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A bstract. Concurrent measurements of abaxial and adaxial stomatal resistance and leafpotentials of snap beans (Phaseolus vulgaris L.) in the field and growth chamber show
that the stomata on the 2 surfaces of the leaflet react differently to water deficit. The stomata on the abaxial surface, which are about 7 times more numerous than on the adaxial
surface, are not significantly affected at leaf-water potentials greater than -11 bars, but with
further decrease in leaf-water potential, the resistance rapidly increases. On the other hand,
the resistance of the adaxial stomata increases sharply at a leaf-water potential of about -8
bars and is constant at higher water potentials. The average stomatal resistance for both
surfaces of the leaf, which is the major diffusive resistance to water vapor, to a first approximation acts an on-off switch and helps prevent further deoline in leaf-water 'potential. The
relation between the leaf-water potential and the stomatal resistance links the soil-water
potential to the transpiration stream as needed for soil-plant-atmosphere models.
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The relationship between leaf-water potential and
stomatal resistance is of intrinsic interest, and also
is important in constructing transpiration models for
the soil-plant-atmosphere continuum (4). The movement of water in the soil-plant-atmosphere system
occurs in response to a potential difference and is in
the direction of decreasing energy from the soil, into
the plant root and through the xylem to the leaves.
As soil-water content decreases, the soil- and leafwater potentials also decrease (10); consequently,
a water deficit develops in the leaves and the guard
cells lose turgor which causes the stomata to close.
Thus, the resistance for water vapor transport from
leaves is increased.
The turgor pressure of the guard cell is affected
not only by leaf-water potential but also by temperature, light and CO2 concentration of the ambient
air (14). Under most field conditions, leaf-water
potential and light are the primary factors in stomatal
movement (20).
Slatyer (20) suggests that water deficit may not
affect greatly the stomatal resistance until a critical
leaf-water potential is reached and, as the water
potential decreases further, there is a progressive
increase in stomatal resistance. The data of Ehlig
and Gardner (6) for detached leaves also suggest
stomatal closure due to water stress occurs within a
narrow range of leaf-water potentials.
It is the objective of this paper to present field
and growth chamber data on the stomatal resistance

'Paper I follows Paper II. See page 1542.
2 Present address: Evapotranspiration Laboratory,
Agronomy Department, Kanlsas State University, Man-

hattan, Kansas 66502.

versus leaf-water potential for snap beans (Phaseolus
vulgaris L., var. Bush Blue Lake). In a companion
paper, the effect of light on the stomatal resistance
of snap beans is discussed (12).

Materials and Methods
Concomitant measurements of water potential and
stomatal resistance usually were made on the same
leaflet. Stomatal resistances were determined for
both the adaxial and abaxial surfaces with the diffusion porometer (13) and represent an average of at
least 2 porometer readings on each side of the leaflet.
Total water and osmotic potentials usually were
obtained from single measurements on the leaflet
with the Peltier-type thermocouple psychrometer (1).
Leaf tissue was placed 'in the chamber of the psychrometer and equilibrated in a temperature-controlled water bath which was maintained at 25.00;
temperature stability inside the chamber was estimated at ±0.001° during the 2 to 3 hr equilibration
period. After the tota'l potential determination, the
sample and chamber were removed from the psychrometer and stoppered. The leaf tissue was frozen
in the sealed chamber with dry ice and then allowed
to attain room temperature over a desiccant to prevent condensation and possible leakage to the inside
of the chamber. The chamber was replaced on the
psychrometer for the osmotic potential determination.
Field measurements were made at the University
of Wisconsin, Hancock Experimental Farm between
July 15 and August 20, 1968. During this period
the leaf area index (LAI) of the crop increased
from about 1.0 to 1.8. The LAI and net assimilation
rate were determined from a 1 m2 area in the field.
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Field determinations of soil-water potential were
made with tensiometers and in situ thermocouple
psychrometers (18); the potentials also were estimated from the water content of soil samples using
a soil-water release curve.
The field measurements were complemented with
experiments in a growth chamber (Sherer CEL3714) wlhich provided daytime and nighttime air temperatures of 24 ± 1° and 20 ± 1°, respectively.
The air supply was drawn from both inside and
outside the building and over a free-water surface
before entering the environmental chamber; therefore,, the CO, concentration and relative humidity
remained relativelyr constant throughout the study.
Two auxiliary fans were installed in the chamber to
reduce the boundary layer resistance so that it was a
negligible part of the 'total diffusive resistance to
water vapor transport. The light quanta flux density
at the top of the plants was maintained at approximately 45 nE cm2 sec"' from 0600 to 1800 hr (nE
is nanoEinstfin and applies here only to the 400-700
200 nE cm-2 sec-1).
nm waveband-full. sunlight
Snap beans were planted in a silt loam soil contained
in 8-liter polyethylene pots which were 23 cm in
diameter and 25-cm deep. Each pot contained an
individual plant to give a root distribution which
appeared uniform upon visual observation at the
conclusion of the experiment. Soil-water potentials
were estimated from soil samples and the waterrelease curve. A thin laver of vermiculite was
spread over the soil suface to reduce evaporation.
Evapotranspiration rates from 4 stressed plants were
obtained from the dailv weight losses and the measurements of leaf area per plant. The water loss
from the stressed plants was not replaced, while the
4 nonstressed plants were adequately watered. Leaf
growth rate was determined by measuring the distance between 2 markings on young, upper leaves.
This was a 1-dimensional measure of leaf enlargement normail to the midvein but because the major
expansion occurred in this direction, the measure
approximated the increase in leaf area. Measurements were made on at least 4 stressed and nonstressed leaves of approximately the same age and
position on the plant and their ratio was used as the
relative growth rate. The variability among the 4
measurements was usuallv less than 10 %. The
leaves from plants used in the evapotranspiration and
growth rate analysis were not sampled for the leafwater potential determinations.
_
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FIG. 1. Trends of soil- and leaf-water potential,
evapotranspiration and precipitation-irrigation through
2 drying cycles in snap bean field.

depth and to a lesser extent at the 45-cm depth
coincided with a decrease in leaf-water potential
below -10 bars (Fig. 1) and the rapidly increasing
stomatal resistances (Fig. 2). The leaf-water potential values (Fig. 1) represent an average of 3 to 5
psychrometer measurements. The response of the
plant was closely coupled to the soil-water potential
in the upper 20 cm of the profile where about 80 %
(by wt) of the roots were located. This was illustrated by the potential at 10 cm, although the soilwater potential at this depth was affected also by
surface evaporation.
Stomatal resistances of the abaxial and adaxial
surfaces and leaf-water potentials were measured on
upper canopy leaves through the first drying period.
The time trends are shown on Fig. 2: the log scale
facilitates plotting the large range of abaxial and
adaxial stomatal resistances. Since nonstomatal control of transpiration as by "incipient dry,ing", is
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Results and Discussion
Field Experiment. Fig. 1 shows the daily evapotranspiration as determined by lysimeter measurements (3) and the precipitation-irrigation of the
snap bean field. There were 2 drying cycles: the
first began on July 27 and ended August 3 and the
second was from August 10 to August 14. The
large decrease in soil-water potential at the 10-cm

HOURS

(C.S.T)

FIG. 2. Hourly trends of adaxial and abaxial stomatal resistances and leaf-water potential during the
first drying cycle of upper snap bean leaves in the

field.
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the large increases in abaxial resistance; thus, the
adaxial resistance may be a useful irrigation indicator. The adaxial stomata of these snap beans were
more sensitive to water deficit than the abaxial
stomata in contrast to the results found for cotton
leaves, in which stomata on both surfaces closed
simultaneously (17). Since the adaxial stomata also
were more sensitive to light, the adaxial guard cells
may have a higher modulus of elasticity; therefore,
a given turgor pressure change will cause a larger
change in adaxial aperture regardless of the mechanism involved.
The average stomatal resistance based on the
total surface area of the leaflet (sum of adaxial and
abaxial) is given Iby
I
re = 2rtrb/(rt + rb)
where rt and rb are adaxial and abaxial stomatal
resistances, respectively. It is noted that r8 of
equation I should not be simply added to the air
boundary layer resistance to obtain the total diffusive
resistance to water vapor from the leaflet since a
boundary layer resistance is in series with both rt
and rb; however, the error is slight if the boundary
layer resistance is an order of magnitude smaller
than the stomatal resistance, as has been shown for
our field conditions (13). As seen from equation I,
when rt is much greater than rb (-10 to -12 bars
leaf-water potential), the average stomatal resistance
is about twice the abaxial resistance. When the
leaf-water potential is quite high, rt is approximately
twice rb, and rT is about 1.3 rb. Thus, the transpirational losses from the bean canopy are largely
controlled by the abaxial stomata, particularly at low
leaf-water potentials.
Variations in stomatal resistances and water
potentials of leaves on the west side, east side and
top of the N-S row on August 12 are shown in
Ftig. 4. The low leaf-water potentials appear relatively uiniform throughout the canopy. This is
attributed to the orientation of the upper leaves to a
near-vertical position with the leaf tip upward; thus,
solar radiation penetrated deeply to give a more
uniform transpiration rate throughout the canopy.
During a period of low wvater deficit, the lower,
shaded leaves have a substantially greater water
0o
potential than the upper, rapidly transpiring leaves
(12). The August 12 data and some data on
August 11 and 13 show that the upper leaves in the
IS
canopy have a lower stomatal resistance than the
VULGARIS
PACL
ACST
bottom leaves. This may be a psysiological adaptar
tion which permits the young. upper, meristematic
-X -4*portions of the plant to continue to photosynthesize
at the expense of the older leaves.
The iincrease in stomatal resistance during a
drying cycle increases the diffusive resistance of both
water vapor and CO.,; therefore, if the CO, supply
'--2*-~~~2-46
>
16
20
4-*
8
i
0L
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to the photosynthetic sites is limiting, we would
expect a decrease in photosynthesis as well as tranFIG. 3. Relationship between adaxial and abaxial
spiration. In order to indicate the effect of leafstomatal resistance and leaf-water potential of upper
water potential and stomatal closure on photosyncanopy leaves.

unlikely to occur at the leaf-water- potentials we
encountered (19), the porometer measu-rements reflect almost solely stomatal density and aperture;
therefore, the amphistomatic bean leaves, which have
about 7 times more stomata on the abaxial surface
than on the adaxial surface (16), also have lower
resistances on the abaxial surface.
The irregularity in the stomatal resistance curves
is due to variability among leaves since each measurement was determined on a different leaflet from
the top of the canopy. The sudden increase in stomatal resistance of the abaxial surface at 1300 hrs
on July 31 coincided with visible wilting of the upper
canopy leaves. The leaves regained turgor about
1500 hr because of decreased solar radiation (clouds)
and consequently, the stomatal resistance decreased.
The next day, water stress occurred earlier, and the
stomatal resistances of the abaxial and adaxial surfaces remained high throughout the day. Similar
results were obtained during the second drying cycle.
The stomatal resistances of abaxial and adaxial
surfaces vcrsus the corresponding leaf-water potentials are given in Fig. 3 for sunny periods of the
first drying cycle when the adaxial resistance was
not light-limited. The adaxial stomatal resistances
progressively increased after the water potential had
declined to -8 to -9 bars. The abaxial stomatal
resistance remained relatively constant until the
leaf-water potential decreased to about -11 to -12
bars, then, rapidly increased and helped prevent a
-further decline in the water potential of the leaves.
Visual observation of the abaxial stomata, using
leaf impressions with silicone rubber (22), showed
-that they are at least 50 % open at approximately
-9 bars and appear closed at -11 to -12 bars
which is in agreement with the resistances. As
indicated in -Fig- 2 and as also observed during the
second drying cycle, the adaxial stomatal resistance
began to increase 1 to 2 days prior to wilting and
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FIG. 4. Hourly variations in adaxial and abaxial stomatal resistance and leaf-water potential at various positions in the N-S row.

thesis, we approximate, as did Denmead and Shaw
(5), the net assimilation rate by
NAR = AW/(LAI)At
II
where LAI is the average leaf area index for the
field, and A W is the change in dry weight per plant
during the time interval, At. Water stress affects
NAR through its effect on photosynthesis and on
respiration. In general, as water stress develops,
respiration first increases but as water deficit increases the respiration rate decreases (15). The
differences in respiration responses of different
species to water deficit may have been due to the
rate at which stress was applied (20). The reduction in NAR !(Fig. 5), which occurs when stomatal
resistances and leaf-water potentials are rapidly
changing, could possibly be attributed to: i(a) increased respiration rate due to higher leaf and root

temperatures brought about by a decrease in transpiration and a higher heat flux to the soil, and
,(b) decreased photosynthesis due to a decrease in
CO, supply and hydration effects on biochemical
processes. The average stomatal resistances (Fig.
5) are obtained from hourly ra values.
Growth Chamber. A controlled-environment experiment was conducted to substantiate the field data
on the effect of water deficit on stomatal resistance
and growth rates. The plants were grown in silt
loam, instead of sand, to allow a more gradual increase in water stress. During this period, evapotranspiration, relative leaf-growth rate, stomatal resistance, soil- and leaf-water potential and leafosmotic potential were determined on 4- to 6-week
old plants.
Leaf-water deficit affects growth through the
closely integrated 'processes of cell division, cell
enlargement and photosynthesis. If we assume that
leaf expansion is primarily controlled 'by photosynthesis, then a coincurrent decrease in transpiration
rate and relative growth rate will result unless the
mesophyll resistance constitutes a major proportion
of the total diffusive resistance for CO2 (8, 20).
There are conflicting data in the literature on the
relative magnitude of the mesophyll resistance (2, 7,
9). Since there appeared to be a concomitant decrease in the relative transpiration and growth rates
dur,'ing the first week of the drying period (Fig. 6),
the mesophyll resistance must not have been large
com,pared to the stomatal resistance. The large decrease in transpiration and growth rates at modest
soil water potentials may then be attributed to the
increased stomatal resistance. The transpiration and
growth curves diverge during the end of the drying
cycle, which corresponds to the period of near-zero
turgor pressure and wilting of the leaves. During a
wilting period, rate of cell enlargement and division
are markedly decreased and there is a decrease in
osmotic potential of the leaves which, in addition to
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the impeded CO2 transport, causes a decline in
photosynthesis (20, 21). As the water stress increases, respiration becomes more dominant in determining the net assimilation rate since photosynthesis
is reduced.
Only the abaxial stomatal resistance is shown in
Fig. 6 since the adaxial stomata remained closed
throughout the experiment. Stomatal resistance
measurements were taken 3 to 5 times each day.
The vertical lines represent the daytime variations in
stomatal resistance on the same leaflets. The large
variations in stomatal resistance on the tenth through
the thirteenth day correspond to the period in which
wilting occurred. During this period the upper
leaves had a smaller stomatal resistance than the
lower leaves and were oriented in a near-vertical
position with their leaf tips pointed upward. This
behavior occurred in the field and in the growth
chamber at a leaf-water potential of -12 to -13 bars.
Orientation in a vertical position reduced the radiation load on the leaf and, consequently, also transpiration.
Shown in Fig. 7 are the relationships between
the abaxial stomatal resistance and the leaf-water
and pressure potentials. The pressure potential,
usually referred to as the turgor pressure, is obtained
by subtracting the osmotic from the leaf water
potential; thus, the errors in both potential determinations are accumulated in the turgor pressure
calculation. The turgor pressure of the guard cells
and subsidiary cells should be uniquely related to the
stomatal resistance; however, our measurements
represent average potentials of the mesophyll and
epidermal cells which may be different from those of
the guard cells.
At high turgor pressures, the stomatal resistance
increases due to the mechanical pressure applied by
the subsidiary cells. There is an abrupt change in
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elasticity of the cell wall of several plant species at
a turgor pressure of about 2 bars (11); this value
of the turgor pressure also corresponds to visual
wilting of the bean leaves.
The relationship of leaf-water potential to abaxial
resistance found in the growth chamfber is similar to
that of the field data (Fig. 3); however at high
water potentials, the stomatal resistances from the
growth chamber are slightly higher whereas at high
resistances, the water potential is lower. The slightly
higher resistance at high potentials obtained in the
growth chamber may be light-induced since abaxial
stomatal resistance increases about 30 % at higher
light levels (12). The lower water potentials at
the high stomatal resistances found in the growth
chamber experiment may be due to the differences
between the osmotic potentials of the soil solutions
in the field and growth chamber studies.
We do nlot expect the curves in Fig. 7 to be
unique for all plant species, but their shapes indicate
to a first approximation an on-off relationship between the leaf-water potential and stomatal resistance.
The on-off stomatal mechanism should not cause an
on-off daily transpiration flux which is high one-day
and virtually nil the next because (a) diurnal trends
in leaf-water potential indicate a gradual increase
in stomatal resistance before the critical water potential 'is reached, then a rapid increase in resistance,
and (b) as the drying cvcle progresses, the stomata
close earlier during the day; lhence, the interval of
stomatal closure is increasing from day to day. The
shape of the curves shown in Fig. 3 and 7 provide
useful information in constructing soil-plant-atmosphere models, since such a relationship links the
plant environment as reflected in the leaf-water
potential to the stomatal-controlled, transpiration
flux.

Acknowledgments
Contribution from the Department of Soils, University of Wisconsin, Madison. Published with the permission of the Director of the Wisconsin Agricultural Experiment Station. This work was completed while the
senior author was a CIC Fellow in Biometeorology, supported by Training Grant (2T1AP16) from National
Center for Air Pollution Control, U.S.P.H.S., and partly
supported by the Green Giant Company, Le Sueur, Minnesota and by USDA Hatch Funds. The authors gratefully acknowledge the assistance of A. Millar, T. Black
and D. Lesczynski in the field measurement and the advice of Dr. R. Lang in the later part of this work.

T*r - ,

--T

15511

a

ASASIAL
STOATAL
RESGSTWTEH(s.c/cm

Literature Cited

11JRCIOR PRESSURE

Is
20
12
24
N
ABAAL STOMAAL RtESISTANCE ("c /cm)

2

l6

40

FIG. 7. Relationship between abaxial stomatal resistance and leaf-water potential and turgor pressure of
growth chamber plants. The dashed curve taken from
Fig. 3.

1. BARRS, H. D. 1968. Determination of water deficits in plant tissues. In: Water Deficits and Plant
Growth. Vol. I. T. Kozlowski, ed. Academic
Press, New York. p 235-368.
2. BARRS, H. D. 1968. Effect of cyclic variations in
gas exchange under constant environmental conditions on the ratio of transpiration to net photosynthesis. Physiol. Plantarum 21:918-29.

1552

PLANT PHYSIOLOGY

3. BLACK, T. A., G. W. THURTELL, AND C. B. TANNER.
1968. Hydraulic load-cell lysimeter; construction, calibration and tests. Soil Sci. Soc. Am.
Proc. 32: 623-29.
4. COWAN, I. R. 1965. Transport of water in the
soil-plant-atmosphere system. J. Appl. Ecol. 2:
221-39.
5. DENMEAD, 0. T. AND R. H. SHAW. 1962. Availability of soil water to plants as affected by soil
moisture content and meteorological conditions.
Agron. J. 54: 385-90.
6. EHLIG, C. F. AND W. R. GARDNER. 1964. Relationship between transpiration and the internal
water relations of plants. Agron. J. 56: 127-30.
7. EL-SHARKAWY, M. AND J. HESKETH. 1965. Photosynthesis among species in relation to characteristics of leaf anatomy and CO2 diffusion resistance. Crop Sci. 5: 517-21.
8. GAASTRA, P. 1959. Photosynthesis of crop plants
as influenced by light, carbon dioxide, temperature and stomatal diffusion resistance. Mededel.
Landbouwhogeschool Wageningen. 59: 1-68.
9. GALE, J. AND A. POLJAKOFF-MAYBER. 1968. Resistances to the diffusion of gas and vapor in
leaves. Physiol. Plantarum 21: 1170-76.
10. GARDNER, W. R. 1960. Dynamic aspects of water
availability to plants. Soil Sci. 89: 63-73.
11. GARDNER, W. R. AND C. F. EHLIG. 1965. Physical
aspects of the internal water relations of plant
leaves. Plant Physiol. 40: 705-10.
12. KANEMASU, E. T. AND C. B. TANNER. 1969. Stomatal diffusion resistance of snap beans. II. Effect
of light. Plant Physiol. 44: 1542-46.

13. KANEMASU, E. T., G. W. THURTELL, AND C. B.
TANNER. 1969. The design, calibration and field
use of a stomatal diffusion porometer. Plant
Physiol. 44: 881-85.
14. KETELLAPER, H. J. 1963. Stomatal physiology.
Ann. Rev. Plant Physiol. 14: 249-70.
15. MAY, L. H. AND F. L. MILTHORPE. 1962. Drought
resistance of crop plants. Field Crop Abstr. 15:
1-9.
16. MEYER, B. S., D. B. ANDERSON, AND R. H. B6HNING. 1960. Introduction to Plant Physiology.
Nostrand Company, Princeton, New Jersey. 541 p.
17. PALLAS, J. E., B. E. MICHEL, AND D. G. HARRIS.
1967. Photosynthesis, transpiration, leaf temperature, and stomatal activity of cotton plants under
varying water potentials. Plant Physiol. 42: 76-

88.
18. RAWLINS, S. L. AND F. N. DALTON. 1967. Psychrometric measurement of soil water potential
without precise temperature control. Soil Sci.
Soc. Am. Proc. 31: 297-301.
19. SLATYER, --R. 0. 1966. Some physical aspects of
internal control of leaf transpiration. Agr. Meteorol. 3: 281-92.
20. SLATYER, R. 0. 1967. Plant-Water Relationships.
Academic Press, New York. 366 p.
21. WARDLOW, I. F. 1967. The effect of water stress
oni translocation in relation to photosynthesis and
growth. I. Effect during grain development in
wheat. Australian J. Biol. Sci. 20: 25-39.
22. ZELITCH, I. 1961. Biochemical control of stomatal
opening in leaves. Proc. Natl. Acad. Sci. 47:
1423-33.

