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ABSTRACT

EFFECT OF WATER STRESS ON THE PHOTOSYNTHESIS
OF THE POTATO

Leaf water potentials, soil water potentials, and
net photosynthesis rates were determined on potato plants
grown in containers in growth chambers under two Tight in-
tensities. Measurements were taken as the soil moisture
decreased from field capacity to the wilting point, Leaf
water potentials were measured by the thermocouple psychro-
meter technique. Soil water potentials were determined
from the water retention curve and from thermocouple psychro-
meters. The water retention curve gave a better estimate
of soil water potential than the thermocouple psychrometers,
Net photosynthesis rates were determined by use of an infra=
red carbon dioxide gas analyzer,

Net photosynthesis rate was severely reduced by in=<
creasing water stress. Net photosynthesis rate began to
decline as soon as soil moisture content dropped below
field capacity. Rates at field capacity or 0 bars soil

2

water potential was 10 mg CO, hr"] dm™~“ for the Tow light

1 dmfz

intensity and 17 mg CO, hr™ for the high light inten-
sity. Leaf water potentials were -3 to =4 bars at this
level. At leaf water potentials of -8 to -10 bars and

sojl water potentials of =7.5 to -9 bars net photosynthesis

111



had essentially stopped, These results are similar to those
obtained by Boyer (1970 b) for soybean, sunflower and corn
except potato was fTar more sensitive to water stress, The
sharp reduction in net photosynthesis rate as soon as the
plant is subjected to water stress explains why the potato

responds so well to jrrigation,
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INTRODUCTION

Plant growth is Timited by water stress. Although
this Timitation has been observed since man began irrigating
crops in ancient Egypt, the effect of water stress on plant
growth is still not completely understood. Because water
affects many of the processes associated with photosynthesis,
and since net photosynthesis rate is a measure of dry matter
production, water stress would be expected to have a great

influence on growth,

The potato is the most important commercial vegetable
crop in Manitoba, the 1970 acreage being approximately
33,000 acres., Because it is a root crop and because of the
increase in mechanized harvesting the potato is usually
grown on coarse textured soils, These sojls have a low
moisture holding capacity and therefore water stresses de-
velop very quickly. Hence in Manitoba, potatoes frequently
grow under condijtions of water stressL There is a consider<
able acreage of coarse textured soils in Manitoba which are
sujtable for potato production; The acreage of these soils
which can be jrrigated is increasing through deyelopment of

i t
new water resevoirs (eg, Shellmouth Dam,)

For this reason potato growers have become jnterested

in irrigation and in the past few years several growers



have begun to irrigate their potatoes. In view of these
developments and because the potato responds so well to
irrigation, this project on the effect of water stress on
growth of the potatoes was initiated. It is hoped that the
information derived from this project will benefijt potato

production in Manitoba.



LITERATURE REVIEW

Introduction

Water stress has long been known to affect plant growth
and the use of irrigation to overcome this stress and to
ensure growth to maturity is well documented (Singh, 1969).
The affect of water stress oh photosynthesis has also been

studied by many workers.

Although much has been Tearned, the relationship bet-
ween photosynthesis and water stress is not completely
understood. It is the aim of this project to study net
photosynthesis rate of potatoes as it is affected by water

stress.

Definition of Pertinent Terms

Water Potential

Water potential refers to the energy of water. The
total potential (or energy per unit quantity) of water is
defined as the mechanical work required to transfer a unit
quantity of water from a standard reference state, where
potential is taken as zero, to the situation where the pot-
ential has the defined value. A pool of pure water at an
elevation which can be arbitrarily specified and which
experiences a gas pressure of one standard atmosphere has

been adopted as this reference state (Rose, 1966). This



energy per unit quantity of water in the soil is affected
mainly by the moisture content. Other factors affecting
water potential are the soil water's position in the earth's
gravitational field, the gas pressure acting on it and its
chemical constitution. Spatial differences in energy per
unit quantity of soil water are the cause of movement of
such moisture from regions of higher specific energy to
regions of Tow specific energy. Because the specific

energy of water in unsaturated soil and in plant tissue

is lower than that of a free water surface, water potential

is usually a negative number.

Photosynthesis

Photosynthesis as defined by Barnhart (1947) is "a pro-
cess of green plants by which carbohydrates are formed from
carbon dioxide and water under the influence of Tight."
Arditti and Dunn (1968) define photosynthesis as "the utili-
zation of radiant energy to synthesize chemical compounds."
In plant physiology and biochemistry, photosynthesis classi-
cally refers to the synthesis of carbohydrates from carbon
dioxide and water in the presence of Tight according to the
equation:

6CO

light N L H O 4 BD e
2 * R0 T ovopnyT1T” CeM1206 * 605 S (1)

Growth is determined by net photosynthesis rate. For purposes

of this thesis net photosynthesis rate will be regarded as



net assimilation of carbon dioxide.

Plant water stress

Water stress is the term used to define the internal
water balance of a plant (Kramer, 1963). Water stress is
measured by diffusion pressure deficit, water potential or
plant water suction. The greater the suction the greater
is the water stress. Tissue water balance depends on the
rates of absorption and Toss. Water is taken up by the
roots and utilized in various plant processes and lost from
the plant by transpiration. Transpiration is affected by
Teaf area and structure, extent of stomatal opening, and
environmental factors. Absorption on the other hand is
affected by the rate of water loss, the extent and effi-
ciency of the root system, hydraulic properties of the soil,
and environmental factors. Plants undergo water stress if
transpiration rate exceeds absorption rate. Under condi-
tions of low soil moisture content, absorption rate is very
small, and the result is a high plant water stress. However,
plant water stress can develop at relatively high soil mois-
ture content if transpiration rate is excessively large,

For this reason soil moisture stress is not always a good
indicator of plant water stress. Since plant water stress
has a direct influence on plant growth, it is more impor-

tant to measure Teaf water stress.



Thermocouple psychrometer

The thermocouple psychrometer is a device used to de-
termine water potential by measuring relative humidity by use
of a thermocouple. The theoretical basis for its use is the
relation between water potential in a solution and the rela-

tive vapor pressure in an atmosphere in equilibrium with the

solution.
W= (RT/M) (1 p/p°)=mmmmmmmm e (2)
y/= water potential
R = ideal gas constant
T = absolute temperature
M = molar volume of water
p/p° = relative humidity (expressed as a fraction)

Thus by knowing relative humidity over a solution one can

determine its water potential.

Types of Thermocouple Psychrometers

As stated previously, a thermocouple psychrometer mea-
sures relative humidity. There are two types of thermocouple
psychrometers 1) the Spanner or peltier cooled variety

and 2) the Richards or droplet thermocouple psychrometer

(Fig.1).

Spanner thermocouple psychrometer

The Spanner thermocouple psychrometer (Spanner, 1951)
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Fig. 1. Spanner and Richards type thermocouple
psychrometers. Redrawn after Lang and Trickett
(1965).



involves the use of a fine thermocouple wire which is cooled

below the dew point by passing a current through it. Water

condenses on the thermocouple junction maintaining it at

the dew point temperature. This cooling effect is called

Peltier cooling. The way this system operates is as follows:
1) the thermocouple assembly with the sample is placed in

a controlled temperature water bath (1L

.001° ¢)

2) the system is allowed to come to equilibrium, i.e. the
water vapor pressure above the sample reaches a constant
value.

3) once the system is equilibrated, the galvanometer is
zeroed.

4) a current is passed through the thermocouple which con-
denses a droplet of water on the junction,

5) the temperature (emf) of the thermocouple is then read
on the galvanometer.

By knowing ambient and dew point temperatures relative humi-
dity can be calculated and potential can be determined by
equation 1. Rather than calculate relative humidity each
time, a calibration curve for water potentijal-emf output

is determined over known solutions of KC1 (Fig. 2). Hence

all that is necessary is to determine emf output of the

thermocouple psychrometer to determine potential.

One Timitation is that the Spanner thermocouple psychro-

+
meter requires very sensitive temperature control (- .001° c).
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A change of relative humidity from 100 to 99% will change
the water potential from 0 to -15 bars at 25° ¢. In a
closed psychrometer chamber a small change in temperature
will create a large change in relative humidity and hence

in potential. Because extremely small voltages are measured
(10 Py range) very sensitive equipment is required. Another
Timitation of the system is that the Peltier cooling effect
lowers the temperature very little. Chromel-p and constan-
tan thermocouple can be cooled a maximum of 1.5° ¢. As a
result, most thermocouple psychrometers of the Spanner type

are not effective for measuring potentials below -50 bars.

Richards thermocouple psychrometer

, The Richards' thermocouple psychrometer is similar in
design to Spanner's except a ring is soldered near the
junction (Fig. 1). A small water drop is placed in the ring
and allowed to evaporate to produce dew point temperature.
The thermocouple psychrometer is sealed in the chamber
with the sample, placed in the water bath and allowed to
equilibrate. A reading is usually obtained in 10 to 30 min-
utes if the vapor condition of the sample is steady. Pot-
ential can be determined by equation 1T or a caljbration
curve. As with the Spanner thermocouple psychrometer a
calibration curve of water potential vs. emf output is

prepared over known NaCl or KCIT solutions.
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This type of thermocouple psychrometer requires pre-
cise temperature control and precise emf measurement.
Relative humidity can be measured at very low potentials
because the droplet of water placed on the thermocouple can
lower the dew point temperature more than Peltier cooling.
Water evaporates from the junction to produce dew point
temperature. This small addition of water vapor to the
sample may give a higher reading. Boyer (1971) compared
the Spanner and Richards thermocouple psychrometers and
found the Spanner water potential value to be lower than

the Richards reading.

Measurement of leaf water potential

Leaf water potential has been measured on the intact
plant and on excised tissue. Boyer (1971) and Lang (1965)
compared both techniques and found 1ittle difference bet-

ween them.

Excised-tissue method

Ehl1ig (1962) measured leaf water potential of pepper,
cotton and birdsfoot trefoil. Sections of leaves were ex-
cised and placed around the inside of the chamber where they
were allowed to equilibrate for 2 to 6 hours. Using a
Richards type thermocouple psychrometer, Ehlig found that

leaf water potential in birdsfoot trefoil ranged from -8.6
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bars to -48.8 bars. The -8.6 bar reading was obtained when
plants were well watered and the -48.8 bar reading was ob-

tained when plants were severely wilted.

Box (1965) used a Peltier type thermocouple psychro-
meter to measure leaf water potential of cotton. Twenty
leaf discs, 1T cm. in diameter were excised from a cotton
plant and placed in a brass chamber which was then connect-
ed to the thermocouple psychrometer. Then, the whole appar-
atus was enclosed in a stainless steel test tube and placed
in a controlled temperature bath. The leaf discs were
allowed to equilibrate until water potential in the vapor
phase reached a constant value. This usually required about
2 hours. Box found leaf water potentials of -40 and -65
bars at relative water contents of 94 and 53 percent, respec-

tively.

Yang and de Jong (1968) studied leaf water potentials
in wheat plants using a Spanner type thermocouple psychro-
meter. Wheat leaves 4 cm, in length were inserted into a
stainless steel enclosure with the thermocouple psychrometer
and placed in a 25° C water bath which was controlled to
I .001° ¢. The samples were allowed to equilibrate which

usually required 5 hours. Leaf water potentials from -10

bars to -40 bars were recorded.
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Intact-leaf method

Lambert and VYan Schilfgaarde (1965) used a Spanner
type thermocouple psychrometer to measure water potential
on an intact leaf of a red kidney bean plant. The whole
leaf was sealed in a teflon coated acrylic chamber. The
entire system was enclosed in a water bath to control temp-
erature. Equilibration times varied with solutions and
leaves. Leaf samples were allowed to equilibrate for 30
hours before measurements were made. By passing the plant
through an irrigation cycle, different leaf water potential
measurements were obtained. Leaf water potentials varied

from -3 to -16 bars.

Lang and Barrs (1965) developed a system similar to
that of Lambert and Van Schilfgaarde (1965). They con-
structed a stainless steel chamber and surrounded it with
a water jacket which was finally covered with foamed poly-
urethane insulation., They trimmed the leaves of cotton to
80 by 41 mm. 16 hours before enclosing the Teaf in the
chamber. A leaf near the intact Teaf was removed and leaf
water potential was measured by a Spanner type thermocouple
psychrometer. Values obtained from both excised and intact
Jeaves were in close agreement., The leaf water potentials
of cotton could not be compared to other data as there were

none available. Leaf water potential decreased as soil

moisture decreased in the soil.



14

Manohar (1966) developed a small chamber, Spanner type
thermocouple psychrometer to measure water potential in
plant tissue. The thermocouple psychrometer chamber con-
sisted of a silver cylinder (.06 cm.3) with the base con-
sisting of the sample. This apparatus was sealed and placed

in a constant temperature bath.

Hoffman and Splinter (1968) used a system in which a
thermocouple psychrometer chamber was glued to the under-
side of a tobacco leaf. The whole apparatus was placed
in a controlled temperature water bath, Leaf water poten-
tials decreased as soil moisture decreased. Leaf water
potentials were .75 to 3.5 bars lower than soil water pot-
entials. Because the results obtained were in agreement

with those expected, it was concluded that the system worked.

An isopiestic thermocouple psychrometer developed by
Boyer (1966) was used to measure leaf water potential of
sunflower tissue. This thermocouple psychrometer was simi-
lar to a Richards thermocouple psychrometer except that
rather than placing a drop of water on the junction, a
solution of a known concentration of sucrose was placed on
the junction. Two consecutive measurements were made, one
with water on the junction and one with a solution close

to the potential of the leaf. Thermocouple output was
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plotted as a function of potential of the water or solution
on the thermocouple and the line was extrapolated to zero
output. The potential at zero output was taken as the pot-
ential of the Teaf tissue. To test the accuracy of this
method sunflower tissue was equilibrated over a known solu-
tion and then placed in the thermocouple psychrometer cham-
ber. Measured values were very close to the known poten-

tials.

Water potential measurements were made on both detached
and intact leaves. Detaching Teaves from the plant had no
effect on water potential-measurement. Hence Boyer con-
cluded that detached tissue could be used to determine leaf

water potential of intact leaves.

Measurement of soil water potential

Determination of soil water potential by thermocouple
psychrometery was attempted by Korven and Taylor (1968).
They used a Spanner type thermocouple psychrometer (Fig. 3)
which required the use of a temperature controlled water
bath for the sample. The soil sample chamber was connected
to the thermocouple psychrometer chamber and the whole
assembly was immersed in the water bath. When the samples
had come to equilibrjum, water potential was recorded.

They concluded that the thermocouple psychrometer can be used
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to determine relative activity of soil water and sulphuric

acid solutions with the same accuracy.

Richards and Ogata (1961) conducted thermocouple psy-
chrometer measurements with a Richards thermocouple psychro-
menter on soil samples equilibrated on the pressure membrane.
They measured total suction, matric suction, and solute
suction. It was found that total suction as measured by
the thermocouple psychrometer was equal to the sum of matric
suction and solute suction. Matric suction was measured
by the pressure membrane and solute suction was measured
by the thermocouple psychrometer. From this it was concluded
that the thermocouple psychrometer measured total water pot-

ential of soil.

Rawlins and Dalton (1967) developed a thermocouple
psychrometer which did not require precise temperature con-
trol. "If a chamber were sealed so that water vapor could
neither enter nor leave, the error in water potential re-
sulting from changes in temperature of the chamber would
be about 1 bar per 0.01° ¢ at 25° C. If, on the other hand,
vapor were free to move to and from the chamber from a sam-
ple, the error would be less.” These authors enclosed the
thermocouple assembly in a ceramic chamber (Fig. 4). The

soil thermocouple psychrometers were embedded in the soijl
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and then the soil was allowed to pass through an irrigation
cycle. MWater potential was measured concurrently by tensio-
meters. There was a discrepancy between the two systems but
the discrepancy was constant indicating some error in one of
the systems. Water potentials measured by tensiometer were
higher than those measured by the thermocouple psychrcmeter.
Although soil temperatures fluctuated, variation of thermo-
couple psychrometer water potential measurement was only f0-5
bars. The system requires no temperature control and hence

can be used in the field.

Lang (1968) used a Spanner type thermocouple psychrometer
covered with a stainless steel gauze cage to measure soil
water potential. Nine thermocouple psychrometers were em-
bedded in a 16 Titer pot of soil containing a cotton plant.
The whole system was enclosed in a controlled temperature
water bath. The pot was watered then allowed to dry.

Water potential decreased with decreasing soil moisture.
Soil water potential decreased more during the day than the
night. Since the soil water potentials decreased with time

and environmental stress it was concluded the system worked.

Recent developments in thermocouple psychrometers

From the literature cited most authors found that con-
stant temperature baths were required for meaningful meas-

urement. Since temperature control is difficult and expen-
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sive some researchers have tried to develop new techniques
which require 1ittle temperature control. Wescor Inc.*

now supplies commercially a thermocouple psychrometer which
can measure soil or liquid samples without precise tempera-
ture control. Their design is similar to that of Rawlins
and Dalton (1967). These thermocouples are enclosed in
ceramic bulbs and have accuracies of - 0.5 bars. MWescor
Inc. also now make a sample chamber psychrometer which can
be used for measuring potential of almost any material pro-
vided it can fit in the small chamber and potentia] values
are not Tower than -50 bars. Research is currently contin-
uing but at present accuracy of measurement is still limited

to : 0.7 bar.

Millar, Lang, and Gardner (1970) are using a four ter-
minal thermocouple psychrometer in which one pair of leads
applies a cooling current and the other two Teads measure
the temperature of the junction. This system requires less
temperature control and also removes the heating error from

the Peltier effect.

Calissendorff and Gardner (1971) have built a thermo-
couple psychrometer chamber with several thermocouples in-
side. The additional thermocouples sense the temperature

difference between the psychrometer junction and the sample.

*Wescor Inc., Logan, Utah
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This system has been used successfully on corn plants grown

in the field.

Measurement of Net Photosynthesis

The technique of measuring net photosynthesis rate by
measuring carbon dioxide assimilation began in approximately
1945, Researchers have used whole plants, a few leaves, a
single leaf, part of a leaf and detached leaves. The re-
cent trend has been to use a single attached leaf or, where
the species has permitted, several leaves. Some workers have
used several plants. For example, Musgrave and Moss (1961)
used a chamber 9 feet long, 5 feet wide and 12 feet high
on corn plants in the field. Boyer (1970), Hesketh (1963)
and Chapman and Loomis (1953) used small chambers which en-
closed one leaf or part of a leaf depending on the species.
Tregunna, Krotkov and Nelson (1966) detached the leaf and
placed it in a small chamber for net photosynthesis measure-

ment.

The apparatus used in making measurements is essen-
tially the same in all instances. Gas is passed through the
chamber and by some means net carbon dioxide assimilated is
measured. There are two systems, an open and closed system.
The open system involves passing a known concentration of

CO2 over the leaf which in turn passes through an apparatus

which measures C0, concentration. By knowing the amount of
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602 delivered and the amount of CO2 leaving the assimilation
chamber, net CO2 uptake can be determined. Chapman and
Loomis (1953) used an open system where CO2 was collected

in KOH solution.

Most of the recent researchers have used a closed
system. In this system air is recirculated. The rate of
decrease in CO2 concentration with time is used to calculate
net photosynthesis rate. Conversely an increase in CO2
concentration can be used to calculate respiration rate.
Boyer (1970), Bate (1969), and Lister, Krotkov and Nelson
(1961) among others have used a closed system to measure

rate of net photosynthesis.

Problems associated with photosynthesis measurement

When using an assimilation chamber it is important to
remember that the leaf is thrust into a new environment.
Therefore one should try to maintain conditions in the
assimilation chamber similar to the environment in which
the plant is growing. Avery (1967) conducted tests on per-
spex chambers to determine how they affected temperatures
of the leaf. His data indicated that the temperature inside
the assimilation chamber was 10° ¢ higher than the ambient
air when sunlight intensity was 64,800 1umens/m2. Leaves
which were shaded usually had temperatures 2-3° ¢ higher

than ambient air temperature, Since these temperature dif-



ferences significantly affect rate of photosynthesis sev-
eral attempts have been made to prevent an increase in temp-
erature in the assimilation chamber. Air flow werked very
well provided flow rates were sufficiently high. A cooling
coil was inserted in the chamber and met with limited success
(Avery 1967). Boyer (1970) used a chamber with one side

constructed of metal which housed cooling coils.

Maintaining constant humidity in the chamber is also
a problem where certain carbon dioxide infrared gas analy-
zers are used. Water vapor and carbon dioxide both absorb
infrared light. To rectify this problem calcium chloride
tubes are placed in the Tine to remove water vapor. As
a result transpiration rate may be considerably higher than
that of Teaves outside the chamber. Models in which water
vapor does not interfere with CO2 analysis are now avail-
able and their use will provide values more representative

of those occurring under "natural" conditions.

Water Stress Effect

Water stress or internal water balance is one of the
most important factors in controlling physiological pro-
cesses. The major functions of water in plants include:

1) water is a major constituent of active tissue
2) water is a reagent for metabolic cycles
3) water acts as a solvent

4) water provides turgidity for cell enlargement.
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In view of the functions of water, it is evident that water
stress has an affect on vegetative growth, stomatal opening,
photosynthesis and biochemical reactions. Water stress may
have both harmful and desirable effects. Water stress was
required to induce flowering in coffee (Alvim, i960).

Water stress in tobacco caused yield and quality to de-
crease (Van Bavel, 1953). Water stress in potatoes seriously

affected yield (Box et al, 1963; Singh, 1969).

The affects of water stress on photosynthesis are
very complex (Boyer, 1970 b). As Teaf water potential de-
creases metabolic intermediates are changed (Santarius,
1967; Gates and Bonner, 1959}, The electron system is also
inhibited by water stress. According to Boyer (1970 b)
"both the reduction in oxygen evolution by chloroplasts and
the concomitant increase in light requirement are consistant
with the idea that some part of the photosynthetic electron
transport is affected by exposure of chloroplasts to Tow
water potentials within the leaf." This view is also sup-

ported by Santarius(1967).

Most of the entry of CO2 into the Teaves is beljeved to
take place through stomatal openings (Zelitch, 1967). Leaves
are covered by a thin cuticle consisting of a complex mix-
ture of long-chain carbon compounds that are impervious to

water and COZ' Troughton et al (1969) and Zelitch (1967)



25

found water stress reduced stomatal opening and consequently

reduced CO2 uptake.

Hsia (1970) studying polyribosome levels in corn,
found a decrease in polysomes and assimilation of CO2 with

increasing water stress.

Boyer (1970 a) found that cell enlargement was very
sensitive to water stress. He found that corn, soybean,
and sunflower ceased cell enlargement at water potentials
of -4 bars. The decline in enlargement from 0 to -4 bars
leaf water potential was very drastic and suggests that
turgidity was adversely affected by water stress over this

potential range.

Respiration may be increased or decreased by water
stress. Brix (1962) found that respiration increased up to
-10 bars leaf water potential and then decreased with in-

creasing water stress in loblolly pine seedlings.

Summary

From the literature presented here, one may conclude
that water stress decreases the rate of metabolic processes.
The effect of this stress is immediate and produces harm-
ful effects in most circumstances. The effect of water

stress on photosynthesis is complicated because water stress
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affects most factors contributing to photosynthesis. MWater
stress controls stomatal opening which controls CO2 assimi-
lation. Carbon dioxide levels control photosynthesis rate
(Chapman and Loomis, 1953). Water stress may interfere with
intermediate processes of photosynthesis such as electron
transport and solute transiocation. Therefore it is expected

that water stress will reduce rate of photosynthesis.
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MATERIALS AND METHODS

Potato plants of the Netted Gem variety were grown
in a growth chamber in plastic pots filled with 0 - 15 cm.
surface layer of a Wellwood loam soil. The soil was air
dried and passed through a 4.76 mm. sieve. Particle size
determination (Table 1) and the water retention curve
(Fig. 5) were determined by the pipette method and the

pressure membrane, respectively.

Air-dried soil, equivalent to 8,000 grams of oven-

dried soil, was poured into plastic pots (23 cm. diameter

by 25 cm. deep). Tubers were planted in the pots and the
pots placed in a growth chamber. Plastic covers were placed
over the soil to reduce evaporation. The pots were brought
to field capacity daily until the experiment was started
when watering was discontinued. When the plants were 4
inches high, fertilizer was added at the rate of 25 - 30

ppm of each of nitrogen and phosphorous which maintained

optimum nutrient Tevel.

Growth Chamber Conditions

The plants were grown in two different growth chambers-
to obtain two different environments. Both chambers had a
photoperiod of 16 hours 1ight and 8 hours dark. In the

first experiment growth chamber temperatures were 21° ¢
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Table 1. Particle size analysis of Wellwood soil as determined by
the pipette method.

Organic Matter Clay Silt Sand

5.2 26.9 44,9 28.2
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during the 1ight period and 18° ¢ during the dark period.

In the second experiment, temperatures were 25° ¢ and 18° ¢
for light and dark periods, respectively. In experiment 1
light intensity was 14,000 1umens/m2, and in experiment 2
35,600 1umens/m2. In both cases light intensity was meas-
ured at the leaf surface. The light intensities were varied
to determine if light intensity affected photosynthesis -
water stress relationships. The temperature of the two
experiments varied because of specific temperature require-

ments of other crops grown in the growth chambers,.

Soil Water Potential Determination

Spanner type soil thermocouple psychrometers* were
used for measuring soil water potential. One week prior
to initiation of the experiment, thermocouple psychrometers
were spaced at equal increments of depth in the pot in the
first and second experiments. Holes were drilled in the
side of the pot through which the thermocouple psychro-
meters were placed. In the first experiment, 2 thermocouple
psychrometers were used. Because of failure of one psychro-
meter in experiment 1, three thermocouple psychrometers were

used in the second experiment.

*Model PT51-05 Thermocouple Psychrometer

Wescor Inc., Logan, Utah
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Using the circuit shown in Fig. 6 the following pro-

cedure was used 1in taking thermocouple psychrometer readings:

1) the emf of the copper-constantan thermocouple (tempera-
ture thermocouple) was measured. This gave the temperature
correction.

2) the chromel-constantan thermocouple (thermocouple
psychrometer) was zeroed in the voltmeter.

3) the measuring junction was cooled by passing a 3
milliampere current through the junction for 10 seconds.

4) the emf of the thermocouple was then read by switch-
ing back to the voltmeter.
Using both emf readings, the emf of the thermocouple psy-
chrometer was corrected to 25° ¢ by the following equation

supplied by Wescor Inc.:

Corrected reading = reading = -eommeosoeo-ee- (3)
.325 + .68 V
reading = emf of chromel-constantan thermocouple
V = emf of copper-constantan thermocouple in

millivolts.
ATT soil thermocouple psychrometers were calibrated over

known sodium chloride solutions (Lang, 1967) before use.

Leaf Water Potentijal Determination

Leaf water potential was determined by using a Wescor
Model c-51 Sample Chamber Psychrometer (Fig. 7). This

chamber was calibrated over known sodium chloride solutions
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Fig. 6. Circuit diagram of thermocouple psychrometer.
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Fig. 7. Sample chamber psychrometer Model C-51
used for leaf water potential measurements. Manu-
factured by Wescor Inc., Logan, Utah.
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before use. The procedure used to determine the leaf cham-
ber reading was the same as that for the soil thermocouple

psychrometer.

To determine leaf water potential, two leaf discs
were excised from the leaf by a paper punch and immediately
placed in the sample chamber. The sample chamber was 67
mm. in diameter and 33 mm. deep. Leaf tissues require a
long time for equilibration because of resistance to evapor-
ation of water from the leaf Boyer, 1969). The manufacturer
suggested equilibration times of 20 minutes or Tonger.
Preliminary experiments indicated that one hour was re-

quired for equilibrium to occur.

Net Photosynthesis Rate Determination

To measure photosynthesis, a unit similar to that used
by Lister et al (1961) was used. Lister et al used a closed
circuit apparatus with a geiger tube for monitoring water
vapor in the system. Because equipment for monitoring water
vapor was unavailable, a calcium chloride tube was used to

remove water vapor. This was necessary since the carbon

dioxide gas analyzer* used was sensitive to water vapor,

The system consisted of a source of carbon dioxide,

*Beckman Model 215A
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a peristaltic pump, an assimilation chamber, a calcium
chloride tube, a flowmeter, and a carbon dioxide gas ana-
lyzer (Fig. 8). The assimilation chamber (Fig. 9) was
constructed of perspex with the inside dimensions of 16
mm. by 115 mm. by 65 mm. The carbon dioxide gas analyzer

was calibrated by using gases of known concentrations.¥*

A leaf** was enclosed in the assimilation chamber and
the hoses were connected back into the system, Leaves from
the outer portion of the mid-horizontal plane of the foliage
were used to reduce variability to a minimum. Carbon
dioxide, 292 ppm, was passed through the system initially,
to ensure a uniform initial CO2 concentration throughout
the system. To do this, the Tine was opened at the outlet
of the analyzer. Once equilibrium was attained, the carbon
dioxide source was disconnected and the analyzer outlet
connected to the pump (Fig. 8). This created a closed system.
The carbon dioxide gas analyzer had a precision of 6ppm.
Carbon dioxide concentration was a linear function of time
until CO2 concentration was a limiting factor. To determine
net photosynthesis rate, the CO2 concentration was allowed

to deplete to a chosen level. By knowing the concentration

*0Obtained from

Liquid Carbonic

635 McPhillips Street

Winnipeg, Manitoba

**Where the word "leaf" is used, "leaflet" should be in-
serted when discussing the potato.
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at the beginning and the end and knowing the time elapsed,

net photosynthesis rate was determined.

Since net photosynthesis rate is usually given in
milligrams of C02 absorbed per hour per square decimeter

]dm'z) the volume of the system and leaf area

(mg COZhr_
had to be calculated. To calculate this volume, the system
was brought to an equilibrium CO2 concentration, then a
small amount of high concentration 602 was injected. By
knowing flow rate and recording the time between the peaks,
the volume was determined. By this procedure, the volume

of the system was calculated to be 545 ml.

Leaf area measurements were made by using ozalid paper.

If ozalid paper were exposed to ultra-violet Tight and then
developed 1in NH3 fumes the paper turned white, O0Ozalid
paper was held below the Teaf by enclosing the leaf and the
paper between two thin sheets of perspex. There was suffi-
cient ultra-violet Tight in the growth chamber to develop
the shadow of the leaf on the paper. The shadow of the leaf
was cut out of the paper and weighed. The area was deter-
mined by multiplying the weight of the paper by a factor
which was previously calculated. This was determined by
taking sheets of ozalid paper with known areas, developing
and weighing them to determine weight to area ratio. The

equation obtained was as follows:
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area dm2 = weight in grams x .5711 —c=ccmecmcunn-- (4)

To calculate net photosynthesis rate the following

equation was used:

14p=2 o M X BC0, x 1.57 x 10% —momemnnnn (5)

dm”~

mg COzhr'
A x At x 100
M

1]

total mass of air in the system (g.) =

Volume x density = .545 x 1.25 = .68 ¢
[;CO2 = change 1in CO2 concentration in ppm by volume,
1.57 = conversion factor to change ppm by volume to

ppm by weight.
103 = conversion factor to convert g. to mg.
A = area of leaf dm2
At = change in time hr,
106‘= conversion factor for ppm to g.

Two runs were conducted on each leaf except when Teaks

occurred, In this case only the uninterrupted run was con-

sidered,

Daily Experimental Procedure

Measurements were begun 2 hours after the beginning
of the 1ight part of the photoperiod. The following pro-
cedure was used:

1) both pots were weighed,
2) net photosynthesis measurement was started on pot 1J.

The leaf was tagged for identificatijon,.
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soil water potential was measured in pot 1.

leaf area on pot 2 leaf was measured and tagged for
identification.

after net photosynthesis rate was determined on pot 1,
the assimilation chamber was removed as quickly as
possible and leaf discs were taken for Jeaf water
potential determination.

net photosynthesis rate was then determined on pot 2,
soil water potentjal was determined on pot 2,

Teaf area was determined on pot 1,

leaf water potential was measured for pot 1.

after net photosynthesis rate measurement was finished
on pot 2 the same procedure as step 5 was followed.
leaf water potentjal was then determined on pot 2. Teaf,
the same procedure was followed the next day except pot
2 was done first.

Photosynthesis is known to vary with time in the photo-

period (Bate, 1969)., If each pot were measured at the same

time every day, variation between plants would have been:

confounded by time of measurement. By alternating the order

in which pots were used and subsequently combining results,

it was hoped that results obtained would be more representa--

tive of the true water potential-photosynthesis relation,

Also by using leaves from the mid-horijzontal plane of
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the outer foliage, variability of leaves was decreased.

This daily routine was followed until severe wilting occurred.

Soil Moisture Determination

At the end of the experiment several soil samples were
taken to determine moisture content, From the weight of

soil in the pot, water content could be determined from

daily measurements of total mass of container, soil and plant.

Soil water potentials were determined from the water re-

tention curve.
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RESULTS AND DISCUSSIONS

Experiment 1

In experiment 1 net photosynthesis rate was measured
at varying water stresses in an environment of 21°% ¢ day
temperature, 18° ¢ night temperature, and 14,000 Tumens/
m2 Tight intensity. The evaporative demand as measured by
black Bellani atmometers was .179 cm. per day. Data from
pots 1 and 2 are shown in tables 2 and 3, respectively.
Maximum net photosynthesis rates were about 10 mg, CO2
hr—] dm”z. These values are in agreement with those obtained
for the potato by Chapman and Loomis (1953). Net photosyn-
thesis rates decreased very'rapid1y with increasing water
stress (Fig, 10)., At leaf water potentijal of <8 bars net
photosynthesis rate had essentially ceased. At this point
the sojl water potential (Fig. 11) was ;7,5 bars. Poten-
tials at cessation of photosynthesis are much higher than
those found by Boyer (1970 a) for soybean, corn and sunflower
(Fig, 12), Box et al (1963) found the yield of potatoes was
drastically reduced when soil water potentials were decreased
to -1,6 bars. With such lTow water stress affecting net

photosynthesis rate, one can understand why yield is so

drastically affected by low soil water potentials,

Chapman and Loomis (1953) found considerable varjability
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Table 3., Results of Experiment 1, Pot 2

— : — ST

Day Soil Moisture  Soil water%/* Soil Waterl/** Leaf Water (/ Photosynthesis

(g/100 g) (Bars) (Bars) 7 (Bars) ' (mg COZhr“]dm—Z)
1 30.4 - 0.0 - 1.0 - 2.7 9.6
2 26.9 - 0.3 1.0 - 2.2 7.7
3 24.0 - 1.0 - 1.0 - 2.9 10.4
4 21.7 - 2.5 - 2,0 - 4.0 11.0
5 19.7 - 2.9 - 3.6 - 5,0 5.7
6 17.7 - 4.8 - 6.8 - 6.8 3.3
7 17.1 - 5,5 - 6.2 6.8 1.2
8 16.3 - 6.5 - 8.6 - 7.8 0.4
9 15.8 - 7.2 - 8.4 - 8.8 0.1
10 15.3 - 8.2 -11.6 -10.5 0.0
11 14.9 - 8.9 -11.8 -10.4 0.0
12 14.5 -10.0 -11,6 - 9.2 0.0
13 14.2 -11.0 -12.8 -11.8 0.1
14 13.9 -11.8 -15.0 -10.5 0.0
15 13.7 -12.3 <15.3 ~10.5 0.0
16 13.3 -12.7 -16.5 -12.0 -0.1
17 13.1 -15.3 -16.0 -13.5 0.0
18 12.9 -16.0 -18.0 -13.0 0.1

* Soil water potential determined from water retention curve.
** Soil water potential determined from average of soil thermocouple psychrometers.
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in net photosynthesis rates between different leaves on the
same plant, In view of this variability, individual results:

are not as significant as the general trend,

The 1inear relationship of photosynthesis rate to

leaf water potential had an r2 value of +0.790 (Fig. 10).
The linear relationship between photosynthesis rate and
soil water potential as measured by the water retention
curve had an rz value of +0.872 (Fig. 11), Pajred t tests
for the difference between potential measured by the water
retention curve and the soil thermocouple psychrometers
were done for each pot, The t values for pot 1 and 2 were
9,52 and -4,55, respectively, Since these t values are
significant at the 1% level, the results indicate poor

agreement between the two methods,

The‘thermocoup1e psychrometers sampled only a minute
portion of soil in the whole pot. If the small sample was
not representative of the whole then the reading was not
representative. To overcome this problem many thermocouple
psychrometers should have been used when measuring soil water
potential, The thermocouple psychrometers were connected
to the microvoltmeter by wires: If there was inadequate
packing and air was allowed to enter, the soil near the
thermocouple psychrometer would have dried sooner and given

a biased answer. In clay soils where shrinking occurs, cracks
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may form which may allow air to enter, Also if the thermo-
couple psychrometer came in contact with a root or tuber,
the reading may be influenced, Because of inadequate
number of thermocouple psychrometers and the great vari-
ability of the ones used, the water retention curve gave

a better estimate of soil water potential,

Experiment 2
The procedure in experiment 2 was the same as experi-
ment 1 with two exceptions:--1ight intensity was increased
to 35,600 1umehs/m2 and--day temperatures were increased to
25% ¢, The evaporative demand as recorded by the Bellani
atmometers was .20 cm./day compared with .18 cm,/day 1in
experiment 1., The results of this experiment for pots 1

and 2 are shown in tables 4 and 5, respectively.

1 2

Maximum photosynthesis rates were 17 mg COZhr" dm™“,
Photosynthesis rates declined very rapidly again with zero
photosynthesis occurring at -10 bars leaf water potential
(Fig. 10)and -9 bars soil water potential (Fig, 11). The’
r2 value for the Tlinear relationship of photosynthesis to
leaf water potential was +0.749 (Fig. 10)., The rz value
for the linear relationship of photosynthesis to sojl water
potential as measured by the retention curve was +0,644
(Fig, 11), Agreement between soil water potential as meas-

ured by the water retentijon curve and thermocouple psychro=

meters was improved by increasing the number of thermocouple
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Day Soil Moisture  Soil Water?ﬂ* Sojl Water /** Leaf Water w Photosynthesis
(g/100 g) (Bars) (Bars) ' (Bars) (mg COZhr*ldm‘Z)

1 26.5 - 0.4 - 8.8 - 2.3 17.7

2 20.1 - 2.8 - 8.5 - 6.7 9.1

3 17.8 - 4.8 -12,2 - 6.8 .

4 16.7 - 5.9 -12.,9 - 8.0 1

5 15.6 - 7.7 -16.2 -11.8 .

6 14.8 - 9.0 -14.0 -11.5 1

7 14.1 -11.0 -15.4 -12.8 1

* Soil water potential determined from water retention curve.
** Soil water potential determined from average of soil thermocouple psychrometers.

0§



Day Soil Moisture  Soil Nater%f* Soil Water [/** Leaf Water ¥/ Photg§§nthesis

(g/100 gq) (Bars) (Bars) (Bars) (mg COZhr‘1dm'2)
1 28.8 - 0.1 - 0.6 - 4,0 11.9
2 23.2 - 1.3 - 0.3 - 2.5 17.0
3 18.4 - 4.0 - 5,3 - 5.8 13.8
4 16.4 - 5.3 - 8.1 - 7.2 4.2
5 15.3 - 8.0 - 9.5 -10.8 3.7
6 14.4 -10.2 -13.0 -11.8 0.0
7 13.7 -12.2 -12.8 -11.8 0.0

* Soil water potential determined from water retention curve.
** Soil water potential determined from average of soil thermocouple psychrometers.

LS
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psychrometers, In pot 1 and 2 the paired t values for the
difference between the two methods of measuring sojl water
potential were -10.79 and -2.38, respectively, The t value
for pot 1 is significant at the 1% level but the value for

pot 2 is not significant, In pot 1, one thermocouple psychro-
meter malfunction and the other two appeared to be impro-
perly placed. In pot 2, placement of thermocouple psychro-
menters was better and hence the difference between the two

methods of measuring soil water potential was not signjficant,

Similar photosynthesis-water potential relationships
have also been reported by Boyer (1970 a). His graph
(Fig. 12) shows net photosynthesis rates of corn, soybean and
sunflower at varying leaf water potentjal, These crops all
showed some tolerance to leaf water stress before net photo-
synthesis rates declined, However, this tolerance to leaf
water stress varied with the crop., Corn had the Teast
tolerance of the three; soybean had the greatest tolerance,
Net rate of photosynthesis did not decrease to zero until
lTeaf water potential had decreased well below -15 bars, In
contrast to results presented by Boyer (1970 a), the pre-
sent study jndicates that photosynthesis in potatoes is mark-
edly affected by plant water potential. The sensitiyity of

potatoes to irrigation (Singh, 1969) indicated potatoes are

very sensitive to leaf water stress,
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In some instances leaf water potential was higher than
soil water potential at low potentials. In experiment 1,
pot 1, (table 2) after photosynthesis stopped leaf water
potential was approximately -12 bars while soil water pot-
ential was -13 bars. According to the passive theory of
water movement, water should be moving from the leaf to the
soil. In this regard, this result represents a discrepency.
Since this problem does not occur until the plant is near
wilting and photosynthesis has essentially stopped the value
of water potential is not that important. It is interesting
to note that a similar discrepancy was observed by Yang and
de Jong (1968). When soil water potential increased to

-35 bars, leaf water potertial was about ~32 bars in wheat,
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SUMMARY AND CONCLUSIONS

Under a light intensity of 14,000 lumens/m2 and a day

temperature of 21° ¢ the maximum net photosynthesis rate was

11 mg. C02hr—1dm_2

and a soil water potential of 0 to -1 bars, The net photo-

at a leaf water potential of -3 to -4 bars

synthesis rate had essentially ceased at a leaf water poten-
tial of -8 bars and a soil water potential of -7,5 bars.
The relationships of net photosynthesis rate to leaf water

potential and to soil water potential were essentially linear.

Under a light jntensity of 35,000 1umens/m2 and a day
temperature of 25% C the maximum net photosynthesis rate

was 17.7 mg, C02hr‘"1dm"‘2

at a leaf water potential of -3

to -4 bars and a soil water potential of 0 to -2 bars,

At a leaf water potential of -10 bars and a soil water pot-
ential of -9 bars, net photosynthesis rate had essentially
stopped. Again the relationships of net photosynthesis

rate and leaf and soil water potentials were linear,

Photosynthesis-water potential relatijons of corn,
soybeans and sunflower (Boyer, 1970 b) show that in these
plants, there is a range of water potentials over which photo-
synthesis rate remains essentially constant, When water
potential decreases further, rate of photosynthesis begins

to decline. Results from the present experiments indicated
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that in the case of potatoes there was no range of water
potential over which the photosynthesis rate remained
constant. Rather, even at leaf water potentials as high as
-3 bars, a decrease in water potential resulted in a decrease

in photosynthesis rate.

These results are of practical signjficance, since
photosynthesis rate is decreased by even the smallest
water stress, Assuming that photosynthesis and yijeld of
potatoes are related, it would appear that anything that
can be done to avoid water stress would significantly
increase yield. In 1jght of this information, it would seem
that extensive studies on the influence of irrigation on

potato yield would be most profitable.
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