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When sprayed on plant leaves, several compounds,
notably phenylmercuric acetate (PMA), can induce
stomatal closure (16, 17). Most of these investiga-
tions with PMA were carried out on detached leaves
with petioles dipping in water; it was found that the
stomatal closing markedly reduced transpiration,
whereas photosynthesis was reduced to a lesser ex-
tent. In these experiments it was demonstrated that
the relations between both transpiration and photo-
synthesis and stomatal opening agreed with the equa-
tions relating diffusion of water vapor and CO2 to
resistance calculated from stomatal dimensions (8,
17).

The possibility of reducing plant transpiration by
chemical treatment, without materially reducing
photosynthesis, is of practical importance in arid
regions. In addition, this method of transpiration
control offered a promising tool for the study of soil-
water-plant interrelations. To serve both ends, we
sprayed various plants with PMA, and observed
stomatal opening, transpiration, and photosynthesis
or growth. This was performed on young maize
growing in soil in a controlled-environment chamber,
as well as on tobacco growing in a greenhouse and
sunflowers outdoors. These experiments, perform-
ed in the controlled-environment chamber are report-
ed here; the other experiments are reported in the
accompanying paper.

It was realized that entire plants, drawing their
water from the soil, might respond differently to a
spray of PMA than did detached leaves with petioles
dipping in water. The prevailing opinion concern-
ing transpiration (13) is that, within the entire range
of available soil moisture, the main resistance to
transpiration is in the gaseous phase, from the evap-
orating surfaces of the mesophyll cells, through the
stomata to the ambient air; therefore, at a given dif-
fusion pressure gradient from the soil to the air, the
most decisive factor in controlling transpiration is
the stomatal opening. If this be so, stomatal closing
by chemical treatment should affect transpiration in
the same way and magnitude observed in detached
leaves. Further, this effect should be nearly inde-
pendent of soil moisture per se. This similarity of
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response might apply to photosynthesis as well.
These similarities, however, would not occur if

changes in the soil moisture brought about changes
in the resistances of the soil and the plant that would
be of a comparable magnitude to the diffusion resist-
ance in the gaseous phase. Under these latter cir-
cumstances, stomatal opening might not be the only
major factor controlling transpiration.

The analysis of the interaction of stomatal open-
ing and soil moisture in their effect on transpiration
and photosynthesis is usually complicated by the fact
that low soil moisture is generally associated with a
closing of stomata; thus it is difficult to evaluate
these factors independently. The control of stomatal
opening by chemical treatment and the measurement
of stomata provided a possibility of isolating the
stomatal resistance at various levels of soil moisture.

Materials and Methods

The effect of PMA spray on the transpiration and
photosynthesis of young maize plants was determined
in a controlled-environment chamber, under 4 soil
moisture levels.

Maize (Zea wlays L. var. Connecticut 870) was
grown in the greenhouse in pots containing 800 g
(dry wt) of Cheshire sandy loam that had been
screened through a 2 mm mesh. The moisture re-
tention properties of this screened soil were deter-
mined (9, 10). The water content at the 15-bar
tension was 6.5 %. Also the pot capacity of the soil
(analogous to the field capacity of natural soil) was
determined by applying water on the top of a column
of air-dry, screened soil, and measuring the average
moisture content from the top to the wetting front
after 24 hours; this moisture content was 18.0 %.

One plant per pot was grown. A plastic lid was
placed on the pot to minimize direct evaporation from
the soil, and the plants emerged through a hole in
the lid. Soil moisture was determined by weighing
the entire pot, soil, and plant. The soil was kept
moist by frequent watering to the pot capacity during
the first 3 weeks of growth. The actual experiment
was performed 24 to 30 days after planting, when the
plants had 4 fully expanded leaves and the fifth leaf
was beginning to unfold. By irrigating or withhold-
ing irrigation a few days preceding experimentation,
the soil was brought within + 0.8 % of 4 moisture
contents: 24 % (above pot capacity), 18 % (pot
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capacity), 13 % and, 10 ',(below pot capacity, hut
still above the 15-bar moisture which is considered to
be the wilting point of the soil). The corresponding
mloisture tensions were: < 0.10. 0.25, 1.0, and 2.0
bars. Each nmorning 2 plants which had reached a
pre(leterminie(l soil mloisture, and which hadl approxi-
tiiately the sanie leaf area w ere selected. The lowest
leaf, which ten(le(d to shrivel at this stage, was re-
moved. A control pllant was spraye(d with 0.05 %
Triton X 100 svetting agent; the other plant wvas
sprayed withl 90 ,Am P-MA in the 0.05 sL Triton X
100 solution. Immediatelv afterw,%-ard the plants were

placed in the controlled-environment chamiiber.
The tranisparent chamber. 40 x 35 X 50 cml, wvas

illumlinated fromii above b) spotlights that were im-
mlerse(l in a traansparenit tank and cooled by circulat-
ing water (9, 17). The flux dlensity of radiation
< 3i in wave lengtlh was 1.5 cal. cml- 2 imm-1 at the
top of the chalmtlber and 1.1 cal. cm i2 it-m 30 cm
below- the top; this was the zone where mlost of the
leaves were foundl. \Vitlhout opening the chamiiber.
the p-ots an(l plants could( be weighed within + 0.02
g by means of balalnces plalce(l below the chamber.
Flap) openinlgs oni the si(les of the chamber, wlhichl
coul(d be sealed with a(lhesive tape. facilitate(d the
manil)ulation inside the chamlber; w-hen the plants
were not being weighedc, and(l the flaps w-ere sealed'.
the chamber was essentially air tight. Replenislh-
mleint of CO., was provi(le(d by blowing about 6 liters
mmin of air through the chanmber. This air was
mloistelne(d by bubbling it through wvater; also, the
floor of the chamlber was floodled. Inside the chaini-
ber a small fcan providle(d turbulence andl outside a
large fan blew oIn the wxalls of the chamlber andl cool-
edl it. A dry-wet bulb psychrometer was placedl in-
sidle the chamber. Evaporation was mleasure(l froml
a blotting paper with thernmocouples embedded in it.
It was found( that the apparent length of path of
water vapor diffusioln, L, range(d between 0.07 an(d
0.27 cim, depenidinig on the position of the evaporator.
It was also found( thalt the temperature of the evap-
orating surface ranged between + 20 froml the air
temp)erature, dependinig on its positioin.

After the plants were placed in the dark clhamiiber,
the lights were gradually turned on; the miiaximumii
light intensity w-as ap)plied for 2 hours. The temper-
ature in the chamlber was 300 + 1°, and the relative
humidity 87 % + 1 4. Diuring these 2 lhours the
pots were wveighed at half-lhour intervals. Three
hours after the plants had been sprayed, whiclh wvas
1.5 hours after the stairt of the full light period. ra(lio-
active NaHCO., was pipetted into an excess of
H,,SO, in the chamiiber; thus 0.2 Mmnloles of latbelecl
CO2 were introdluce(d into the chamber. For 4 min-
utes no external air was blown in; the air was then
swept out by renewinig the blowing in of externial air.
The flaps were opened aind silicone rubber imlpres-
sions were made of the upper and( lower surfaces in
the middle of the fourth leaf (16). At the same time
the permeability of the leaf was measured by means
of a porometer. This porometer is t mo(lification of

that described by Alviin at the Internationdl Synm-
posium on the Methodology of Plant Eco-Physiology,
MIontpellier, 1962. In this porometer, pressure was
built up in a rigidl air reservoir; the air was then
released through a flexible tube to a cup miiade of 2
soft rubber rings, whiclh were clamped cn the leaf by
means of a pair of clinical tongs with a toothed lock;
the rate of pressure dIrop, observedI on a pressure
gauge during a known interval indicated the alir
permeability tlhrouglh the leaf area enclose(d in the
cup, an(l is presumably a function of stomatal aper-
ture. For a given reservoir volume, cup area, and
timle interval, the permneability is proportional to log
(PO Pt), p0 an(d pt being the initial and(l final pres-
sures. Throughout the experiment, pressure (drop
was observed during a 10-secolnd interval, xvith a
reservoir of 100 cm"s and a cup area of 0.28 cm".
MIoreover, p0 was a]lways 200 mlm Hg. The results
were expressed as 'pertecablility in(lex"' lo- (p /,
pit).

After removing the imiipressionsx, the plantst ere
taken froml the chamiiber; the fully expanded leaves
were cut, and the partly-rolled fifth leaf was also cut
at the poinlt where the leaf edges over-lapped. The
excise(l leaves were quickly weighed anid their area
measuredl; they were theni immlilerse(l in boiling water
for a few minutes and ground in water. Aliquots of
the homogenate were (Irie(l all(n their ra(lioactivity
mleasured. This radioactivity, expresse(las counts
per cm"12 of leaf surface per nminute served as a com-
parative in(dex of photosynthesis rate. Transpiration
rate obtained from the weighinigs of the pots in the
chamiiber was expresse(l in absolute units, mig water
per Cm"12 of leaf surface per hour. Cellulose acetate
replicas of the rubber imlpressions were observe(d un-
(ler mlicroscope, and the average width of 25 stomlata
was recordled for both the upper and lower surfaces.

An attempt was madle to perform the same ex-

perimient at 43 %! air relative humii(lity. Evein planits
growing in relatively nmoist soil (18 %), how\Never,
wilted severely within a few mlinutes after the lights
were turned on, and the attempt was discontinued.

Since only 2 plants could be examliinedI eaclh dlay,
the experiment was carried out for approximately 3
mlonths. Maize was planted every 2 to 3 days to
ensure a stea(ly supply of suitable planits at the re-
(luire(l soil moisture contents, which were randonized
tlhrough1out the experimentation Perio(l. In all, 6
pairs were observe(d at each of the 4 soil mloistures;
the entire experiment was subjected to a factorial
analysis of variance w\rith 2 PAIA treatments (control
and PMA), 4 soil moistures, anid 6 replications.

Theory
Both transpirationi an(l photosynthesis catn real-

istically be conceived ats steadly state processes, the
former of water fronm soil, through the plaiht to the
air, the latter of CO., fronm the air to the chloroplasts.
As such they may be consi(lere(d as catenary l)rocesses,
wvhere the 2 substances move thlroughl a serics of
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resistances according to potential or concentration
gradients, very much in analogy to Ohm's law (4,
6). Since transpiration is primarily a physical proc-
ess it is easier to analyze than photosynthesis, whose
metabolic factors are difficult to evaluate. There-
fore, transpiration will be dealt with more extensive-
ly, with inferences concerning photosynthesis where-
ever possible.

Consider a plant growing in the soil and transpir-
ing. Water moves from the soil to the air through a
path, the various segments of which have various
resistances and gradients. These gradients may be
expressed in terms of water potential or of vapor
concentration in equilibrium with a given potential.
The former is commonly applied to describe the water
energy status of the soil (moisture tension) or the
plaint (diffusion pressure deficit), whereas the latter
is used when dealing with vapor diffusion (Fick's
first law). The theoretical treatment will be carried
out mainly in terms of vapor concentration gradients
for 3 reasons: A. simplicity; B. within the range
encountered in the present experiment, water poten-
tial and the corresponding vapor concentration are
almost linearly related; C. the most important
resistance to the water and CO2 flux is in the gaseous
phase, where flux is proportional to concentratioin
gradients. It should be borne in mind, however, that
when dealing with the liquid phase in the soil-plant-
air system, the term vapor concentration does not im-
ply the presence of any vapor, but it describes the
energy status of the liquid phase by means of the
vapor concentration which would be in equilibrium
with the water potential at any point in this phase.
For interpretation, vapor concentration may be re-
converted to the corresponding water potential.

For the transpiration process,
T = [(AC)s + (AC)p+ (AC)a] (R, + Rp + Ra),

I
where T is transpiration, grams of water per cm2 of
leaf surface per second; AC is the difference in
vapor pressure along a segment of the water path,
reduced to units of vapor concentration, grams per
cm3; R is the resistance to water movement of the
segments, in seconds per cm. The subscripts affixedl
to A/C and R, designate the segments of the water
path: s, the soil; p, the plant; these segments are
those in which water moves in the liquid phase; a.
the air; in this segment water moves in the gaseous
phase, and it is divided into 2 sub-segments: st, the
substomatal cavities and the stomata; ex, the external
air outside the stomata.

Assuming transpiration to be a steady-state proc-
ess, it would equal the water flux through any seg-
ment of the water path; therefore,

T = Y.(AC)/).R = (AC)8/RS =
(AC)p/Rp = (AC)a/Ra.

II
In the gaseous phase, the movement of water fol-

lows Fick's first law of diffusion,
T = D(AC)a/(S + L)

III

where D, cm2sec-1, is the coefficient of diffusion of
water vapor in the air; S and L, cm, are the apparent
path lengths of diffusion in the stoma and in the ex-
ternal air. By definition,

S = DRst; L = DRex: R. = R,; + Rex,
(L + S)/D.

IV
L may be estimated from the evaporation from

liquid water or a wet surface, under a given turbu-
lence (the higher the turbulence, the lower L) and
when the temperatures of the wet surface and the am-
bient air are known.

S may be calculated from stomatal dimensions,
using Penman and Schofield's relation (8),

S =1 ( Tnab) + 1 [2n(ab)'`]
V

where n is the number of stomata per cm2 of leaf
surface; I is the depth, a the width and b the length
of the stomata, in cm. For a given species, with as-
sumed constant n, 1 and b, S is a function of a alone.

Equation (I) may be inverted and S isolated,
1/ T = (RS + Rp + L/D)AY.(AC) +

[S/DY(AC)] = K1 + K.,S
VI

where K, and K, are constants. This linear relation
between the reciprocal of transpiration and S can be
conveniently analyzed through cbrrelation and re-
gression.

The overall resistance from the soil to the air
may be calculated from equation II. Assuming iso-
thermal conditions in the soil-plant-air system, the
overall vapor concentration gradient is

j (,C) = [(RHsoil - RHair)/ 1O]CG.t
VII

X-here (RH)501j and (RH)air are the relative hu-
midities of the soil air and the external air, respec-
tively, in percent, and Csat is the vapor saturation
concentration at the given temperature.

The relative humidity of the soil air is expressed
by

log (RH),0j, = 2 - (0.095t)//0
VIII

where qj is the soil moisture tension in bars and 6 is
the absolute temperature in K°. Obviously, within
the range of available moisture, the soil air is prac-
tically saturated, for even at the wilting point (ap-
proximately 15 bars) the relative hunmidity of the
soil air is 98.9%; thus the overall gradient is essen-
tially the saturation deficit of the external air.

The combined resistance of the soil and the plant,
R,+p, can be obtained from equation (V'I)-

Rs+p = K1l(AC) - L/D.
Ix

The vapor concentration at the -evaporating
surfaces of the mesophyll cells lining the substomatal
cavities, C,ev, is

Cev = C01i - (R,+p/R)(Cc01 Cairl)
x
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C.0j1 and Cair being the vapor concentrations of the
soil air and the external air.

Assuming that the soil air is essentially saturated,
and that the system is under isothermal conditions,
the relative humiditv of the air at the evaporating
surfaces is

(RH)ev = 100 - (Rs+P/R)[100 - (RH)air].
XI

From this relative humidity, the corresponding
water tension at the evaporating surfaces is cal-
culated using relation VIII.

This theoretical treatment assumes isothermal
conditions, in which the energy required for moving
and evaporating water is derived entirely from an

external source. Any temperature gradients present
in the soil-plant-air system will modify these rela-
tions.

The effect of P'MA on stomatal opening provides,
at a given environmental condition a wide range of
stomlatal widths. This range makes possible a statisti-
cal evaluation of the function 11T = K1 + K,S;
through this relatively simple relation, it is possible

to estimate the rate of transpiration to be expected
at anly stomatal wvidth, of which S is.a function. From
this estinmate, the resistances and potential drops in
the soil-plant-air system can be calculated, and the
energy status of wN-ater at selected points along this
systeml can be estimzated.

If the soil-plant resistance is small in comparison
witlh the overall resistance, then the vapor concen-

tration at the evaporating surfaces of the mesophyll
cells would be near saturation. If, however, the soil-
plant resistance constitutes an appreciable portion
of the overall resistance to water movement, then the
air over the evaporating surfaces will be unsaturated
to some degree, and the corresponding water tension
at these surfaces may be quite high.

The sanme theoretical consideration elaborated
upoln for transpiration, is valid for photosynthesis;

that is, the rate of photosynthesis may be evaluated
as a function of stomatal opening (through the inter-
mediate functioni S), in the form of 1/P = K'1 +
K'2S (where P is the rate of photosynthesis). How-
ever it should be recognized that although the path
of CO2 from the outside air to the site of the ac-

ceptors on the chloroplasts is much shorter than the
path of water from the soil to the air, it is a much
more complex path, since the rate is governed not
only by concentration gradients and resistances to
diffusion, but also by metabolic and enzymic proc-
esses which are difficult to evaluate.

Results

Stonitatal Opening. Stomatal opening was stud-
ied both by direct microscopic measurement of width,
and by permeability to air from the porometer (table
I). Although there were, on the average, 1.25 times
as many stomata on the lower surface as there were

on the upper one, the width of the stomata on the
upper and lower surfaces was averaged.

As was expected, the average stomatal width (le-

creased with decreasing soil moisture, and at the
lowest moisture, 10 %, it was too narrow to be reli-
ably resolved. Within each soil moisture where

stomatal width could be measured-i.e. 24 %, 18
and 13 %-PMA caused a clear decrease of stonmatal
width. This decrease was more pronounced at the
higher soil moistures, but even at 13 % moisture it
wras highly significant.
The permeability index of the leaves decreasecl

with decreasing soil moisture, and within each soil
moisture, PMA lowered the index. This difference,
caused by PMA, was significant even at the 10 %
soil moisture. When the average stomatal widths at
24 %, 18 %, and 13 % soil moistures were relatedl
to the corresponding permeability indexes, a signifi-
cant linear correlation was disclosed, figure 1. It

Table I
Effect of 90jum PJMA ont Stomiiatal Widtlh, Leaf Permiieability, Tranispiration,

and Photosynthesis of Younig Alaize

Soil moisture, %_
Treatment

Average stomatal
width, u

Permeability index,
log (Po/Pt)t
Transpiration,
mg cm-2 hr-1

Photosynthesis,
counts cm-2 min1

10 13

Control PMA Control PMA

... ... 1.63 * 0.92 *

0.042** 0.027**

4.04 ** 3.63 **

128*** 132***

0.142* 0.078*

5.82 ** 4.68 **

374*** 355***

18 24

Control PMA Control PMA

2.95 * 1.39 *

0.359* 0.109*

8.14 * 6.46 *

3.60 * 1.38 *

0.497* 0.113*

10.11 * 7.44 *

474** 435** 641** 572**
* Statistical signiificance of difference between control and PMA: 0.01 > p.

** Statistical significance of difference between control and PMA: 0.05 > p > 0.01.
*** Statistical significance of difference between control and PMA: not significanit.
t Poronmeter volume, 100 cm:x; cup area, 0.28 cm2; interval. 10 seconds.
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Y= - 0.073+0.147 X, r- 0.938

0

0 o
0

0

0

Porometer volur

Cup area

Tirne interval

Initial pressure

2 3 4
Stomatal width, 1L

FIG. 1. The relation between stoniatal i

permeability, measured with a porometer, o:
leaves.

o should be noted, however, that this linearity may be
only apparent; the theory of viscous flow predicts
that permeability should be a function of a higher
degree of the stomatal width (5). Since the regres-
sion line intersects the X-axis to the right of the
origin, the function may actually curve toward the
origin, especially where stomatal width is below the
limit of microscopic resolution. For this reason, the
linear regression was not extrapolated to estimate
the stomatal width from the permeability index at
10 % soil moisture. Nevertheless, at this soil mois-
ture, the lower permeability of the leaves sprayed
with PMA indicates a smaller stomatal width, al-
though the absolute dimensions could not be directly
observed.

Transpiration and Photosynthesis. Transpiration
3 was affected by both soil moisture and PMA; it was
2 reduced at lower soil moistures, and within each

0.28cm. moisture level, it was reduced by PMA (table I).
10 sec. The relative reduction in transpiration due to PMA

200 mm.Hg decreased with soil moisture, but even at 10 % soil
moisture it was significant.

Photosynthesis, as reflected by incorporation of5 6 labeled CO2 was markedly reduced at the lower soil
moistures; in fact, photosynthesis was more adversely
affected by lower soil moisture than transpiration:

Nidth and leaf whereas transpiration at 10 % soil moisture was,fyoung maize about 2/5 of that at 24 % soil moisture, the corres-
ponding ratio for photosynthesis was about 1/5.

On the other hand, PMA reduced photosynthesis
less than transpiration. Photosynthesis was signifi-

30[

.

A

Y13 - O 116 * 0264 X; r a 0.903

Y8s 0.090 + 0.259 X; r : 0.929

Y24* 0.067 * 0.274 X; r= 0898
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13% 0
18% 0
24% A

0

U
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N
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a
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A A

24% A A
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Y8 ' 18.7 175X; r 0.776

Y24 ' 12.0 25.5 X, r - 0.859

Control PMA
13% 0
18% 0
24% a
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S, cm.

a
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A
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FIG. 2 (left). The reciprocal of transpiration, 1/T, as a function of apparent length of diffusion path in stomata,
at 3 soil moisture levels.
FIG. 3 (right). The reciprocal of photosynthesis, 1/P, as a function of apparent length of diffusion path in stomata,

at 3 soil moisture levels.
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cantly reduced only at 24 % and 18 % soil moistures;
in drier soil this reduction became negligible, and in
fact at 10 % soil moisture PMA slightly increased
photosynthesis.

The reciprocals of transpiration, 1/T, and of
photosynthesis, 1/P, for each plant are presented in
figures 2 and 3 as functions of the apparent length
of diffusion path through the stomata, S. The S
was calculated from the observed average stomatal
width. For each soil moisture there are 12 points,
corresponding to 6 control and 6 treated plants.

Linear correlations and regressions were calculat-
ed for 3 soil moistures. For each soil moisture there
exists a statistically significant correlation, and the
linear regressions are significantly different for each
soil moisture. In both the 1/T and 11P functions
the regression line is higher as the soil is drier.
Within each regression, the points belonging to the
PMA-treated plants tend to be distributed at the up-
per end of the line. The linearity of these functions
is in agreement with the theory that 1/T = K1 +
K25 and 1/P = K'1 + K'2S; however, they are not
single-valued functions of S, since the parameters
K1, K'1 and K'2 vary with soil moisture. The slopes
of the 1/T lines are practically parallel, whereas in
the 11P lines the slope decreases with soil moisture.

The linear regressions of figure 2 and 3 were
transformed into the curvilinear functions which

show the relation between stomatal width an(d the
rates of transpiration and photosynthesis (fig 4 and
5). Thus at a given stomatal width, the rates of
both transpiration and photosynthesis are lower for
the drier soils. The shape of these curves is in
agreement with many previous works, notably those
of Stalfelt (15). At a given soil moisture, the in-
crease in transpiration and photosynthesis caused by
an increase in stomatal width is more pronounlced at
small stomatal openings.

At a given stomatal aperture, the reduction in
transpiration and photosynthesis associated w+ith the
drier soil indicates that as the soil dries there is an
increase in the soil-plant resistance to water move-
ment, and a corresponding increase in the resistance
to movement of CO., from the surface of the imeso-
phyll cells to the chloroplasts.

Transpiration Resistance. Table II pre;ents the
following calculated values for the transpiration
process: overall resistance, plant resistance, satura-
tion deficit at the evaporating surfaces of the sub-
stomatal cavities, and the water tension correspondl-
ing to this deficit. These values, calculated for 3 soil
moistures and 4 stomatal widths, are based oni the
following simplifying assumptions; the temiiperature,
300, is uniform throughout the soil-plant-air >-stem;
the soil air is saturated and the chamber air is at
87 % relative humidity; the diffusion coefficienit D

Table II
Calcuilated Valuies for Overall and Soil-plant Resistanice to WFater Movement, Saturation

Deficit, and Aloisture Tension at Mesophyll Evaporatinig Suirfaces of Yountg Maize,
at 3 Soil mtoisture Levels, 4 Stomatal Widths, antd 2 Conditions of Turbulenice

Overall resistance,
sec cm-l

Soil + plant

resistance,

sec cm- 1

Saturation

Soil
L, moisture,
cm %

13
... 18

24

0.15

0.20

0.15

deficit,

0.20

0.15
Tension,

bars
0.20

13
18
24

13
18
24

13
18
24

13
18
24

13
18
24

13
18
24

Stomatal width, ,u

1.0

2.91
2.61
2.08

1.6

2.53
2.22
1.69

3.0

1.92
1.38

1.17
0.87
0.34

0.98
0.68
0.15

5.4
4.2
2.1

4.6
3.1
0.9

76
59
29

65
44
13

6.2
4.9
2.6

5.3
3.7
1.1

88
70
36

75
52
16

5.8
3.1

4.2
1.4

. .

82
44

6660
19

5.0

1.76
1.2_

6.2
3.5

4.6
1.6

90
50
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FIG. 4 (left). Transpiration as a function of stomatal
width, at 3 soil mosture levels.

FIG. 5 (right). Photosynthesis as a function of
stomatal width, at 3 soil moisture levels.

= 0.26 cm2 g-I at 300; and since L was found to
vary considerably within the space of the chamber,
2 values of L were used in the calculations: 0.15 and
0.20 cm. For the 13 % soil moisture, the above
values were calculated for the 2 smaller stomatal
widths only, since no stomata wider than 2A were

observed at this moisture.
At any given stomatal width there was a steady

increase in the overall resistance to water movement
as the soil became drier; but since the resistance in
the gaseous phase is assumed to be constant at a

given stomatal opening, this increase in resistance
must be attributed solely to the soil-plant segment
of the water path.

At high soil moisture, small stomatal width and
low turbulence, the soil-plant resistance constitutes
a relatively minor part of the overall resistance (7 %
at soil moisture = 24 %, stomatal width = 1, and L
= 0.20 cm); at low soil moisture, wide stomata and
high turbulence it may constitute up to 45 % of the
over-all resistance. Under such conditions the satu-
ration deficit of the air over the evaporating surfaces
of the mesophyll cells may reach 7 % (93 % relative
humidity). While this deficit may not seem very

high, it should be noted that it corresponds to a water
tension of over 80 bars. The possible occurrence of
such high water tension at the evaporating surfaces
is quite remarkable in view of the fact that even the
plants at 13 % soil moisture were not wilted. Some
measurements of maize leaf sap, using refractometric,
conductimetric, and psychrometric methods (2, 12),
indicated that even in severely wilted plants the
osmotic pressure of leaf sap was about 20 bars, and
lower in turgid plants. Only when soil moisture
was high, stomata almost closed and turbulence low,
did the tension at the evaporating surfaces approach
such low values.

Photosynthesis Resistance. The observations of
photosynthesis indicate that as the soil dries, the re-

sistance to the diffusion of CO2 from the mesophyll
cell surfaces to the chloroplasts markedly increases,
which could not be attributed to stomatal closure
(fig 3 and 5; table I). Since only comparative

values were obtained by radioactivity, these resist-
ances could not be calculated in absolute terms. It
appears that the effect of soil moisture on the ratio
of plant resistance to the overall resistance is even
greater in photosynthesis than in transpiration,
whereas the effect of stomatal opening on the overall
resistance to CO2 movement is relatively less pro-
nounced that on water movement.

Discussion and Conclusions

In earlier experiments, carried out with detached
leaves (17), the closing of stomata by PMA reduced
transpiration more than photosynthesis, and this
verified the hypothesis that stomatal resistance con-
stitutes a larger part of the overall resistance in
transpiration than in photosynthesis; the resistance
to water movement exists largely in the gaseous
phase (the liquid phase resistance being negligible),
whereas the CO2 diffusion proceeds through this
same gaseous resistance, as well as an additional
resistance in the mesophyll.

The results of the present experiment indicate
that in intact plants growing in the soil, too, the
relative importance of stomatal resistance is greater
in controlling transpiration than photosynthesis. The
results also indicated, however, that both transpira-
tion and photosynthesis were not single-valued func-
tions of stomatal opening, but changed with soil
moisture well above the wilting point. At any given
stomatal opening, as the soil dried, the rates of
transpiration and photosynthesis decreased.

The reduction in transpiration cannot be attribut-
ed to any appreciable change in the overall water
potential gradient from soil to air. This gradient
in the dry soil system is less than 1 % lower than in
the wet, whereas the reduction in transpiration ex-
ceeded 30 %. That the overall gradient is essentially
the same in the 3 soil moisture levels is borne out by
the fact that the slope K, of the 1/T function, which
according to equation VI is inversely proportional
to vapor concentration drop, remained practically un-
changed (fig 2). As the reduction in transpiration
takes place at a constant gaseous resistance, it must
be reasoned that the decrease in soil moisture was
associated with an increase of the soil-plant resist-
ance. Following Gradman and van den Honert's
concept of water movement as a catenary process,
this resistance appears to be great enough to influ-
ence water flux. This also means that as the soil
dries, a considerable tension develops at the evaporat-
ing surfaces of the mesophyll cells, and a significant
saturation deficit appears in the air in the substomatal
cavities.

These findings contradict the present concept on
the relative magnitude of resistances and gradients
along the path of transpiration. This concept (13)
states that the soil and plant resistances are negligible
in comparison to the gaseous resistance, and there-
fore it is this master resistance which controls,
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mainly throughl stomlatal opening, the rate of trans-
piration.

Since the increase of soil-plant resistance, as the
soil (Iries, diminishes the relative weight of the
stomliatal resistance to water movement, the effect of
PAIA is expected to (lecrease at low soil moisture.
This tendenicy is partly offset by the fact that at
smuall stomatal widths, such as encountered at low
soil moistures, even a smiall (lecrease in width has a

relatively large effect on transpiration, because of
the steep slope of the transpiration/stomatal width
funiction in this range (fig 4).

WN!hether the fin(lings of the present experiment
are results of special experinmental conditions, or are
more genieral, is not certain, although evidences of
significant vapor saturation deficits in substomatal
cavities have been reported (7, 14). It should be
noted that the reduction of transpiration occurred in
turgid, potted plants, above the wilting range of the
soil. Within the soil moisture range investigated, a

very marked reduction in the unsaturated capillary
coniductivity of the soil nmay be expected (3). In
general, the effect of capillary conductivity is of
minor importance on plants growing in the field, as

long as the soil does not reach the lower range of
available moisture; the plant roots are relatively
wvidely spaced, and as the soil around them dries,
smiiall growth is sufficient to bring thenm to moist soil
wAhere capillary condluctivity is high enough to ensure

a steady water supply for transpiration. The situ-
ation is different when the roots are confined in a

small pot; the soil is so densely permeated by roots
that it dries uniformly, and no untapped soil remains.
Thus before the soil dries to the wilting point, the
decrease in capillary conductivity may markedly cur-

tail the supply of water to the plant. Simultaneously,
the resistance between leaf tissue and air must in-
crease to balance the water loss to air with the re-

duced water absorption from the soil; otherwise
the plant wilts. The increased resistance is genera-
all) believed to be caused by stomatal closure; how-
ever, the present experiment indicates that an ad-
(litional important resistance, independent of stomatal
width, may appear when the soil dries; this resistance
is probably located at the cytoplasmic membranes
or the cell walls lining the substomatal cavities.

The mechanism of this adjustment of resistance
can only be conjectured. Although changes of
permeability to various compounds are characteristic
of cell membranes, they are not confined to biological
systems. Boon-Long (1) found that evaporation
from a collodion membrane separating water from air
was reduced by the presence of sucrose in solution
more than could be accounted for by the lowering of
the vapor pressure by the solute. Hence, although
the solution had an osmotic pressure of about 25
bars, the tension at the evaporating surface of the
memiibrane was possibly a few hundred bars. One
possible explanation is concentration, or even pre-

cipitation of the solute at the surface, since it can-
not diffuise back rapidly into the main body of the

solution; another possibility is the clogging of the
submicroscopical pores by the large solute molecules,
resulting in lower membrane permeability. In a
plant the membrane resistance may change as the re-
sult of the above mentioned, as well as other biolog-
ical processes.

In view of what is found in nonliving membranes,
a tension of 80 bars at the evaporating surface of the
mesophyll cells, whose sap has an osmotic pressure
of less than 15 is not stirprising. Obviously, this
tension is not transmitted into the interior of the cells,
since a herbaceous plant is not likely to withstand a
tension over 60 bars witlhout collapse.

The membrane resistance in Boon-Long's experi-
ment increased with increasing evaporation. Ac-
cordingly, the plant resistance might increase with
wider stomata. In the function 1/T - K1 + K,S,
the plant resistance was included in the term K1 andl
therefore considered indepen(lent of S. AlthoughI
K2S may include not only the positive linear depend-
ence of stomatal resistance on S, but also a smaller
negative dependence of plant resistance on S, this
was not supported by the results of the experiment.

Photosynthesis, too, is governed by resistance in
the plant, which increases as the soil moisture dle-
creases. At low soil moisture this resistance is so
high, that stomatal width ceases to affect photo-
synthesis significantly.

The slope K'2 in the 1/P function, unlike its
transpiration counterpart, decreases as the soil dries.
Since, according to equation (VI) this slope is in-
versely proportional to the overall CO. concentration
gradient, it must be assumed that this gradient was
greater in the drier soil. This may be attributed to
the fact that photosynthesis of the plants growing in
24 % soil moisture was almost twice as rapid as that
in 13 %; as a result, the air in the chamber may
have been depleted of CO., more about the well-
watered plants, resulting in a smaller overall gradient
of CO, concentration.

Summary

The effect of phenylmercuric acetate on stomatal
opening, transpiration, and photosynthesis in young
corn plants was studied at various soil moistures.
Stomatal closure induced by phenylmercuric acetate
significantly reduced transpiration, while it reduce(d
photosynthesis considerably less. In addition, de-
creased soil moistures, even within available range,
caused a further reduction in both transpiration and
photosynthesis which could not be attributed to
stomatal closure. From the analysis of the resistance
to water nmovemlent it seems that as the soil dries, a
considerable resistance to water movement develops
at the evaporating surfaces of the mesophyll cells.
The water tension at these surfaces may reach 80
bars without the plants wilting. Similarly, the meso-
phyll resistance to CO., movement increases as soil
moiistuire dlecreases.

720



721SHIMSHI-SOIL MOISTURE AND PMA EFFECTS ON STOMATAL APERTURE

Acknowledgment

The author wishes to express his gratitude to Drs.
P. E. Waggoner and I. Zelitch for encouragement and
guidance in the present study, and to Dr. S. L. Rawlins
for helpful discussion and elucidation of theoretical as-
pects.

Literature Cited

1. BOON-LONG, T. S. 1941. Transpiration as influ-
enced by osmotic concentration and cell perme-
ability. Am. J. Botany 28: 333-43.

2. EHLIG, C. F. 1962. Measurement of energy status
of water in plants with a thermocouple psychrom-
eter. Plant Physiol. 37: 288-90.

3. GARDNER, W. R. 1960. Dynamic aspects of water
availability to plants. Soil Sci. 89: 63-73.

4. GRADMANN, H. 1928. Untersuchungen iuber die
Wasserverhaltnisse des Bodens als Grundlage des
Pflanzenwachstums. Jahrb. Wiss. Botan. 69:
1-100.

5. HEATH, 0. V. S. 1959. The water relations of
stomatal cells and the mechanism of stomatal
movement. In: Plant Physiology, vol II, 208.
F. C. Steward, ed. Academic Press, N. Y.

6. HONERT, T. H. VAN DEN. 1948. Water transport
in plants as a catenary process. Disc. Faraday
Soc. 3: 146-53.

7. KLEMM, G. 1956. Untersuchungen uber den Trans-
pirationwiderstand der Mesophyllmembranen und
seine Bedeutung als Regulator fur die Stomataire
Transpiration. Planta 47: 54747.

8. PENMAN, H. L. AND R. K. SCHOFIELD. 1951. Some
physical aspects of assimilation and transpiration.
Symposia Soc. Exptl. Biol. 5: 115-29.

9. RAWLINS, S. L. AND D. N. Moss. 1962. Heat con-
trol for an intense light source. Agron. J. 54: 181.

10. RICHARDS, L. A. 1947. Pressure membrane ap-
paratus construction and use. Agr. Eng. 28: 451-
54.

11. RICHARDS, L. A. 1948. Porous plate apparatus for
measuring moisture retention and transmission by
soil. Soil Sci. 66: 105-10.

12. RICHARDS, L. A. AND G. OGATA. 1958. Thermo-
couple for vapor pressure measurements in biolog-
ical and soil systems at high humidity. Science
128: 1089-90.

13. SLATYER, R. 0. 1960. Absorption of wvater by
plants. Botan. Rev. 26: 331-92.

14. SLAVIK, B. 1958. The influence of water deficit
on transpiration. Physiol. Plantarum 11: 524-35.

15. STALFELT, M. G. 1932. Der stomatare Regulator in
der pflanzlichen Transpiration. Planta 17: 22-85.

16. ZELITCH, I. 1961. Biochemical control of stomatal
opening in leaves. Proc. Natl. Acad. Sci. 47:
1423-33.

17. ZELITCH, I. AND P. E. WAGGONER. 1962. Effect of
chemical control of stomata on transpiration and
photosynthesis. Proc. Natl. Acad. Sci. 48: 1101-
08.


