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In studies concerning the movement of gases and vapors into and out of
the leaf, it is frequently necessary that the dimensions of the stomates be
determined. Such information may be more useful if it consists of a con-
tinuous record of the stomatal aperture rather than a series of periodic
measurements. Two methods are generally used for the procurement of
such continuous data; direct microscopic measurement and the porometer.

Direct microscopic measurement of the dimensions of the stomates has
been considered the most accurate method by many workers. There are,
however, several difficulties which make accurate measurements by the
microscope difficult. For certain leaves, under some conditions, accurate
measurements can be made only with extreme difficulty. For other leaves,
the microscope cannot be used at all. The method is not well adapted for
continuous observation, because of the strain imposed upon the worker and
because of undesired changes induced through mechanical manipulation and
the use of light. Also, since only a few stomates can be measured at one
time, the question arises as to whether they constitute a representative
sample or reflect correctly the average stomatal aperture. However, when
employed for the determination of the dimensions of the stomates at a par-
ticular instant, a high degree of accuracy may be achieved.

The porometer is a device used to measure changes in the rate of flow
of air through the leaf. A cup or tube is attached to the leaf and the pres-
sure of the air within the cup is either raised or lowered with respect to
normal air pressure. It is assumed that the changes in the rate of air flow
are directly proportional to the changes in the dimensions of the stomates.

The porometer was first proposed by Dutrochet in 1832, according to
DARWIN and PERTZ (3). In 1876, Muller constructed an apparatus employ-
ing this principle which proved too complicated and cumbersome for gen-
eral use and acceptance. The modern design for the porometer was devel-
oped by DARWIN and PERTZ (3). Improvements were made on this type
of porometer by KNIGHT (7), and by LAIDLAW and KNIGHT (9) who devised
a constant flow aspirator and made the process self-recording. Other
porometers were devised by BALLs (2), and by JoNEs (6). A porometer
which measures changes in the rate of flow of air through the leaves in terms
of pressure was devised by GREGORY and PEARSE (4). This method uses
small rates of air flow and low pressures. It will be described in detail in
another section.
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Numerous criticisms have been leveled at this method, many of which
are no longer valid in the light of present information. LOFTFIELD (10)
considered that until a " comparison has been made between a series of direct
observations upon the conditions of the stomata and porometer readings
made at the same time-its reliability is questionable. "

ASHBY (1) compared readings of a porometer with simultaneous mea-
surements from epidermal strips. He concluded that with large apertures
the two methods are essentially measuring the same thing but that with small
apertures the porometer method is more than ten times as sensitive. He
also found the error of replication of the porometer to be less than 3%0 while
that of the strip method was over 20%O. MASKEL (11) compared the
porometer rate with the area of the stomates determined from impressions.
Although he made only a small number of comparisons, his results indicated
a linear relation between porometer time and the area of the stomates.

In a study of the effect of certain gases on permeability of the leaves,
PAWLENKA (13) made a great many simultaneous measurements of the
stomates using the porometer and the strip method which were reinforced
by direct microscopic observations. Although not intended as a check upon
the porometer, it affords the most extensive comparative investigation yet
reported. Invariably, there was a direct relation between the porometer
time and the area of the stomates as determined by the strip method which
was constantly checked by direct microscopic observation. HAR1TSUIJKER
(5) after a critical study of the most important methods to determine the
dimensions of the stomates, concluded that there was a direct relation be-
tween the porometer time and the area of the stomates as measured by direct
microscopic observation. He considered that the porometer was an ex-
tremely useful device for the quantitative investigation of the changes in
the dimensions of the stomates.

The rate of the passage of air through the leaf is also influenced by the
resistance of the cells of the mesophyll. If the intercellular volume were to
change appreciably during the course of an experiment, the porometer rate
would be a reflection of this change as well as of changes in the dimensions
of the stomates. Nius (12) investigated this question and concluded that
such changes actually occurred. If Nius' conclusions are correct, a serious
and uncontrollable error would affect the accuracy of the porometer method.
This question was reinvestigated by HARTSUIJKER (5) who concluded that
Nius' methods contained so many errors that his results were not valid.
By the use of improved methods of a known small error, he showed that the
effect of changes in the intercellular volume is extremely small. The writer
has repeated these experiments of Hartsuijker and confirmed his results

KNIGHT (8) showed that some stomates tend to close when air is drawn
through them continuously. This difficulty is associated with the use of
high pressures and large displacement of volume. If the pressure used is
small and the volume of air drawn through the leaf reduced to a minimum,
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stomatal action appears to be unaffected. The writer has obtaiiied records
from plants growing under controlled conditions in which the stoiiiates, as
measured by the porometer, were continuously and evenly open for miiore
than twenty-four hours at a time. It would appear that the method itself,
even though used continuously, does not induce closure.

The porometer method has several decided advantages when comlpared to
other methods. All measurements are based on the action of a large numiiber
of stomates. For comparable results to be obtained by the direct methods,
several thousands of stomates would need to be measured at each reading.
Since the porometer reading is determined by the average aperture of the
stomates, there is a small standard error of replication. The writer has tested
this point repeatedly and has found the error to be within 3%0. The small
standard error implicit in this method permits accurate measurement of
small changes in aperture. A further important advantage is that direct,
continuous records of the movements of the stomates may be obtained under
either natural or controlled conditions. The writer has obtained contiiiuous
records for periods of more than four months from plants growing out-of-
doors.

The porometer method for determining the apertures of the stomiiates is
apparently accurate, and suitable for continuous operation. It is felt that
the objections which have been raised against this method, are either based
on insufficient data or have been met by improvements in the method. It
is considered that for most studies dealing with the effects of enviroiinlental
factors upon the activities of the guard cells, the use of the poroiiieter
affords the possibility of accurate continuous quantitative measurement.

The resistance porometer
Siiice the porometer method has so many advantages, considerable atten-

tioln was given to the development of a simple, reliable recording instrument.
The resistance porometer, divised by GREGORY and PEARSE (4) is considered
the most useful for precise continuous measurement of the aperture of the
stomates under practical conditions. The apparatus which they used in
recording the behavior of the porometer is both cumbersome and expensive
and limits the usefulness of the porometer to the laboratory. A recorder
was devised by the writer which is simple to operate and inexpensive to
construct and has the additional advantage of requiring a very low pressure
differential for its operation.

The method may be explained by reference to figure 1. A leaf, which
when attached to a leaf cup behaves as a variable resistance, is connected
through a fixed capillary resistance to a vacuum line. A tambour which is
a flanged metal cup approx. 1" in diameter and i" deep, sealed at the top with
a thin rubber membrane, is inserted between the leaf cup and the fixed re-
sistance to respond to changes in air pressure in the system. A constant
reduced pressure equivalent to about one cm. of water is applied to the open
end of the fixed resistance. The magnitude of this pressure is controlled by
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the depth to which the spill-over tube is inserted into the liquid in the pres-
sure regulator.

If more air enters through the leaf into the leaf cup than is removed
through the capillary resistance, the pressure within the system increases
somewhat, causing the tambour membrane to rise. If less air enters through
the leaf than is removed through the capillary resistance, the pressure de-
creases and the tambour membrane falls. Since the stomates colntrol the
passage of air through the leaf, the pressure changes reflect the miiovements
of the stomates. As the stomates close, entrance of air is restricted and
finally stopped, the pressure decreases and the tambour fails. As the
stomates open, air enters the system, the pressure increases, and the tambour
rises. The movements of the tambour membrane are transmitted by a
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FIG. 1. Diagram of resistance i)orometer slhowinig rtlatioin of arious par-ts of svsteimi.

multiplyiiig lever to smoked paper on a kymograph drum and a record is
thus obtained.

The proper size of capillary resistance can only be ascertained by ex-
perimenting. If, as suggested by GREGORY and PEARSE (4), the thermometer
tubing used for resistance is cut into segments with lengths in the ratio of
1: 2: 2: 5: 10, then a range of resistances from 1 to 20 can be obtained.
Student thermometers, cut to a basic unit of 1 cm., were used. A glass
T-tube was attached to both ends of each capillary segment. The tubes
were then connected by rubber tubing to form a chain consisting of a piece
of capillary alternating with a T-tube. Such an arrangement leaves an open
end of a T-tube on either side of each piece of thermometer tubing. If these
opeii enids are then joined by a piece of rubber tubing, they form a series of
by-passes arounid each piece of thermometer tubing. However, if one of the
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by-passes is closed with a metal clip, the air must pass through the capillary
tubing. Thus by regulating the air through either the by-pass or the capil-
lary tube, the total resistance in the circuit may be changed from 1 to 20
without allowing any outside air into the system. If too large a resistance
is used, the tambour will register normal pressure while the stomates are
still partly closed because air is not being removed as rapidly as it enters.
If too small a resistance is used, the tambour will register reduced pressure
even when the stomates are wide open because air is being removed more
rapidly than it enters. The system is most sensitive when the fixed capillary
resistance is equal to the resistance offered by the leaf, but since the leaf
resistance varies greatly in the course of a day such a relation cannot be
maintained. The proper resistance is one with which the change in pres-
sures between fully open and completely closed stomates is within the total
pressure range of the system.

In practice this is most easily attained by adjusting the resistances while
the plant is under conditions which generally promote maximum stomatal
opening; i.e., a high light intensity, fairly high humidity, and a temperature
of between 250 and 300 C. Starting with maximum resistance in the line,
the resistance is reduced, until the writing arm moves and then holds steady
indicating slightly less than maximum pressure.

The leaf cups which are made of thin wall glass tubing, can vary some-
what in size, cups ranging from 0.9 cm. to 2.5 cm. in diameter having been
used successfully. As many as six of the smaller cups, two on each of three
plants, have been successfully connected on one recorder, thus giving the
average behavior of the three plants. If the edges of the cups are ground,
the cement will adhere better than to a smooth surface. The lower ends of
the small cups are drawn out enough to permit directly connecting them to
small bore rubber tubing. A one-hole stopper containing a piece of glass
tubing is inserted in the bottom of the large cups to enable them to be con-
nected to tubing. The volume of the cups and connecting tubing should be
kept as small as possible to limit the volume of air in the system, thereby
decreasing thermometer effects and increasing the speed of reaction to
changes in stomatal aperture.

It is frequently difficult to seal leaves to the leaf cups. Numerous ad-
hesives have been tried with varying success. Anderson found a mixture
of approximately 1 part beeswax, 2 parts rosin, 2 parts lanolin and 1 part
grafting wax fairly satisfactory for attaching leaf cups to cotton leaves.
The writer found that if latex is first exposed to the air until it thickens to
the consistency of thick cream it can be used to 'form a tough, air-tight and
non-toxic seal. The edge of the leaf cup is covered with a layer of latex and
held in contact with the leaf by means of a light weight until the latex is
dry. Leaves of plants growing out-of-doors have been sealed to leaf cups
with latex for more than a month without injury. Of course, the leaves
must be supported in such a way that movements caused by wind will not
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FIG. 2. Leaf clip for fastening leaves to porometer cup.

tear them loose from the rigidly fastened leaf cups. In addition to fasten-
ing the branches to supports, it is often helpful to hold the leaf in contact
with the cup by means of a wire support as shown in figure 2.

The fulcrum of the magnifying lever was constructed from parts ob-
tained from a cheap alarm clock. The clock was dismantled and all the
gears except the balance wheel removed. Wooden dowels whose diameter
was equal to the inside diameter of ordinary drinking straws were notched
and cemented on opposite sides of the balance wheel similar to two spokes
projecting from the same diameter. A straw with a gravity writing point
was attached to one of the dowels. A weighted straw was attached to the
other dowel to act as a counter balance. A hole was drilled in one of the
spokes of the wheel into which could be inserted a free swinging arm which

F~~F

FIG. 3. Diagram showing construction details of kymograph. A, Big Ben clock;
B, eight-tooth gear soldered to hour arm; C, forty-eight-tooth gear; D, connecting rod
of capillary glass tubing; E, Rubber stopper; F, sponge rubber flange with circumfer-
ence of four times E; G, kymograph support; H, roller skate bearing; I, kymograpli
drum platform; J, kymograph drum.
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rested on the tambour. Two bolts were soldered to the top of the frame of
the clock. The frame was then suspended by means of two screws from a
metal L. By adjusting the screws, the writing point of the lever may be
set to rest along any portion of the kymograph drum.

The construction of the kymograph is explained in figure 3. Although
the construction was simple and very inexpensive, requiring only one ball-
bearing roller skate wheel in addition to some gears obtained from the alarm
clock, the kymograph was quite accurate and reliable. Eight kymographs
were constructed, no one of which varied more than five minutes in twenty-
four hours. Regular glazed kymograph paper is most suitable althougb

natural~ ~codtos ( )reod ftbcoudr I I*succsiefu orlgtaddr

periods at three different temperatures.

legible records were obtained using paper taken from better grade maga-
zines. The drum, on which has been fastened a sheet of kymograph paper,
is smoked over an ordinary wing tip burner whose gas supply has been
bubbled through a wash bottle containing benzene. This procedure gives a
very smoky flame and is best performed under a hood. After a record has
been obtained, the paper is removed from the drum and fixed in a dilute
solution of shellac.

Figure 4 shows tracings of actual records obtained from plants growing
under both controlled and natural conditions. The results of scores of such
records will be published in a later paper.
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