whole of their carbonic acid on the
same surface, and that only really the merest traces pass through the epidermis and
cuticle of the upper surface.

Before dealing with those leaves which have stomata on both surfaces, I must present
the results obtained with very young leaves of Platanus. This leaf, when quite
young is densely pubescent ; indeed at the size at which they were experimented on
—not more than 5 centims. in diameter and so only about one-tenth of their mature
size—the green surface can hardly be seen through the hairs. On this material T
determined the CO, given off from both surfaces in two different cases.

ExpErIMENT XIL—Platanus occidentalis. Very young leaves, densely crowded
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with hairs.
. . . Total CO, per .
Duration of expeument. Surface. CO,. hour. Ratio.
cub. centim. | cub. centim.
June 11-12, 420 2w, to 11 o, 18 hus. 40 mins. . . {| DPE | 733 vo |}
May 1920, 9.45 pax. to 12,15 pav., 14 hrs. 30 mins. . {i Dpper | 0855 | D06 |}

This is in such decided contrast to the results for the young leaves of the plants of
the first group, that I think the large amount of CO, given off above must be
connected with the plentiful hairs.

Curious to see what would be the result of removmg them, I shaved them all off
the upper surface with the greatest care, employing a blunt silver knife. The result
was an interesting increase in the amount for the first few hours, possibly due to the
opening of the bases of the hair cells and their contents.
down removed

ExpERIMENT XIII.— Platanus occidentalis. Another similar leaf’;

from the upper surface.

Duration of experiment. Surface. f;g:l C}?(‘fu‘;?r Ratio.

| cub. centim. | cub. centim.
June 19, 3.56 P, to 8.16 par., 4 hrs. 20 mins. . . . { Dpper | 0722 5100 } o'
June 19-20, 9.7 p.y. to 11.27 A, 14 hrs. 20 mins. { - Dper ‘ 0o e } s
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After the first few hours the amount of CO, given off averaged about the same as
in an uninjured leaf (Experiment XII).

These leaves of Platanus were, I think, rather younger than the leaves of Nerium,
Hedera, and Prunus, which gave an entirely different result, so it may possibly be
that these latter exhale CO, from both surfaces when examined in a younger stage
than I could employ them. I am inclined, though, to think that with glabrous
leaves it would not be so. I propose, however, to make further experiments on this
point in due season. :

Having seen how closely the surface exhalation of carbon dioxide is limited to
the areas bearing stomata in leaves with these openings only on one surface, we may
feel sure that leaves with stomata on both surfaces will liberate carbon dioxide
through both surfaces. It only becomes then of interest to see how far a proportional
relation holds between stomatic distribution and the exhalation of carbon dioxide.

The majority of these leaves have more stomata on the lower than the upper
surface ; I have found, however, one suitable leaf with more stomata above, and one
with an equal number on either surface.

ExperIMENT XIV.—Alisma plantago. The stomatic ratio is given as 133 (38). The
leaves were cut off under water and experimented on in the vertical position

with the stalk in water. Two different leaves were used.

. . Total (6]6) .
Duration of experiment. Surface. Co,. per hogur. Ratio.
cub. centim. | cub. centim.
June 1-2, 8.25 p.M. to 10.31 a.m., 14 hrs. Under 038 0027
: . Upper 135
» 2-3, 8.58 p.m. to 10.10 A.m., 13 hrs. 20 mins. . (different 0-27 0020 100
leaf)

ExperiMeNT XV.—Adlisma plantago.

Similar conditions : a series of double experi-
ments, all taken on the same region of one leaf.

Duration of experiment. Surface. g();:nl pef}?ogur. Ratio.
cub. centim. | cub. ce‘nt‘im. i
July 12-13, 8.40 p.u. to 9.40 A.x., 13 hs, : { Upper | 0395 oo } 138
» 13,4 var. to 630 P, 2 hrs, 30 mins. DR | 00s | oose |) i
o 1314, 812 pax 0 942 aan, 13 bus. 30 mins, . {| PP B98O Ly

[V

MDCCCXCV.~—B.
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These two experiments show a ratio of CO, exhalation between the two surfaces
which may be said to be almost identical with that of the distribution of the stomata.

The falling-off in the absolute amount of respiration during the second night in
Experiment XV. is, naturally, under the conditions considerable, yet the ratio
between the two surfaces is nearly unaltered. This was the only one of the various
leaves known to have more stomata on the upper surface, that was at once obtainable
and large enough for my capsules. But the results are so clear as to hardly need
further confirmation.

For a leaf with practically the same number of stomata on the two surfaces I made
use of the isobilateral leaves of Iris germanica.

ExprriMENT XVI.—TIris germanica. The leaf was cut off low down and kept vertical
and dipping into water. The round capsules were applied at opposite spots, half
way up the leaf.

. . Sorpofio o Total CO .
Duration of experiment. Surface. CO,. per hgur. Ratio.
cub. centim. | cub. centim.
OQONR .
May 21, 10.18 to 5.53 p.., 7 hours 40 mins. . { 833‘; 8832 } 119
May 21-22, 6.30 p.M. to noon, 14 hours 30 mins.. . { ggi’g 883% } 108

Here again the CO, exhalation follows with undoubted proportionality the distribu-
tion of the stomata.

We may now consider a few cases of the more common occurrence ; where the
stomata on the lower surface are in varying excess over those on the upper.

In establishing a relation between the distribution of stomata and evolution of
CO, there is considerable difficulty in deciding what numbers to take as representing
the ratios of stomatic distribution on the two surfaces of the leaf. Those determined
by different observers or by different methods rarely agree. The numbers given by
WEIss seem the most reliable and they are the means of widely different numbers (39).
Seeing that it is then impossible to get accurate determinations for a given leaf, we
caunot look for any very close numerical agreement between stomata and CO, I
have therefore been contented with comparing the numbers for the evolution of CO,
obtained by myself with those given for the stomata by trustworthy authorities.

The most detailed example that T have to offer is that of Ricinus communis, foliage
leaves and cotyledons.
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ExperiMENT X VIL.—Ricinus communis. The first foliage leaf above the cotyledons
of a young plant in which the cotyledons appeared to be still in full activity.

Total CO,

Duration of experiment. Surface. 0, per hour Ratio.

cub. centim. | cub. centim.

T . .
June 10, 1.14 .M. to 6.44 p.r., 5 hours 30 mins. { }j(?vgzﬁ 883? 88%? } 100
Jane 10-11, 7.29 v to 749 av. 12 hours 20 mins. || PP | OAE8 | OO L 4o

ExperiMENT XVIIL—Ricinus communis. Fully expanded cotyledon of the same
plant as above. The cotyledon still attached to the small plant in a pot.

Duration of experiment. Surface. ’loo(‘;{:l pero}%ur. Ratio.

cub. centim. | cub, centim, | -
June 5-6, 8.49 rav. to 1119 aav, 14 hws, 30 mins, . {| pFPEr | (200 R } 100
June 6,12.86 »v. fo 546 rav, 5 bus. W0mins. .. {| PP 0951 OOIR L g

ExperiMENT XIX.—Ricinus communis. The opposite cotyledon of the same plant
was cut off and experimented on with the stalk in water,

Duration of experiment. _ Surface. %0821 pex(?]?gur. Ratio.
cub. centim. | cub. centim, -
June 7, 12.26 .. to 7.56 par., 7 hrs, 30 mins. . . { Upper 008 er } 100

The uniformity of the results obtained when there is a reasonable amount of CO,
evolved from the surfaces under investigation seems to clearly exhibit the value of
the method of estimation.

The mean respiratory ratio for the foliage leaves is thus about 10/25 and for the
cotyledons 10/18.

Now HaBERLANDT has determined the number of stomata for both the cotyledon
and foliage leaf in connection with some experiments on transpiration (40). He
finds on a square millimetre for the foliage leaf 70/177 and for the cotyledon
106/146. With the numerator 10 these become 10/25 and 10/14. Thus in this
case the agreement between stomata and CO, exhalation is as close as could be
expected. In discounting stomatic ratios it must be borne in mind that the stomata

3Y 2


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

Downloaded from rstb.royalsocietypublishing.org

532 MR. F. FROST BLACKMAN ON VEGETABLE

are often of more or less different sizes on the two surfaces, which must modify the
ratio regarded simply as an expression of the penetrability of the surface to gases
by diffusion.

It is interesting to note that the sum of the number of stomata on the two
surfaces is the same in foliage leaf and cotyledon ; it is only the distribution which
varies. While HaBerLANDT found that the cotyledon transpired more than the
foliage leaf in proportion of 18 to 11, I find that the foliage leaf' respires more than
the cotyledon in proportion of 17 to 11, so that these two functions seem quanti-
tatively independent of one another. .

In other leaves that I have experimented on the ratios between exhalation of
catbon dioxide and distribution of stomata on the two surfaces are also in fairly
close agreement.

ExperiMENT XX.—Populus nigra. Stomata 100/575 (25). This is one of the few
trees that have stomata on both sides of the leaf.

Duration of experiment. Surface. '(ljootjl pex('}}?gnr. Ratio.
cab. centim. | cub. centim.
9.15 v, to 10.35 A, 13 hrs. 20 mins. . . { E(?VEZ’; 8.]5'33 8-8%(7) } 578

Further, a leaf, of the distribution of the stomata on which T can find no record.
My own rough determination gives 5/12, which is quite close to the exhalation ratio.

ExPERIMENT X X [.— Helranthus tuberosus.

Leaf attached to a large shoot in water.
Stomata, 100/240.

Duration of experiment. Surface. ’lé(g’:l per?l?ogur. Ratio.
: cub. centim. | cub. centim.
. » . .02
July 3-4, 8.5 pu. to 945 Aar, 13 hrs, 40 mins. . { Upper | D815 002 } 190

Another example :-


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
(@)

Downloaded from rstb.royalsocietypublishing.org

ASSIMILATION 'AND RESPIRATION. 533

ExpermMENT XXIL—Tropeolum majus.  Capsules applied to the peripheral part of
the lamina petiole in water. Stomata about 100/200 (38).

Duration of experiment. Surface. %O(g:'l perC}?o 211“ Ratio.
! cub. centim. | cub. centim.
July 28-29, 9.30 .M. to noon, 14 hrs. -30 mins. . { Eﬁl))v};:; 8%)(2) 88%2 100
| Aug. 3-4, 8.46 vy, to 10.46 A, 14 hrs. . . { [pper 022 oo } 190
|

A factor which ought to come into play and affect these ratios is the varying power
possessed by the stomata of closing in the dark (34). In Alisma it is known that the
stomata remain wide open in the dark. If the stomata become actually hermetically
closed in any cases, it is hardly to be supposed that the ratios for exhalation of carbon
dioxide would remain unaffected. I hope to make some experiments on this point
and on the effect of withering, which rapidly closes the stomata in some cases.

A well-marked broad relation between stomatic distribution and the exhalation of
carbon dioxide is, however, clearly proved by the examples given in this section, and
we may now turn our attention to the relation between stomatic distribution and
assimilatory intake of CO,,

Section IV.—On the Path by which Carbon Dioxide passes into Leaves during
Assimilation.

The experiments on this point are conducted on essentially the same plan as those
on respiration, with the difference that the air coming into the capsules is not freed
from CO,, but is loaded with a definite percentage of this gas by the ‘“ constant CO,
generator ” described in the previous paper (B. I, fig. 5).

After the leaf has been fitted up carefully in the capsules described in Section IIL.,
the glasses of which have been previously well cleaned, the inlet tubes are attached
by a T-tube to the exit tube B of the “ CO, generator,” and the aspirator currents
allowed to run for a couple of hours, in order that the percentage of CO, may
attain constancy. During this time the leaf with the capsules is kept completely
darkened, but it must be so arranged that when the covering is removed a bright
light-—either direct sunshine, or, much preferably, the reflected light from a heliostat
—falls on the capsules at right angles to their surface, so that the leaf within is fully
illuminated.

At the end of the two hours it is expected that the streams of air passing through
the two capsules are moving at constant and equal rates, and contain equal and
constant proportions of CO,. These expectations can be verified by taking two pairs
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of preliminary estimations. For each pair the two currents are switched through the
two absorption chambers for a given time, and at the end switched back through the
pressure bottles while the titration is performed. The duration of the passage
need be but quite short, generally fifteen minutes, but its length depends on the
amount of CO, with which the air current has been charged ; this, however, never
much exceeds 1 per cent. If the amounts of CO, absorbed in the two chambers be
found to be equal, within the error of observation, and the second pair, taken a little
later, show no increase in CO, content, everything is ready, and the cover is removed
from the leaf capsules. After a certain length of illumination, a new estimation of
the CO, is made for the same length of time as before. If any CO, has been taken
up by either surface of the leaf, the current from that chamber will show a falling- off
in its CO, content ; and, if it does not show this, then no CO, has been taken up.
Subsequently, the illumination may be altered or stopped, and, after a short time,
another estimation made, and so on, ending with a pair of estimations in darkness,
when, if all has gone well, the original amounts of CO, should be again obtained.

To get a complete set of readings of this description requires much watchfulness,
and a favourable concurrence of circumstances such as is rarely accorded.

A reasonable expectation of unclouded sunshine is necessary to justify the prelimi-
nary setting up of the experiment, and the fulfilment of this expectation is equally
essential. No considerable variations of temperature must occur during the time, as
these, at least under my former conditions of work, affect the rate of the aspirator
flow and the working of the CO, generator. No experimental hitch of any kind must
occur ; a wrong tap turned may produce a lasting error ; and the experimenter must
always admit exactly the right amount of baryta solution to give a resistance equal
to that in the resistance bottles, or the rate of flow will not be quite steady.

I can only present a few experiments in which everything has gone absolutely
correctly.

Of these we may first take one with a fairly thin leaf which possesses stomata only
on its lower surface.
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ExprriMENT XXIV.—Admpelopsis hederaces. Petiole cut down several times under
water and four of the leaflets removed. The round capsules attached to the two
surfaces of the other leaflet.

The capsules were attached at 2.15 .M., the CO, generator being supplied with
N/50 HCI, and the aspirators running at 88°5 cub. centims. per hour each. The leaf
was darkened at 2.30 and the current drawn through till 5.4 to get everything
constant. Kach estimation lasts 15 minutes.

Baryta solution .
neutralized. CO; absorbed.
Number. Conditions of illnmination. —— - ! —
Upper Lower Upper Lower
surface. surface. surface. surface.
i ) o | "cub. centim. | cub. centim. | cub, centim. | cub. centim.
1 | Dark from 2.30 to 5.19
Bstimation, 5.4 t0 519 . . . . . 074 076 0-00 000
2 Diffuse light, 5.19 to 6.5
Estimation, 5.50 to 6.5 . . . . . 074 0-68 000 004
3 Sunlight (feeble), 6.5 to 6.32
Estimation, 6.17 to 632 . . . . 074 048 0:00 014
4 Dark, 6.32 onwards (
Estimation, 6.57 to 7.12 . . . . 074 0-68 0:00 0-04
b} Dark. Estimation, 7.34to 749 . . . . 076 078 000 000

The third and fourth columns contain the numbers of cubic centimetres of the
standard baryta solution neutralized by the carbon dioxide in the current for each
estimation. This is, of course, given by the difference between the actual amount of
the hydrochloric acid required to neutralize the solution in the absorption chamber,
and the standard amount calculated from preliminary comparisons of the strengths of
the two solutions.

The baryta solution employed is of such a strength as to unite with exactly half its
volumn of carbon dioxide gas. On this relation, the figures given in the last two
columns are calculated from those in the two before. The slight variations in the
first and last pairs of estimations are no larger than the error of estimation and may
be neglected.

From this table the result comes out most clearly that no CO, is taken up by the
upper astomatic surface of the leaf, even in direct sunshine ; the whole amount that
is absorbed enters by the under surface.

It will be observed that it takes some little time for the CO, content to reach its
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maximum again on darkening after light, and that the ‘04 cub. centim. “ absorbed ” in
reading 4 is only an expression of this.

The actual percentage of CO, present in the capsules at various times may be
calculated from the amount of baryta solution neutralized, and the rate of flow of the
current. Thus, the current flows } (88'5) = 22°12 cub. centims. for every fifteen
minutes. The amount of (O, passing in this time is for the top surface of the leaf,
1(0°74) = 37 cub. centim. of CO,, so that the strength is 1'67 per cent. of CO,.
During the most active absorption (Reading 8) the amount is reduced on the lower
surface to 4 (0'48) cub. centim. of CO, in 22°12 cub. centims. of air, which gives 1:09
per cent. So the leaf has assimilated 0:58 per cent. of CO, from the air supplied
to it. '

Another experiment with a leaf of Platanus gave similar results, though the
circumstances were not steady, and the amount of CO, liberated by the CO, generator
rose considerably towards the end of the experiment.

ExperiMENT XX V.—Platanus occidentalis. Stomata all below. Very much weaker
acid, about N/250, was used in the CO, generator. The aspirators ran 90 cub.
centims. per hour each. The preliminary current in the dark lasted for 4 hours.
Each estimation lasted 20 minutes.

Baryta sqlutlon 00, absorbed.
neutralized. 2

Number. Conditions of illumination.

Upper Lower Upper Lower
surface. surface. surface. surface,

cub. centim. | cub. centim. | cub. centim. | cub. centim.

1 Dark, 1.35 to 5.35

Estimation, 5.15 t0 5.35 . . . . 017 019 0-00 000
2 Sunshine (feeble), 5.235 to 6.58

Hstimation, 6.5 to 6.256 . . . . . 020 006 0-00 007
3 Sunshine (the same)

Estimation, 6.38 to 6.58 . . . .| (Spoilt) 0-08 . 0-06

4 Dark, 6.58 onwards
Bstimation, 8.11 to 8.31 . . 021 026 0-00 000

The continuousrise in the CO, content, apparently on both surfaces, due to external
circumstances, leaves the conclusion unshaken that all the CO, absorbed is taken up
by the lower stomatic surface. ‘

A further fragmentary experiment with a delicate leaf quite confirms this. The
experiment was cut short by an accident.
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ExpERIMENT XX VI.— Polygonum sacchalinense.

N/100 acid in generator.

937

Stomata all on lower surface.

Baryta solution

CO, absorbed.

neutralized.
Number. Conditions of illumination.
Upper Lower Upper Lower
surface. surface. surface. surface.
cub. centim. | cub. centim, | cub. centim. | cub. centim.
1 Dark, 10 to 12.31
Estimation, 12.16 to 12:31 . 036 044 0-00 000
2 Sunlight, 12.31 to 1.31
Estimation, 1.16 to 1.31 037 011 000 016

I have so far only obtained very few sets of estimations on leaves with stomata on

both surfaces.

The summer of 1894 has hardly afforded a single day suitable for

these prolonged experiments.

With Adlisma plantago 1 have obtained one excellent complete series of readings.
In this experiment all the estimations lasted fifteen minutes, and the intervals
between them, during which two titrations had to be performed and the chambers
This gives the series great regularity,

refilled, were also all exactly fifteen minutes.

and the conditions of illumination were changed every thirty minutes, just at the
end of each absorption period. '

MDCCCXCV.—B.
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Experivent XXVIIL-—Alisma plantago. Leaf in oblique position with stalk in
water. Stomata 135/100. N/100 HCI in the CO, generator. Current rate
= 100 cub. centims. per hour.

B

Baryta solution
] neutralized. GO, absorbed.
< > Number. - Conditions of illumination.
> —~ Upper Lower Upper Lower
O o surface. surface. surface. surface.
Cd o= cuab. centim, | cub, ceﬁtim cub. centim. | cub. centim
= O 1 | Dark, 11.45 to 2.5 ‘ o
T O Estimation, 1506025 . . . . .| 030 028 0:00 000
= w

2 Sun through ground glass, 2.5 to 3.5

::I% Estimation 2.20 t0 2.35 . . . . . 0-09 017 010 006

%9 3 | Sun, as above. Estimation, 2.50 to 3.5 . 000 007 015 011
-

8U w 4 Sun through thin paper, 3.5 to 3.35 '

85’ o Estimation, 3.20 0 3.35 . . . .| 010 014 010 007
P4

=< 5 Shaded on the upper surface; sun on the

Ef-'ﬂ lower surface, 3.35 to 4.5
= Estimation, 3.50 to 4.5 . . . . .| 015 014 007 007

6 Dark, 4.5, onwards
Bstimation, 4.30 to 4.45 . . . . 024 029 003 0-00

7 Dark. Estimation 5.5 to 5.20 . . . . 0-28 0-28 0-00 000

The assimilation 1s, in this experiment, very vigorous; in Reading 8 the whole of
the carbon dioxide supplied to the upper surface was absorbed. It can be reckoned
out as before that the stream of air entering the capsule contained 0'60 per cent. of
carbon dioxide, and that the capacity of the capsule being 5 cub. centims., any particle
of the gas may be considered to remain inside the capsule for three minutes only,
during which short time all the molecules of carbon dioxide diffuse through the
stomata into the leaf.

It will also be noticed that there is a slight but constant tendency for the absorp-
tion of CO, to be greater on the upper surface where there are more stomata. Thus,
in 2, 3,and 4 this is clearly exhibited, while in 5, when the leaf is lighted from below,
the absorption by the lower surface only becomes equal to but not greater than that
by the upper surface.

An incomplete experiment with a leaf of Tropeolum showed absorption of carbon
dioxide by both faces of the leaf when the leaf was illuminated on the upper surface
from a mirror. The distribution of the stomata is varyingly given by different
observers from % to 4. It is sufficient at present that there are more below.
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ExeeriMENT XXIX.—Tropeolum majus. A large leaf with the lamina horizontal,
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and the capsules on peripheral part of the leaf. Stalk in water. N/60 HCI
in CO, generator. Aspirators both running 86 cub. centims. per hour. Pre-
liminary current started at 11,15. Estimations each last 80 minutes.
Baryta solution
neutralized. CO, absorbed.
Number. Conditions of illumination. e
Upper Lower Upper Lower
surface. surface. surface. surface.
cub. centim. | cub. centim. | cub. centim. | cub. centim.
1 Dark, 11.15 A.m. to 3.4. p.m.
Bstimation, 2.34 ».m. to 3.4 p.M. . 0-81 082 0-00 0-00
2 Sunlight, 3.4 p.M. to 4.2 p.u.
Estimation, 3.32 p.m. to 4.2 .M. . 068 062 007 010

Although lighted on the upper surface, distinctly more carbon dioxide is taken in
by the lower surface, and on this surface the stomata are more abundant.

With these experiments may be compared some made on assimilation in which no
carbon dioxide is artificially supplied, but instead, the assimilation of the carbon
dioxide formed by respiration is noted.

ExpERIMENT XXXI.—Alsma plantago. Stomata, 135/100.
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Total CO, escaping. . CO,4 per hour.
|
Number. Conditions of illumination.
Upper Lower Upper Lower
surface. surface. surface. surface.
wwwwwww cub. centim. | cub. centim. : cub. centim. | cub. centim.
Dark all night to 9.40 A.m.
Estimation, 13 hrs., 8.40 p.M. t0 9.40 A.m. 0:395 0-32 0.030 0-025
2 Diffuse light, 9.40 a.M. to 3.16 p.m.
Estimation, 3§ hrs., 11.31 A.M. t0 8.16 p.n. 0-005 001 0-001 0-003
3 Dark, 3.16 p.m..to 6.30 p.m.
Estimation, 2% hrs., 4 p.M. to 6.30 p.M. . 0:075 0:065 0030 0026

The total amounts of CQO, estimated for the 3% hours of illumination are not
greater than the allowed error of observation, so it may be that the whole of the
respiratory carbon dioxide is assimilated in this diffuse light.

A similar experiment with the stomatic under surface of another leaf shows
apparently a complete assimilation in sunlight, but a not quite complete assimilation
in diffuse light. |

3z 2
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Exprrivent XXXIL—Acer platanoides. Stomata, 0/S. Illuminated on its
upper surface.

Number. Conditions of illumination. . Total .009 CO, per hour.
' escaping.
o | cub. centim. cub. centim.
1 Direct sunshine, 11.6 to 3.6 ]
Bstimation, 12.6 to 3.6 . . . . .. 000 000
o
2 Dark, 3.6 p.u. to 5.35 p.u.
Estimation, 3.55 to 535 . . . .~ 0135 0-08
3 Diffuse light, 5.35 to 8.1
Estimation, 546 to 8.1 . . . . . 1 004 0018

The third estimation was however commenced rather too soon after the period of
darkness for this to be quite conclusive evidence of escape of CO, in diffuse light.

The first reading of Experiment XXXII. and the third of Experiment XXVIIL
show conclusively that the classical experiment by GARREAU (41), demonstrating the
supposed liberation of carbon dioxide in bright light is misleading. That a little
CO, continually escapes from an entire branch put in a closed chamber with baryta
water in the sun is not to be wondered at. The shaded parts of assimilating tissues,
together with the non-assimilating tissues of petioles, stems, buds, &c., might quite
account for this, but it is difficult to see how any carbonic acid should escape from a
completely illuminated leaf surface of normal assimilatory activity. The resuit of
GARREAU’S experiment is then only an expression of the uncritical conditions in which
it was made. CORENWINDER (42) showed in 1878 that with young but expanded
leaves the chlorophyll of which was not yet fully developed, an evolution of carbon
dioxide takes place in the sun, and that this is clearly due merely to the imperfect
development of the assimilatory function, for the amount of the CO, liberated increases
in the dark. With mature leaves he found that no liberation of CO, takes place in
sunshine.

From the combined consideration of the concordant results obtained on respiration
and assimilation, we see definitely that, at least, as far as carbon dioxide is concerned,
gaseous exchange closely follows stomatic distribution on the two surfaces of leaves.
From this it results that this exchange takes place practically entirely through the
openings of the stomata into the intercellular spaces. The only alternative hypo-
thetical possibility, that in every case the exchange takes place across the epidermis
cells and cuticle of those arews which bear stomata, and yet not through the
stomatal openings, can hardly be seriously entertained. This supposition would
involve, among others, the assumption that the cuticle on the lower surface of
hypostomatiferous leaves is often fifty to a hundred times more permeable than that
of the upper surface.
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Manain (27) has, however, experimentally shown that the cuticle of the lower
surface of leaves, well known to be thinner and more delicate than that of the upper,
is never more than four or five times as permeable as the latter. Though his
absolute results on artificially isolated cuticle may be of little application, yet we
may trust them to give reliable comparisons between different cuticles, such as those
of the upper and under surface when treated both in the same way. The difference
shown by his investigations is in no way capable of explaining the normal differences
of CO, liberation, which are almost of a higher order of magnitude.

The experiments in the subsequent sections bear on the gaseous exchange under
abnormal conditions, but we may now definitely conclude that, under normal con-
ditions, where stomata are present, their openings form almost the sole path of
gaseous exchange.

Section V.—On the Gaseous Exchange wn Leaves when the Stomata are Occluded.

As stated in the historical treatment of our subject (p. 508), BoussiNGAULT has
been held to have proved that the carbon dioxide taken up by assimilating leaves
passes, not through the stomata, but through the cuticle and epidermis of the
stomata-free upper surface of the leaf.

This section will be devoted to the full exposition of the fallacy that underlies the
accepted interpretation of his results. His work merits this special consideration, as
it has been hitherto the chief experimental prop of the ¢ cuticular exchange ” theory,
and, as the principal experiment, is perfectly trustworthy in itself, in spite of several
suggestions to the contrary.

The experiments occur in his “ Etude sur les Fonctions des Feuilles,” 1867 (9), in a
long section of it entitled * Action comparée de la lumiere sur les faces opposées
d’une feuille . . .”

Although not so divided by the author, the experiments really fall into two classes :
one deals with the localization of gaseous exchange on the surfaces of the leaf, and the
other with the action of light on the two surfaces. |

The first class consists of a single important experiment, No. VIIL* (p. 374),
which is the foundation for the whole conclusion. In this experiment one of two
similar leaves of Nerium oleander was painted over with lard on its upper astomatic
surface, and the other similarly treated on the lower surface, thus blocking the
stomata. These were then compared as to their assimilating power by being exposed
side by side to bright diffuse light in glass tubes containing a known mixture of air
and carbon dioxide. After eight hours it was found that the leaf with its stomata
open had decomposed 10 cub. centims. of carbon dioxide, while the other, with the
stomata blocked by the lard, had decomposed 17°5 cub. centims. of this gas. This

* The experiments are not numbered in his text, but the numbers are quoted from the précis of the
experiments given at the end of Boussingaurnt’s article,
p g
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result was then clearly to be taken as proof that the carbon dioxide passed into the
leaf by the upper astomatic surface, and not through the stomata, or blocking them
would have diminished the amount of carbon dioxide assimilated.

For some time after I had carried out the experiments of the previous section
which prove conclusively that, during assimilation, carbon dioxide enters the leaf not
through the cuticle but through the stomata, this result of BoUSSINGAULTS was a
complete enigma to me.

It was impossible to explain it, as MANGIN had attempted, by the discontinuity of
the coating of lard, for if this existed and so only some fraction of the stomata were
blocked up, the effect became still more remarkable, as it must be assumed that
blocking the whole of the stomata would cause a still profounder difference between
the two leaves.

That the cuticle of leaves was slightly permeable to CO, was well-known, but how
was one to explain the greater intake of CO, in this condition than in the leaf with
its stomata open ? Tt occurred to me that the explanation might lie in the large CO,
content of the gas in which the leaves were exposed. The CO, formed more than
30 per cent. of the mixture, and the less decomposition of CO, in the leaf with stomata
open might be due to its receiving not less CO, than the other leaf, but more, indeed
so much more above the optimum for assimilation that it decomposed much less than
the leaf inside which the CO, was not so abundant. Within the latter, CO, would
never become very plentiful, diffusing slowly as it must through the upper surface of
the leaf, as the stomata were blocked with lard. I then turned to GoDLEWSKI'S
well-known paper (438) on the optimum strength of CO, for assimilation, and found
that he had worked on this same leaf, Nerium, and that although his results are
not very decisive, there was evidence that the Boussingault result could be inter-
preted in this way. Thus GopLeEwskr found the optimum strength of CO, for
assimilation in Nerium to be decidedly lower than the 8 per cent. which is the
number for other leaves. On looking through his experiments with Nerium there will
be found one, No. XXXIV., which just seems to fit the case in question. In this
experiment he exposed two leaves to the light in 28 per cent. CO, and 36 per cent.
CO, respectively, and the amounts of CO, decomposed were as 10:17'8. Assume
that from an environment of 30 per cent. CO,, the CO, diffuses through the cuticle
of the leaf with blocked stomata at such a slow rate that there is only as much CO,
inside the leaf as would result from about 3'6 per cent. outside were the stomata
open, and the whole contradiction is gone. I shall later adduce experiments to prove
that some such relation as this does hold.

The truth of the above explanation of BoussiNgAULT’s result will be confirmed if it
be shown that in an atmosphere which contains an amount of CO,, that is but little,
if at all, above the optimum for assimilation, the reverse result is obtained and the
leaf with open stomata decomposes more CO, than the one with the stomata blocked.
I have, therefore, performed a series of experiments similar to BoussINGAULT’S, but
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with leaves of Nerium in varying percentages of CO,, and have found that in a high
percentage the leaf with its stomata blocked always decomposes more than the normal
leaf, while in low percentages it decomposes less.

These experiments were all performed, with slight modification, by the method
brought to perfection by PFEFFER, and described in detail with all its possible sources
of error in his well-known paper, “ Die Wirkung farbigen Lichtes auf die Zersetzung
der Kohlensiure in Pflanzen” (44). It will, therefore, be only necessary to mention
the departures from the procedure there described.

An ordinary cylindrical 100 cub. centim. gas tube, 20 millim. wide, graduated and
closed at one end, was employed instead of the special tube, with an ungraduated
dilatation at its upper end, which Prerrer introduced. PrEFFER’S tube was indeed
unnecessary for the narrow leaves of Nerium on which all the experiments were
made, but¥it is also impracticable for experiments in high percentages of carbon
dioxide, as only the lower third of it can be graduated.

Then again, in either tube, the suction of the lungs is not sufficient to raise the
mercury up to the height required for the subsequent introduction of more than 20
per cent. of CO,. The simple method that I used to effect this is really more con-
venient for all cases than the suction through a washing bottle described by PFEFFER,
provided that a suction pump of any sort is at hand. A length of india-rubber
tubing of small bore, and thick-walled to prevent its occlusion by collapse, is con-
nected with the pump at one end and the other end is pushed up into the assimila-
tion tube till it is above the height to which it is desired to raise the mercury. The
pump is gently started, and when the mercury is drawn up to the right Ievel the
tubing is tightly gripped in the fingers and drawn down out of the assimilation tube.
This method does away with the necessity for a special opening at the upper end of
the assimilation tube, and also with the trouble of making this air-tight before each
experiment.

In other respects the standard procedure was followed, and the same corrections
and reduction formula made use of, the gas-volumes being in all cases reduced to 0° C.,
760 millims. Hg., and dryness.

I have not attempted to measure my results beyond tenths of a cub. centim., as T
feel sure that the method does not possess any further potentiality of accuracy,
chiefly on account of the condensed water which forms on the sides of the tube.

I performed altogether twelve double experiments, in the sunny spring of 1894, all
of which gave concordant results. Leaves of Nerium, of the previous year, in perfect
condition were alone employed. They were in all cases opposite leaves of similar
colour and size. The experiments may be given in the ascending order of the relative
amounts of carbon dioxide in the air within the assimilation tube.

A preliminary experiment made with two similar leaves both in normal condition
and in the same strength of carbon dioxide confirmed the trustworthiness of the
method by giving practically the same decomposition of CO, per unit area for the
two leaves.
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In a second preliminary experiment (XXXIII.) one of a pair of opposite leaves
was vaselined on the upper surface, the other leaf not at all. They both decomposed
sensibly the same amount of CO,, which shows that vaseline on this surface has no
direct or indirect effect, provided that the stomata are left open, and so may be
omitted in the control leaves in the rest of the experiments.

Expermvent XXXIIL—Two opposite leaves of Nerium oleander. One vaselined
on the upper surface only. The other leaf normal. 8} hours’ exposure. Sky

variable.
CO, decomposed.
Nertuwm oleander Before exposure. Volume . ’t}{rgg:llt
: Air + CO,. after KHO. Perh i G0
Total. er hour an [ g
sq. centim.
cub. centims. cub. centims. | cub. centims. cub. centim,
Normal leaf . . . . . 61'3 + 260 688 75 0-020 26
Vol., 0:7 cub. centim.
Area, 132 sq. centims.
Leaf vaselined above . . 621 4+ 270 69-0 69 0019 26
Vol., 0°8 cub. centim.
Area, 12'4 sq. centims.

The first column gives the condition of the leaves together with their respective
volumes and areas; the second, the absolute corrected amounts of air and carbon
dioxide introduced into the assimilation tube at the beginning of the experiment.
After the stated exposure to bright light the leaf is withdrawn and the CO, still
undecomposed is absorbed by introducing caustic potash. The volume of gas left on
cooling after the action of the potash is given in the third column. The excess of
this over the primary volume of air in the tube gives the total amount of oxygen
formed by the assimilating leaf ; this figures in the fourth column and in the fifth
column it is reduced to a common unit of one hour and a square centimetre of leaf
area. The sixth column contains the mean percentage of carbon dioxide present
during the assimilation, and so gives us a sufficient method, though not so accurate a
one as might be desired, for the comparison of the different experiments.
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ExperIMENT XXX1V.—Two opposite leaves of Nerium oleander, as equal as possible
in size and colour, were selected ; the lower surface of one was well greased with
vaseline, rubbed gently into it with the finger. The other leaf was untreated.
They were similarly exposed in gas tubes, side by side, in a south window from
11.15 A.M. to 4 p.M., the sun shining most of the time.

; |
00, decomposed. 1

: i Mean
Nerium oleander, ] BefAO?e eXposure.. After ‘ percent.
i i + COg. KHO. P " h \ d f CO
Total er hour an o 9
) : sq. centim. !
! cub. centims. o cub. centims. | cub. centims.ﬂ cub. centim. ‘
Normal leaf . . . . . 678 + 59 742 64 007 40

Area, 20 gq. centims.

Vol., 09 cub. centim. |
Vaselined leaf. . . . . 664 + 59 673 09 001 ! 75

Area, 20 sq. centims. "

Vol., 1'0 cub. centim. ‘

ExrermMENT XXXV.—~Leaves as in Experiment XXXIV. Exposure, 11.25 to 3.45.
Day dull, with little sun.

. CO, decomposed.
Nerium oleander Before exposure. Aftor ] N B pl;/f'eczﬁt
Air + 00, KHO. Total Per hour and ! of CO,.

8q. centim.

cub. centims. cub. centims. | cub. centims. cub. centim.
Normal leaf . . . . . 642 + 41 688 46 0055 30
Avea, 19'3 sq. centims. :
Vol., 0'9 cub. centim.
Vaselined leaf. . . . . 642 + 7-3 651 09 001
Area, 19'3 sq. centims.
Vol, 1'1 cub. centim.

©
=

ExperiMENT XXX VI.—Leaves as in Experiment XXXIV. Exposure, 12.30 to 3.30.

Sky variable.
CO, decomposed.
Before exposure After e Mean
Nervum oleander. Aip 8 0 : KHO percent.
1+ C0,. ’ n Per hour and | of CO,.
otal. . 2
sq. centim,
cub. centims, cub. centims. | cub. centims, cub. centim.
Normal leaf . . . . . 631 4 62 654 2:3 0:046 3
Area, 16:80 sq. centims.
Vol., 1'4 cub. centim.
Vaselined leaf . . . . . 63'3 4+ 59 64-1 08 0017 80
Area, 1595 sq. centims.
Vol., 1'2 cub. centim.

MDCCCXCV.—B. 4 A
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ExprriveNnt XXX VIIL-Leaves as in Experiment XXXIV. Exposure, 11.30 to 3.30 ;
behind a slightly ground glass plate. Continuous sunshine.

CO, decomposed.

Nerium oleander. Beﬁf're exopc())sure. éﬁ‘g pi\fsgrrllt.
i+ 2 I \ Per hour and | of CO,.
Total. . 2
sq. centim.
cub, centims. cub. centlﬁl; cub. centims. cub. centim.
Normal leaf . . 641 + 147 792 151 018 93

Arvea, 20'99 sq. centims.
Vol., 10 cub. centim.
Vaselined leaf. . . . . 638 + 147 67°0 32 0-04 17-9
Area, 20°62 sq. centims.

Vol., 12 cub. centim.

In all these the CO, decomposed by the normal leaf exceeds that decomposed by
the vaselined leaf. In Experiments XXXVIIL-XL., made in stronger mixtures of
carbon dioxide, this relation is reversed.

ExperiMENT XXX VIIL.—Leaves as in Experiment XXXIV. Exposure, 12 to 3.30.
Much sunshine.

! CO, decomposed.

Nerium oleander ‘ Before exposure. After M1ean ¢
aerat vor ~ Air 4 00, KHO. peroent.
; , Per hour and| of CO,.
Total. . 2

sq. centim,

cub. centims. cub. centims, | cub. centims, cub. centim.

Normal leaf 366 + 404 40°1 35 0-043 502

|
|
|
|
|

Area, 22'43 sq. centims,

Vol., 1-08 cub. centim.
Vaselined leaf . . . . .. 351 + 401 406 55 0-069 497

Area, 22°73 sq. centims. |

Vol., 1'25 cub. centim. !

ExperiMENT XX XIX.—Leaves as in Experiment XXXIV. Exposed behind ground
glass; 11 A.M. to 3.15 p.m.  Continuous sunshine.

CO, decomposed.

Mean
_ Before exposure. After
Nerium oleander. . p percent.
Air + CO,. KHO. Per hour and | of CO,.
Total. . 2
sq. centim.
cub. centims. cub. ceutims, | cub. centims. cub centim.
Normal leaf. . . . 339 + 483 379 40 0049 563

Area, 19-11 sq. centims.
Vol., 0-90 cub. centim.
Vaselined leaf. . . . . 341 + 470 394 53 0-067 54-7
Area, 1845 sq. centims.
Vol., 1:00 cub. centim.
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ExPERIMENT XL.—Leaves treated as in Experiment XXXIV. Exposed in prac-
tically pure CO,.

00, decomposed.
Aftor Mean
Nerium oleander. Before exposure. KH% . percent.
e v Per hour and | of CO,.
Total. . 2
sq. centim.
cub. centims. | cub. centims. cub. centim.
Normal leaf . . . . . Pure CO, 41 41 0-033 98
Area, 20:87 sq. centims.
Vaselined leaf. . . . .|  Puare CO, 64 64 0-060 96
Area, 17-89 sq. centims.

In these three experiments, as in Boussincaurr’s, the vaselined leaf decomposed
more CO, than the normal leaf.

ExperiMENT XLIL.—Two leaves were bhoth vaselined on the lower face and exposed
at the same time, one in a low percentage of CO,, the other in a high percentage.

CO, decomposed.

Nertum oleander. Befgr © exposure. ég% pivr['gzrl:—t.
ir + 00, : Total Per hour and | of CO,.
otal. 8q. centim.
cub. centims. cub. centims, | cub. centims. cub. centim.
Leaf vaselined below . . 504 + 32:2 533 2:9 0036 372

Vol., 1'2 cub. centim.
Area, 20 sq. centims. .
Leaf vaselined below . . 780 + 88 789 09 001 96
Vol., 1'3 cub. centim.
Area, 20 sq. centims.

The result shows that with leaves that have their stomata blocked, the ordinary
relation between the assimilation and the presence of superoptimal amounts of CO,
around the leaves is reversed.

Tabulated below is a comparison of the relation given by these experiments of the
assimilation of normal and vaselined leaves to the composition of the atmosphere in

which they are placed.
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548 MR. F. FROST BLACKMAN ON VEGETABLE
TasLe IV.
Absolute amounts of CO, Ratio of the amounts of CO,
No. of decomposed per unit area. decomposed per unit area. (}\é{?ggpgz:ngﬁ
experiment. each experiment.
Normal leaf. | Vaselined leaf. | Normal leaf. | Stomata blocked.
~ cub. centim. cub, centim, T
XXXIV. 0-07 001 1 0-14 6
XXXV, 0-055 0-01 1 0-20 63
XXXVI. 0046 0-017 1 021 75
XXXVIIL 018 0-04 1 0-37 : 14
XXXVIII. 0-049 0-067 1 13 55
XXXIX. 0-043 0-069 1 15 50
XL. 0033 0-060 1 18 97

The behaviour of the ratios between the two amounts in each experiment is very
obvious. As the fifth column shows, it continually increases till it becomes ten times
as great. It might possibly be suggested that this was all due to the falling off' of
the assimilation in the normal leaf, as the CO, is increased above the optimum, while
perhaps the assimilation of the leaf with its stomata blocked remained constant, or
even also fell off, though very slightly. Experiment XLI. was specially designed to
show that this is not so. Here, under the same conditions, a leaf in 87 per cent. CO,
assimilated over three times as much as a leaf in 10 per cent. CO, when both had
their stomata blocked. |

After this it cannot but be clear that the whole phenomenon bears the interpreta-
tion that I have put upon it. A consideration of the absolute numbers given in the
two other columns of the table quite supports this view. Of course, as the conditions
of illumination, &e., varied for each experiment, only a general comparison can bhe
made, but evidently the vaselined leaves XXXIV. XXXV., XXXVI. in low per-
centages of CO, decompesed only minute quantities of this gas, while those in high
percentages—XXXVI1I., XXXIX., XL.-——averaged five times as much. It seems
possible from the numbers, that within these latter leaves the amount of CO, was
approaching the physiological optimum, which, with open leaves, occurs right at the
other end of the scale of percentages.

A due consideration of this difference seems to bring out the relativity of that
which we speak of as the optimum percentage of CO, for assimilation. The numbers
experimentally obtained for this function really express the external optimum of
carbon dioxide content—a number very convenient to know, but not of direct
physiological significance. The wnternal optimum for the atmosphere surrounding the
assimilating cells themselves must be a smaller number, which might well be constant
for all cases. The external optimal number would then be a combined expression of
this constant and a variable, which would depend on the structure of the leaf in
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question, and would be large for those leaves which, by reason either of the smallness or
scarcity of their stomata, the narrowness of their intercellular spaces or the thick-
ness of the leaf offered considerable resistance to the diffusion of carbon dioxide.

How variable the size and numbers of stomata may be, the more recent paper of
Werss (39) plentifully exhibits, and UNGER (45) has shown that the volume of the
intercellular spaces in leaves may vary from 3 per cent. to 71 per cent. of the total
volume of the leaf. Whether all this variation really does produce a marked eﬁ‘ect
* on the penetrability of leaves we cannot yet say.

In the vaselined leaves under consideration with their stomata blocked, carbon
dioxide might reach the intercellular spaces round the assimilating cells by two
possible paths, by diffusion through the cuticle and epidermis cells, or through the
film of vaseline blocking the mouths of the stomata.

Experiment XXXIV. shows that only one-seventh as much CO, reaches the
assimilating cells by the conjoint action of these paths as passes by the open stomata,
and in a future section (VI.) I hope to give some facts tending to show what share
each path takes.

Having thus fully cleared up the experiments of BoussINGAULT'S first class, which
deal with the localization of gaseous exchange, we may turn to those of the second
class, which really deal chiefly with the localization of the action of light on the leaf.
Two expedients were adopted by BoussiNneauLr to effect, for the purposes of com-
parison, an isolation of the action of light on either surface of the leaf.

For one, a strip of opaque black paper was fixed by a very thin layer of starch
paste to that surface of the leaf which he wished to remove from the action of light.

For the second, the two similar surfaces of a pair of leaves are fixed together, also
by starch paste. If the two upper faces are joined together, it is assumed that the
two lower only are exposed to the action of light, and wvice versd.

In all cases the leaves to be compared were exposed at the same time to hoht in
separate vessels, containing known mixtures of air and CO,, and the amount of CO,
decomposed in a given time determined.

A control leaf, with neither of its surfaces covered with black paper, is employed
at the same time, and is said to have both its surfaces exposed to light. The only
satisfactory conclusion that these experiments do really bring out is that, ceteris
partbus, a leat assimilates more when light falls on its upper surface than when the
light falls on the lower surface. With thin leaves this difference is-only slightly
marked, but with thick ones it is considerable ; yet, of course, noﬂhing approaching to
a real separation is obtained, and the very conclusion drawn by the author that the
sum of the amounts of carbon dioxide decomposed by the two faces acting “separately”
exceeds that of the two faces acting together in one uncovered leaf, might have
shown that the method was untrustworthy. :

In all the assimilation experiments that he performed, BoussiNgAULT used high
proportions of CO,, and this is undoubtedly one of the several sources of error in
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550 MR. F. FROST BLACKMAN ON VEGETABLE

those experiments of the second class in which leaves were pasted together in couples
and compared. These untrustworthy experiments with their dubious conditions
of illumination and diffusion, would have been passed over here had they not been
‘recently particularly referred to as supporting the view that carbon dioxide is
normally absorbed through the cuticle of the leaf. In one of these experiments (VII.)
a pair of Oleander leaves, fastened together with starch paste by their upper surfaces,
decomposed 127 cub. centims. CO,, while a similar pair fastened together by their
lower surfaces decomposed 18:3 cub. centims. This greater decomposition in the
latter might be entirely due to the excess of CO, being kept off by the blocked
stomata, as detailed above, or might be aided by the different faces illuminated in the
two cases. How far, again, the result is militated against by the imperfect blocking
of the stomata which must result when two leaves with such promwinent mid-ribs are
fastened together by their lower surfaces, can hardly be determined.

BoussiNeauLT regarded his experiments, as a whole, as proving that the upper
surface of a leaf 1s more active in gaseous exchange than the lower stomatic surface,
but only Experiment VIIL, the significance of which we have entirely reversed,
ought to have been held to yield clear evidence on this point. Most of the experi-
ments of the second class do not furnish any evidence on this point, but only as to
the greater activity of the upper surface vn relation to light. These two functions are
widely different, but are mixed up together in his conclusions; while the localization
of the latter of them still holds good, that of the former has been destroyed. Although
in the introduction to this very paper BoussiNnGAULT states that DE SAussure has
determined that one-eighth or one-twelfth of CO, in an atmosphere forms the optimum
for CO, decomposition, yet the state of this knowledge was hardly ripe enough for him
to be expected to grasp the fatal bearing of it on most of his own results. One may be
permitted to wonder, however, that the fallacy has remained for so long unexposed.

As a corollary to the experiments given in this section, mention must be made of
the effect of exposing leaves that have their stomata blocked with vaseline to so
small a percentage of carbon dioxide as that occurring in the atmosphere. Here the
difference between the vaselined leaf and the normal leaf is very marked, and
according to the usual phraseology, the vaselined leaf does not assimilate at all, that
is to say, it forms no starch on exposure to bright light.

If a leaf with its stomata all on the lower surface be freed from starch by darkness
and then, with half the under surface coated with vaseline, be exposed for a whole
day in a good light, no starch will be found in this half, while the other has formed
starch freely. Coating the upper surface has no effect on starch formation. I
performed such experiments in the summer of 1893 and showed them to some
botanists. Nearly at the close of my research, in July, 1894, Stann (33) published
similar experiments. He found a mixture of cocoa-butter and bees-wax preferable to

vaseline. His observations are much more extended than mine, and he gives some
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interesting figures of the starch formation that takes place round wounds or openings
in the upper epidermis under these circumstances. I obtained the best results with
leaves of Vaitus, Polygonum sacchalinense, and especially with Sparmannia. In its
suitability for demonstration purposes this experiment, should be of great service in
dispelling the established English view as to the paths of gaseous exchange.

Section VI.—On the Artificeal Diffusion of Carbonic Acid through the Living Leaf.

With a view of obtaining more detailed information on the possible paths of
gaseous exchange in leaves, I have performed some quantitative diffusion experiments
on leaves of Neriwm, which are specially suitable for such work since they are very
strong, rarely damaged or perforated by insects, and quite devoid of stomata on the
upper surface.

In previous sections, 1II. and IV., we have proved that normally, gaseous exchangs
takes place through the stomata. In Section V. we have shown that CO, diffuses
into a leaf with its stomata blocked with vaseline when it is present in large quan-
tities outside, but we have not yet decided by what path this takes place. So far we
cannot say whether the cuticle is absolute]y impervious to CO, or whether it is
pervious, though but slightly.

The following experiment gives a clear answer on this point. A leaf of Nertum is
carefully fitted up between the pair of oblong capsules. To the chamber on the
upper surface, air freed from CO, by the potash tower is supplied and the current
passing from it is led through one of the resistance bottles in the usual way.. The
tubes of the capsule attached to the lower surface of the leaf are, however, discon-
nected from the apparatus and a current of air containing a very high percentage of
CO, (25 to 30 per cent.) is passed continuously through them over the lower surface
of the leaf. This is accomplished in a way to be presently described. After both
currents have been passing over the two surfaces for some hours in order that
everything may become constant, the current from the upper surface which will
contain any CO, that may diffuse through the leaf is switched into ome of the
absorption chambers. Hverything is allowed to go on’in this way for over twelve
hours and then the amount of CO, that has diffused through the leaf in this time is
estimated, and the exact strength of the current, rich in CO,, bomg‘ over the lower
surface also determined. This latter cannot be determined by passing it through the
absorption chamber of the apparatus, because it contains so much CO, that it would
neutralize all the baryta in it in a few minutes and much CO, would escape unabsorbed.

The production and analysis of this current are conducted as follows. A large
bottle holding a dozen litres is filled with air mixed with 80 per cent. of CO,. It is
closed above by a cork, with two glass tubes through it. Through one of these water
slowly enters the bottle and drives out the gas through the other, which is connected
with the capsule on the lower surface of the leaf. The water enters in a constant
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succession of drops, the rate being regulated by a capillary tube and a constant head
of water. This may be kept up for a whole day without attention, but as the water
entering will take up some of the carbonic acid, it is necessary to test the actual
strength of the current passing the leaf. This is done by collecting the outflowing
current from the capsule in a graduated tube over mercury, and determining the CO,
by potash absorption. Such a determination is taken at the beginning and the end
of the diffusion experiment, and the mean is taken to represent the strength of the
gas on the lower surface of the leaf.

In one case this was 25 per cent. CO,, and the current which was drawn over the
upper surface was passed through the absorption chamber from 8.48 p.y. to 11.28 A.M.
On titrating, 0'45 cub. centim. of baryta had been neutralized by CO,, and the
aspirator had run out 1275 cub. centims. of water. The amount of CO, in this
current was therefore 0°02 per cent., or 0016 cub. centim. of CO, had diffused
through the 10 sq. centims. of leaf surface in each hour.

A similar experiment in which 81 per cent. CO, was supplied to the lower surface
of the leaf gave a strength of 0035 per cent. CO, on the upper surface, or 0:034 cub.
centim. per hour traversing the leaf.

ExperimeNT XLIT.—Diffusion through the leaf of Nerium oleander.

Percent. CO, on Dur'a,tior_l of Total CO, diffuse d. Percent. CO, on
lower surface. estimation. upper surface.
hours. cub. centim,
25 141 _ 0-225 0-02
31 19 0655 0035

The amount of CO, that is found on the upper surface has traversed the whole
thickness of the leaf, but we may regard the stomata and intercellular spaces as
offering very little resistance to diffusion compared to the actual passage through the
substance of the upper epidermis and cuticle.

From these experiments on the living leaf we find that the thick cuticle and
epidermis of the leaf of Nerium are not quite impervious to CO,. Two deductions
may be drawn from these experiments : one that, imagining the direction of diffusion
reversed, the placing of a leaf with its stomata really blocked in an atmosphere of
30 per cent. CO, and in the light is hardly more generous from the point of view of
assimilation than placing it in the ordinary atmosphere with its stomata open. The
other, that when the upper surface of a leaf exhales CO, to this amount (0°085 per
cent. of current) in the dark with its stomata blocked, the internal atmosphere of the
leaf must contain nearly 30 per cent. CO,.

To fully analyse the conditions of diffusion in leaves with stomata blocked by
vaseline, we must also determine how much diffusion can take place through a film
of vaseline.
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For this purpose an experiment quite similar to the above was performed, except
that in place of the leaf between the two capsules, there was a piece of filter paper
most carefully saturated with vaseline and coated with a film of it about as thick as
that applied to the leaves in Section V. The result was as follows :—

ExpreriMENT XLIIT.—Diffusion through vaseline.

Percent. on one Duration of 3 . Percent. CO, on
surface. - estimation. Total GO, diffused. other surface.

| |
| hours. cub. centim, ‘

40 ’ 13 0-825 ‘ 0:065

35 ! 7% 0455 . 0:061
|
I |

There is no doubt that the amount of CO, that had passed, really diffused (by
osmosis) through the substance of the vaseline and not through some unvaselined
holes in the filter paper, because the 40 per cent. CO, current was under a slight
excess pressure (5 millims. of water) and if there had been the slightest porosity of
the film a very much larger amount of CO, must have passed through. Vaseline
then in thin films is much more pervious to CO, (¢f. Appendix) than the cuticle of the
leaf of Neriwm. We see therefrom what caution must be employed in all inductions
drawn from experiments on gaseous exchange when the stomata are blocked by
vaseline. What is true for vaseline is more or less true also for other waxes and
unguents (¢f. Appendix). We now need to know something of the relative perme-
ability of the stomatic surface of a leaf ccated with vaseline and the normal uninter-
rupted cuticle. Information on this point can be obtained by estimating the CO,
evolution from the two surfaces when the leaf is vaselined below and kept dark.
This is carried out in exactly the same way as the respiration experiments detailed
in Section IIL, only the lower surface of the leaf is carefully coated with vaseline
some hours before the experiment is commenced.

ExpPrErIMENT XLIV.—Nertum oleancer. Leaf coated on lower surface with vaseline
on afternoon of May 31. Estimation made for the upper surface only.

Total CO
Date. from uppegr CO, e}wlrolved Per cenf:. CbOQ
surface. per hour. in current.
{ cub. centim. cub. centim.
May 31 to June 1, 8.30 par. to 10.30 a.m., duration | 010 00035 0-006
14 hours
June 1-2, 11.40 A.M., to 12.40 p.m., duration 25 hours 041 0008 0-011
June 2-3, 1,18 p.u. to 11.48 Ay, duration 22 hours . 031 0:007 0009

The first estimation may be ignored as being too low, the CO, not having yet
MDCCCXCV.—B, 4B
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arrived at its full strength in the internal atmosphere of the leaf. Again, in a later
experiment estimations of the CO, given off were taken on both surfaces of the leaf
at once.

LxPERIMENT XLV.—Nerium oleander. The leaf coated with vaseline on its
lower surface on August 16 ; estimations taken on both surfaces at once.

. . Per cent. CO
1 a m Pl
Number. Time. Total CO,. CO, per hoar. in chamber.
cub. centim. cub. centim.
1 Aug. 18, 62 hours . . . . . 0055 Fo281= 0032 0018
2 Aug. 18-19, 17 hours . . . . 91es 00081 = 0:024 L0Ls

In all the fractions the numerator denotes the upper surface of the leaf and the
denominator the lower surface. The figures for the upper surface of the leaf agree
very well and show definitely that in a leaf which has its normal outlet, the stomata,
blocked up, part of the carbon dioxide of respiration passes out through the upper
surface. In the normal leaf 0:002 cub. centim. per hour was the maximum amount
of CO, that appeared to pass out from the upper surface ; if, indeed, it be not all due
to working errors. With the vaselined leaf the amount is too large to be attributed
to error, and four times that from the normal leaf. This must be attributed of course
to the greater strength which the CO, reaches in the internal atmosphere under
these conditions. The smaller total respiration of the leaf (03 cub. centim. instead
of 0'8 cub. centim.) is due presumably to the scarcity of oxygen within the leaf. The
amount of CO, diffusing out above does not however rise to the ‘02 per cent. which
25 per cent. CO, supplied to the lower surface of the leaf causes.

Experiment XLV. serves to convince us of that which the proving of the dif-
fusibility of CO, through vaseline suggested, namely, that the lower surface is by
no means rendered impervious by coating it with vaseline. About one-fourth
(020 cub. centim.) as much passes through the vaselined surface as passes through
this surface with its stomata open (-078 cub. centim.) (¢f. Table II., p. 525), and, which
is most striking, the lower surface is even in this condition more permeable than the
normal upper surface by some two or three times.

Injecting a leaf produces a somewhat similar effect. Thus a leaf of Nerium was
injected with water by means of a vacuum pump, and when it was found by inspec-
tion that the air had been completely removed, it was wiped carefully dry and put
up between the oblong capsules, its petiole being in water and the whole kept quite
dark.
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ExpErRIMENT XLVIL.—Nerium oleander. Leaf injected with water at 3.80 p.m.

’ Duration of experiment. Total CO,. CO, per hour.
o cub. centim cub. centim.
7.23 p.M. to 10.53 a.m., 15 hrs. 30 mins, . . . . . 0083 g_gz_t} = 0044

In the morning the leaf was still completely injected. In this leaf the normal
diffusion through intercellular spaces can no longer take place. All the gases travel
in solution, and the stomatal surface has no longer an immense advantage in the
matter of gaseous exchange, So, though the total gas exchange is small, yet a tenth
part takes place through the upper epidermis. Comparing the numbers obtained for
relative output of CO, on the two surfaces with normal injected and vaselined leaves
of Nerium, we have :-—

‘002 1 — 1 3 ‘004 o —_ 1
Normal 722 cub. centim. = 5. Injected 333 cub. centim. = 5.

Vaselined below 208 cub. centim. = 3

We are led to conclude that the path of gaseous exchange is not, so to speak, a
fixed specialized route, but depends on the balance of permeability. The permeability
of the epidermis with its cuticle is small but fixed. If intercellular spaces filled with
air and unblocked stomata, be the alternative path, then all the exchange goes that
way, and at most 8 per cent. takes place through the upper epidermis. When the
resistant water-logged stomata and intercellular spaces are the alternative route, then
10 per cent. of the CO, may pass through the upper epidermis. If vaseline take the
place of water the resistance is increased again, and 83 per cent. may pass through
the upper surface. That is to say, if we take the permeability of the continuous
epidermis as unity, that of stomatic epidermis will be 39, falling to 3 when coated
with vaseline.

This seems to give a clear conception of the balance of the possible paths of gaseous
exchange. Were a leaf to consist of two surfaces of continuous epidermis without
any stomata, its potentiality of gaseous exchange would be extremely limited and its
respiration proceed with difficulty. I hope to carry out some experiments on such
organs with continuous epidermis.

The question of gaseous exchange in assimilation is rather a different one. In this
case the maximum difference of tension that can arise for carbon dioxide, between the
inside and outside of the leaf, is fixed under normal circumstances and so minute
(‘04 per cent. outside and ‘00 per cent. inside) that alternative paths do not come
into play, and if the stomatal path be not open, practically no carbon dioxide enters
the leaf.

4 B2
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Section VIL.—Conclusion and Summary.

In conclusion, but little can be added to what has been said in the previous section.
It must be noticed that, throughout, only the carbon dioxide of the gaseous exchange,
and not the oxygen, has been localized. Chemical analysis hardly permits us to
attempt any such work with this latter gas. It can, however, hardly be doubted that
its movement is normally limited to the stomata as much as that of carbon dioxide.
For, on the one hand, it must theoretically diffuse more readily through small openings
such as stomata, since its density is less, and on the other hand, it has been
experimentally proved to pass through cuticle less readily than carbon dioxide.

The internal structure of leaves is generally in accordance with the view that all
gaseous exchange takes place through stomata, for the intercellular spaces narrow
towards the palisade cells, forming a sort of funnel with the wide end at the stomatal
region. The active cause of the divorce which results in the palisade cells and
stomata, whose united action is necessary for vigorous assimilation, being found on
opposite surfaces of the leaf, is, of course, the double necessity for at once limiting
transpiration and illuminating the assimilating cells.

Numbers are available which allow us to form a slight quantitative conception of
the process of diffusion which must go on during active assimilation. From SAcHS’
paper ¢ Die Ernihrungsthiitigkeit der Blitter” (24) we extract, that for a square
metre of leaf, and an hour, the gain in weight by assimilation is in Helianthus annuus
1-88 grams. Reckoning this material as all starch, it necessitates an absorption of
3 grams. or 1530 cub. centims. of CO,, that is, 0'15 cub. centim. of CO, traverse
the surface of each square centimetre of the leaf per hour. Now, according to the
measurements of WEIss (25) this leaf possesses 17,500 stomata in this area of the
upper surface, and 32,500 on the lower. As regards diffusion through the leaf, the
size of the stomatal slits is the important point ; these have not been measured in
this particular plant, but taking the mean measurements for other plants with similar
stomata, we may assume the area of a single opening to be about 0:000077 square millim.
the openings will then constitute 1'25 per cent. of the upper surface, and 25 per cent.
of the lower. This adds up to a total opening of 375 sq. millims. into each sq.
centim. of leaf area. Through this congeries of minute holes, 0°15 cub. centim. of
CO,—(the total CO, in 400 cub. centims. of air) —which is present in the atmosphere
at a tension not exceeding one-third of a millim. of mercury (0°04 per cent. of 760
millims. Hg)—must diffuse every hour.

The passage of CO, into the leaf during assimilation is the most difficult and erucial
of the four movements of gases, two of respiration and two of assimilation, that take
place. In any of the other three the differences of tension between the inside and
outside of the leaf may increase to almost any extent, while for this case the difference
of tension never exceeds 0'3 millim. Hg. The cuticle of land plants is practically
impenetrable to this small tension. Wetting the cuticle does not assimilate it in
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function at all to that of water plants, for it still continues impervious, as NAGAMATZ
(46) experiments show. He found that with submerged leaves of land plants which
can be wetted, no starch formation is effected. I have found, however, that the
cellulose-walled cells readily conduct their gaseous exchange under water. If a leaf
(e.9., Ailanthus glandulosa) be injected with water containing carbon dioxide, and
be then placed in the sun, still under water, the water is rapidly driven out of the leaf,
owing to the formation by assimilation of more oxygen than the water in the inter-
cellular spaces can dissolve. If the leaf is kept in the dark it remains injected for
days, and so also if it is injected with water carefully freed from CO, and then exposed
to the sun.

Some of the errors into which BoussiNeauLT and other writers on this subject have
fallen, have been due to the use of too concentrated CO,, which can at that tension
diffuse through cuticle in sufficient quantity to give apparently normal phenomena.
With approximately normal strengths of CO, no appreciable diffusion takes place.

I hope, shortly, to examine whether on parts devoid of stomata, gaseous exchange,
especially in assimilation, is as vigorous as it seems generally held to be.

To sum up briefly my general results :

(1.) Under normal conditions, practically the sole pathway for CO, into or out of
the leaf is by the stomata.

(2.) In young leaves the cuticle seems to be no more permeable to CO, than in
mature leaves.

(3.) If the stomata be mechanically blocked an appreciable osmosis of CO, may
take place through the cuticle provided that the tension of the CO, be great enough.

(4.) The normal amount of CO, in the atmosphere is not sufficient to produce any
appreciable osmosis into a leaf with its stomata blocked ; assimilation therefore
cannot continue under these conditions.

(5.) The experimental optimum of CO, for assimilation depends on the structural
porosity of the leaf, so that if this be reduced by blocking the stomata, even pure CO,
may not quite effect optimal assimilation.

(6.) To this, and not to the stomata being inoperative in gaseous exchange (which
was BOUSSINGAULT's view), is due the fact that in concentrated CO, a leaf with its
stomata open assimilates less than one with the stomata blocked.

(7.) In bright light a fully green leaf assimilates all the CO, that it is forming
by respiration and none escapes from it. GARREAU’S demonstration to the contrary
is only an expression of the imperfection of the conditions under which it was
performed. '

Finally I should like to express my thanks to Deputy-Professor DARWIN and other
colleagues for putting my time as far as possible at my own disposal for the
prosecution of this somewhat laborious research and for much other encouragement.
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APPENDIX.
On the Solubility of Carbon Dioxide in Oils and Waxes.

In various modern scientific books, it is stated or implied that carbonic acid is
insoluble in oils and waxes and will not diffuse through them.

In Warrs’ ¢ Dictionary of Chemistry’ (1883), in the article on ““ Diffusion of Gases,”
p. 819, it is stated that neither anise oil nor olive oil absorb carbonic acid. The
common practice of covering alkaline solutions with a layer of paraffin oil, to prevent
the absorption of carbonic acid from the air, largely implies this; as does also the use
of olive oil in the academic experiment of placing water plants in a vessel of water
freed from carbonic acid and covered with a layer of oil, in order to exclude atmo-
spheric CO, and prevent the formation of starch. Further, in 1885, THORNER (47)
introduced an apparatus for analysing mixed gases in which water is employed, and
is only prevented from absorbing the gases, especially CO,, under analysis, by a thin
layer of olive oil. Physiological experiments on the respiration of fishes (48) have
also been based on the use of a film of oil to separate the gases liberated in the water
from those liberated above it. The employment of films of lard in experiments on
gaseous exchange involved tacitly the same assumption.

Having had it forced upon me experimentally that carbon dioxide is soluble in oils,
I experimented and found that every oil and wax that I tried absorbed considerable
quantities of carbon dioxide, and that in some the gas was more soluble than in water.

I employed vaseline, lard, cocoa-butter, paraffin oil, and olive oil, introducing them
into graduated tubes full of carbon dioxide over mercury, and noting the diminution
of the volume of the gas.

- Of the solids vaseline absorbs most CO,, and cocoa-butter least. Both the oils
dissolve over one-and-a-half times their own volume of CO, at atmospheric pressure
and 15° C., but with olive oil the absorption takes place very slowly. A table of
results (A) is appended.

As of biological experimental interest, I examined further the effect of a thin film
of oil in preventing the passage of carbon dioxide above into water below it. This
was also tried with two gas tubes full of CO, inverted over water ; on to the surface
of the water, in one of them, a layer of olive oil 4 millims. thick was passed up with
a curved pipette. The level in this tube rose much slower than that in the other,
but 6 cub. centims. of CO, had passed through the oil in the first 24 hours, while
74 cub. centims. had been absorbed by the free water surface in the other tube
(¢f. Table B). This result is opposed to that given by THORNER (op. cit.), who says
that a layer of olive oil 2 millims. in thickness over water prevented any noteworthy
absorption of pure CO,in 9 hours. Through a layer of paraffin oil the passage is
still quicker. :

This explains why in the practice of volumetric analysis an alkaline solution is
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found to slowly deteriorate, in spite of a supernatant layer of paraffin oil. In
biological experiments it must also be allowed for. '

The facts that I present are by no means new, but they seem to have quite
dropped out of general knowledge, and, as seen above, have been in some cases
denied. After my enquiries had been answered in the laboratory, I came upon an
early clue in the literature, which led me to GEHLER’s ¢ Physikalisches Handworter-
buch,” 1825, in which it is stated that PRIESTLEY discovered the solubility of CO, in
olive oil, and another investigator determined it quantitatively for linseed and
lavender oils. The former takes up 15 vols. of CO, at 18° C., and the latter
1'6 vols., while water only dissolves 1°0 vol. I also found that twenty years after
this DrRAPER independently determined that CO, would pass through oils, and that
in his ¢ Treatise on the Forces which Produce the Organization of Plants,” published
in New York in 1844, he uttered the same protest, which I desire to revive and
extend, that ““ contrary to the apparent opinions of botanists, gases can pass through
fixed oils, and even lamp oil, apparently in accordance with their solubilities.”
I append a table of my results, all determined at a temperature between 17° C.
and 18° C.

TABLE A.
Amount of . .
Number. Solvent. CO, absorbed by Time required
1 2 . to effect saturation.
cub. centim.
cub. centiuis.
1 Water .~ . . . 1-0 ‘Longer than 2.
2 Paraffin oil . 15 A few hours.
3 Olive oil . 16 Over 48 hours.
4 Vaseline . 09 30 hours, but with a much
larger surface.

TasLe B.—Rate of Absorption of CO, by Equal Surfaces of Water (3 sq. centims.}

THE ROYAL
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Duration
of experiment.

Free surface.

Through a film
of 7 millims.
paraffiin,

Through a film -
of 4 millims. -
olive oil.

cub. centims

cub. centims.

cub. centims.

After 6 hours . 125 5
. 24, 73 400 60
D48, .. .. 12:0
o2 170
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