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CHAPTER 1
INTRODUCTION

Over 95 percent of the water supplied to a plant is lost by trans-
piration. A need to understand the mechanism of such losses and its
relation with various intensities of the evaporation demand is of sig-
nificance. However, before any effort can be made to increase the
water use efficiency of the plants it is necessary that a clear fund-
amental understanding of the processes involved be obtained.

Transpiration studies are common dating from the time of Vasque
(1878), who studied the water loss mainly from the physiological view
point. Later thinking regarding this process suggested that trans-
pirationrate may be governed by both physiological and the physical
forces. As early as 1948 van den Honert (1948) postulated that flow
rate in plants is a caternary process and is analogous to flow of
current in a conducting medium. The Ohms law analogy is accepted by
many modelers as a valid assumption and is employed as a starting
point. Several variations and modifications in the catena have
been introduced based upon the knowledge of the physiological reg-
ulation of the transpiration flow. The properties of the plant media
'expressed by various parameters are constantly changing. An under-
standing and evaluation of the nature ofbthose changes and the range
of the parameters are necessary ingredients to build a model of the

water flow through plants.,



The purpose of this study was to develop an understanding of the
mechanism of water-flow and water-loss regulation in a cotton plant.
The objectives included studying each basic component of the plant such
as root, stem, and leaf and evaluation of those physiological para-
meters which affect the physical forces responsible for the flow of
water in that component. Since the plant-water-atmosphere is a con-
tinuously changing system in the domain of time, the nature of these
parameters as a function of time was also studied.

The study was divided into two phases. In phase one quantitative
and qualitative experimental information was gathered for the various
plant components. 1In the second phase these results were incorporated
in a simulation model. Any additional information needed to establish
conceptual validity was acquired from published sources or personal
communication.

In the root component it was desired to determine the pattern
of changes of root resistance to water entry under simulated applied
suction. Skidmore and Stone (1964) reported that root resistance in-
creased during the photoperiod in a cotton plant. Hence, the study
included a quantitative evaluation of such an increase as a function
of time, applied suction, and temperature of the root medium. Kuiper
(1963) has reported the existence of. a hysteresis effect in root.
resistance? In the present study ;his effec; was investigated in
cotton, tomato, and bean plants.

In the stem component knowledge was needed of the phase relations
of transpiration stream at sevefal locations on the stem.

In the leaf componenﬁ a mid-day slump was attributed mainly due

to water absorption lag behind the transpiration loss. Studies were



designed to establish the nature and magnitude of such lag in water up-
take and transpiration rates as well as in several other plant pro-
cesses. This was acheived by measuring simultaneously as many var-
iables as possible during short intervals of time.

The main objective of phase two was to formulate a model of the
transpiration stream which is simple, realistic, and identifiable with
plant components. Such a model should incorporate contemporary think-
ing in the area of plant-water-relations. A conceptual model consis-
ting of electrical analogies to.the plant system was visualized. Mathem~
atical equations describing flux and changes in the path of water flow
were derived. The versatility of the simulation language, Continuous
System Modeling Program (CSPMI) was investigated by implementing the
model on operating system, IBM 360/653. Objectives included simulating
the experimental results.

Chapter II reports the results on root resistance., It was neces=-
sary to modify the heat pulse technique for measuring sap velocity.
This is reported in Chapter III. Chapter IV contains the description
of the dynamic plant system. Those dynamics were simulated by the
electric analog model and these results are presented in Chapter V.
Chapter VI contains a description of the operation of the model. This

chapter should be of use to those attempting to further apply the model.



CHAPTER II

ROOT RESISTANCE AND TEMPERATURE EFFECTS
ON WATER UPTAKE BY PLANTSl/
G. A. Shirazi, J. F. Stone,

L. Croy, and G. W. Toddgl
Abstract

Root resistance of decapitated root systems of cotton, tomato,
and bean plants shows an exponential increase with applied suction up
to about #-1 bar. The water uptake rate was found to be path depen-
dent and showed presence of a hysteresis effect. Also, the root re-
sistance in a cotton plant increased about six-fold during the photo-
period of 12 hrs. The water uptake rate increased with increasing
temperature of the root medium up to 30 C in cotton and 25 C in

tomato and bean plants,

1/

~'Part of a thesis submitted by the senior author in partial ful-
fillment of the requirement for the Ph.D. Degree, Oklahoma State Uni-
versity, Stillwater, Oklahoma, Paper submitted for publication in
Plant Physiology.

2/Graduate Research Assistant, Department of Agronomy, Professor
of Agronomy, Associtate Professor of Agronomy and Professor of Botany
and Plant Pathology, respectively, Oklahoma State University,
Stillwater.



Introduction

Several studies of simultaneous water uptake and transpiration
rates have revealed that there is no simple relationship between the
two. Kramer (1939) reported that in all of his experiments the water
absorption through roots lagged behind transpiration. He suggested
this lag was due to the inability of roots to absorb water in accord-
ance with transpiration demand. Kramer (1939) also showed by de-
capitating various plant species that water uptake increased when the
roots were removed, implying that root tissues offered much resistance
to water uptake. Kuiper (1963) reported hysteresis effects in water
rate as a function of applied suction in the roots of decapitated
bean plants. He found that with increasing suction, water uptake
rate increased exponentially, while with decreasing suction, the
water uptake rate decreased linearly,

Maximum resistance to water movement in roots is encountered
across-the cytoplasmic membrane located in the repidermal” cells
of the root tips and the endodermis,cKuiper-(1963). 'These.
membranes are susceptible to temperature and pressure changes, lead-
ing to changes in the water uptake properties of the roots. Thus,
the resistance offered by the roots varies with time and other phy-
sical and chemical changes. Skidmore and Stone (1964) reported that
root resistance in a cotton plant increased about five fold during
the photoperiod. The effect of such variations in the root resistance
on water flow mechanics in the plant is important.

The objectives of the present investigation of three species

were:



(1) to determine the pattern of changes of root resistance to water
entry under suction pressure.

(2) to determine the changes in root resistance as a function of time.

(3) to determine the magnitude of the pressure dependent hysteresis

phenomenon.
Material and Methods

Cotton plants (Gossypium hirsﬁtum L), tomato (Lycopersicum
esculentunL cv. Rutgers) and kidney bean (Phaseolus vulgaris) were
grown in nutrient solution in a controlledlenvironment chamber. The
plants were grown in 10-liter plastic containers made opaque with
aluminum paint covering the outside. Each container was partitioned
into four compartments by cross partitions of sheets of perforated
plexiglass. dné”seédlihg“was grown iﬁ~éééﬁJcbmpaftment. ‘This kept
roots separate and minimized breakage.in handling. A Modified
Hoagland's solution(Shirazi and Stone, 1973c) was used. The water
lost from the nutrient solution was replaced daily with tap water,
and the entire solution was changed every three weeks. The plants
were clamped in position in a hole in the center of a wooden cover
fitted to the containers., The root medium was continuously aerated.

A technique to facilitate aeration and protect roots from in-
juries due to turbulence was employed. The aeration assembly con-
sisted of two concentric glass tubes. Air was introduced into the
inside tube from fhe top. The escaping air bubbles were confined
within the outer tube and uniform aeration was achieved due to con-
vective mixing of the low density column of the air-water mixture.

This aeration assembly was glued to one corner of the container so



as not to interfere with the root development.

A photoperiod of 13 hrs was maintained (11 hrs dark period). The
light intensity was about 48k lux. Illumination was provided by 28
VHO 200-watt fluorescence tubes and 12, 75-watt incandescent light
bulbs. The photoperiod temperature was 32.2 C and the dark period
temperature was 26 C.

The cotton plants used in this study were 8-weeks old. Bean and
tomato plants were over 7-weeks old.

The root system of the experimental plants was severed under
nutrient solution about 3 cm above the roots. To avoid air entry in-
to the xylem the decapitated root system was always kept immersed in
the solution. Tygon tubing was connected around the xylem after re-
moval of the bark. As an additional precaution against leakage the
tubing was tied with a rubber band, This assembly was connected to
a calibrated glass tube of 1 mm inside diameter (Fig. l). This in
turn was connected to a mefcury manometer connectéd to a vacuum pump.
This arrangement provided a maximum suction of 60 cm Hg.

The root system was subjected to incrementally varied suctions
between 5 can Hg and 60 cm Hg at intervals of 10 cm Hg in both ascen-
ding and descending paths of applied suction. The roots were kept in
the same nutrient solution in which growth took places The root vol-
ume at each run was determined by measuring the displaced volume of
water.

The effect of different temperatures upon the rate of water up-
take of decapitated plants was studied at a constant suction of 50
cm Hge For this determination the plastic container was placed in a

constant temperature bath. The temperature variation of the bath was
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less than + 1 C. The temperaturé of the root medium was brought to
equilibrium with the temperature of the bath for a period of 15 min-
utes before the root resistance was determined. One plant was studied
in the bath at a time. Temperature ranged between 15 and 45 G in in-

crements of 5 C.
Results and Discussion

Rates of water uptake as a function of applied suction to the
decapitated root system of cotton, tomato, and bean are illustrated
in Figs. 2, 3, and 4 and Table l. These results are typical of
several such runs on each type of plant and are meant to establish
patterns of changes in the root resistance. Use of suctions on a
decapitated plant to extract water through roots is, of course, con-
ceptually different from the natural uptake phenomenon. In nature
the suction pressure necessary to absorb water comes from metabolic
and physical processes. However, the use of the term "“water uptake"
in this study is consistent with its use in the literature.

The results indicate that water uptake increases exponentially
with increasing pressure., The decrease was also exponential. The
study was repeated several times on several different plants with re-
sults in the same trend. Also, the magnitude of the water uptake on
the descending path was higher than on the path of ascending suction.
Thus, there were always two values of water uptake for each value of
pressure indicating a path dependent nature of the water uptake rate.
Several investigators have reported similar results (Mees and
Weatherly: 1957a, Lopushinsky and Dramer, 196l: Kuiper, 1963). For

the ascending pathway using positive pressure Mees and Weatherly



TABLE 1

STATISTICAL SUMMARY OF THE RATE OF WATER~UPTAKE
AGAINST THE APPLIED SUCTION IN COTTON, TOMATO

AND BEAN PLANTS:

LEAST SQUARE BEST FIT

LOG Y = A + B (TAU) WHERE Y = UPTAKE
AND TAU IS THE APPLIED SUCTION.
A = INTERCEPT, B = SLOPE

ON SEMILOG PLOT

Age of :
Root Volume the plant Y~-intercept Slope Correlation
(cn3) (weeks) A B Coefficient
COTTON
Plant 1 149 8 Ascending 0.83 0.19 x 10-1 0.999%*-
Descending 0.97 0.17 X 1071 ..0.998%*
Plant #2 150 -, s Ascending 0.83 0.19 X 1071 0.999%
: Descending 0.90 0.18 x 10~} 0.997%*
Plant #3 138 6 Ascending 0.59 0.17 x 1071 0.999%#*
Descending 0.68 0.10 x 10~} 0.999%%
TOMATO
Plant 1 180 9 Ascending 1.20 0.14 x 1072 0.991%*
Descending 1.28 0.12.x.1071. .. 0.998%% .
Plant #2 153 8 Ascending 1.27 0.13 x 10~1 0.9964%
Descending  ~ 1.37 0.12 x 1071 0.9984+
Plant ¢3 145 8 Ascending 1.is 0.14 X 1071 0.997#+
Deccending 1.26 0.13 x 1071 0.996%*
BEAN
Plant #1 75 s Ascending 0.41 0.19 x 1071 0.995%%
Descending 0.56 0.16 x 107} 0.999%%
Planc #2 38 6 . Ascending  ~.93 X 1071 0.17 X 10-1 0.999#%
' Descending =.92 X 10-1 0.15 x 1071 0.990x%
Plant 3 58 8 Ascending 0.42 0.17 x 107 0.999:%
0.48 0.16 x 1071 0.998%%

Descending

10
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Decapitated Root System of Tomato
Grown in Solution Culture and
Constant Environment
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(1957a) obtained a non-linear relationship up to 3 atm and linear for
higherlpressure. Lopushinsky and Kramer (1961) found a non-linear
increase of water uptake up to 1 atm, Kuiper (1963) found a non~linear
increase up to 60 cm Hg.

For the descending path, the effect of pressure potential on
water uptake was inconsistent in the literature. Kuiper (1963)
showed that water uptake rate for descending suction was higher than
for ascending over the range of 60 cm Hg to about O cm Hg. The pre-
sent results agree with his findings. Mees and Weatherly (1957a)
showed similar results by applying positive pressure to decapitated
tomato roots. Their data indicate presence of hysteresis type of
phenomenon. Recently, Huck, et al., (1970) have shown that lateral
roots undergo diurnal variation in diameter.in rsponse to water po-
tential changes in other plant components. Klepper, et al., (1971)
observed hysteresis loop in the stem diameter due to changes in leaf
water potential. In view of these observations it appears that root
transport properties show a hystereﬁic response to changes in pres-
sure potential in the plant.

The results of the study of water uptake over time are illustra-
ted in Fig. 5. These experiments were also repeated several times.
Fig. 5 shows a single set of data. Uptake characteristics were
similar in all the runs.

The resistance of the roots to water flow was calculated as the
amount of water extracted per unit of time for a given amount of
applied suction (Kramer, 1940; Brouwer, 1953a, b; Mees and Weatherly,
1957a, b; Kuiper, 1963; Skidmore and Stone, 1964). The effect of

applied suction upon the water uptake rate follows a relation of the
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type (Fig. 5).

lnU=A+3Br1 (L)

where U is the rate of water uptake, T is the applied suction. A and
B are the intercept and the slope of the line. However, the rate of
change of uptake with applied suction is a function of the lumped
resistance to water flow in the roots. Therefore the derivative of
the uptake rate with respect to applied suction would be a measure of

water conductance:

S=Bexp (A+3B 1) (2)

The inverse of conductance is hence the resistance R of the roots to

the flow of water (Eq. 3)

R = exp-(A + B 1) (3)

B

The values of A and B are different at different times of the day in
the same plant species. Variation in uniformity of growth and age
may change the magnitude of the water uptake and A, but seems to have
insignificant effect on the slope B. B is, evidently, a function of
plant species and time of day.

Since the relation of water uptake to suction change with time
of day the resistance also changes. Skidmore.and Stone (1964)
reported 5-fold increase in the root resistanceﬁof a cottoﬁ plant
through the day.

In order to estimate the time dependent root resistance the data
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of Fig. 5 are utilized. Since the A value appears to remain constant
through the day a best-fit linear regression of the slope of the water
uptake and applied pressure curves in Fig. 5 was obtained. These

slopes are plotted against the time of determination to obtain a time

dependent linear equation:.

B(t) = 1.57 - 1.58 X 10°° ¢t (4)

Equation 4 along with the average value of A, 0.97, inserted in

3 yields:

exp-[0.97 + ((1.57 - 1.58 X 107> t) 1)] (5)
(1.57 - 1.58 X 10°3 t)

R (T, t) =

Equgtion_S can be considered a family of curves with T as parameter.
A piot of two such feiaﬁioné is pfesenfed in Fig. 6.

Fig. 7 shows the effect of the temperature . in the root medium up-
on the rate of water uptake on cotton, tomato and kidney bean plants
in a temperature range from 15 C to 45 C. In each case the rate of
water uptake increased with an increase-in temperature from 15 C.

In cotton the increase was noted to 30 C and in bean and tomatoes to
25 C. Also, all plants studied showed a decline in the uptake rate
after a certain temperature was reached. In cotton the decline was
noted at 35 C, but in bean and tomato plants the decline was noted

at about 25 C. No explanation is offered for the observed decline.
However, further increase of temperature caused a significant rise

in the water uptake. This may have been due to breakdown of the
protoplasmic membrane eliminating the site of resistance in the roots.

Such a sudden increase of the water uptake was noted by Kramer (1933)
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in dead roots. Mees and Weatherly (1957a) also noted higher water
uptake rates in prolonged experiments of this nature where roots had
died due to lack of aeration.

The results of Fig. 7 indicate that the resistance expressed in
equation 5 is probably dependent upon temperature and should not be
applied at temperatures significantly different from the 20 to 25 C

range employed.



CHAPTER 1II

ON THE HEAT PULSE METHOD FOR THE MEASUREMENT
OF APPARENT SAP VELOCITY IN STEMSl/

Je Fo Stone and G. A. Shirazigl
Abstract

A temperature compensated system for the measurement of apparent
sap velocity in the stem of a cotton plant is presented. Output
variations caused by changes in the ambient air temperature in the
growth chamber were eliminated through use of opposing thermistors
in a bridge circuit which drove an operational amplifier circuit.

One thermistor was used as sensor while the other served as compensa-
tor for ambient temperature changes. A theoretical analysis of
temperature distribution from a plane source of heat in a stem and
its relationship with sap velocity shows that the time to achieve

the geimpewvature peak is in phase with the apparent heat pulse velo-

city (AHPV).

Additional Index Words: sap velocity, transpiration rate.
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=’ Journal manuscript no. J-2676. Contribution from the Oklahoma
Agric. Exp. Sta. as a part of station proj. H-1398.
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In the heat pulse veloéity methOd for the estimation of water
uptake or transpiration rate a heat pulse is introduced on or in the
stem of a plant and the resulting'heaﬁ transient is sensed a fixed
distance down the tfanspiration stream. Thekmethod has been employed
by several workers. For example; since it was first introduced by
Huber and Schmidt (1937), it has been used on cotton plants by
Bloodworth et al. (1955, 1956), and Skidmore and Stone (1964). Mar-
shall (1958) and Decker and Sakau (l964) have shown its validity in
tall trees. 1Its use in monocotyledons was reported by Wendt et al.
(1965).

A primary improvement has been to use two thermistors in the
assembly: one at a point downstream and the other upstream of the
heating element. This modificéﬁion is reported to help measure the
net sap velocity by distingu;shi;g the convection and the conduction

. C ot
components of the heat flow;l'Marshall's (1958) analysis for a line
source of heat perpendicular to flow is applicable in large trees
where the heat source and the heat senéing devices are inserted in
the trunk. For small plants this approach is too destructive.

The authors have used the heat pulse method in a controlled
environment chamber and have experienced considerable difficulty
due to ambient temperature variation ;aused by frequent cycling of
the refrigeration unit., Variations of +.2 C in the growth chamber
have been accepted as common. Since thé temperature increase caused
by the thermoelectric heating element is of the same order of magni-
tude, it is necessary that the fluctuation of the ambient temperature
be eliminated while sensing the heat pulse.

An electric circuit and a heat sensing device is presented which
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has given satisfactory results in monitoring the applied heat pulse

in a system of-high evaporative demand. The following theoretical
analysis‘of heat movement in the stem is adapted from the theory pre-
sented by Closs et al. (1958). The use of two thermistors to eliminate
the effect of ambient temperature variation is described, Instrumen-
tation and interpretations employed by authors using the heat pulse
technique are not always elucidated. It is possible that others have -
used the bridge technique to eliminate ambient temperature fluctua-
tion. However, the authors know of no other works giving complete
instrumentation for the bridge technique and giving the theory just-
ifying measﬁrement of the time to the peak of the temperature wave

for characterizing changes in sap velocity.
Theoretical

A heat pulse applied to the stem of a transpiring plant travels
by two mechanisms: convection with the sap flow and conduction through
the sap and stem tissue,

Carslaw and Jaeéér (1954) presented the heat flow equation in-
corpofating components of convection and conduction processes in a

.“ \'
porous medium:

2 | p C : '
-E_ ——a T = -a-:r- + I:avs -—-—-s 8 -a-'-r- . ( 1 )
pC 9x ot pC  3x

where C and g are specific heat and density of the wet interxylem
material. The sﬁbscript s stands for the sap for the same parameters,
K is the thermal conductivity of plant tissues, vy is the sap velocity

and a is the fractional area of the stem cross section occdpied by
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the xylem tissues. The thermal conductivity is strongly dependent
upon the water content of the medium,

In equation 1 the second term on the right-hand side represents
the convection flow. Carslaw and Jaeger (1954) describing wood point-
ed out that wood has different conductivities in the direction of
fibers, the rings, and the rays, and so the flow equation should be
modified for anisotropic media. The same is no doubt true for annual
plants. However, where the lateral dimension is small compared with
the dimension in the direction of flow, the system may be considered
oné-dimensional for purposes of theory. Hence, equation 1 is valid
for small-stemmed plants and K refers to conductivity in the longi-
tudinal direction.

Closs (1956) and Marshall (1958) point out that the velocity of
P C
‘58

pC
the coefficient appearing on the right-hand side of equation 1.

’

the heat pulse in the transpiring plant then will be v, =v.a

Closs, et al. (1956) followiné Carslaw and Jaeger (1954), indicated
that the temperature at -a:point: x distance downstram from the point
of application of a plane source of heat pulse on the stem of a

transpiring plant varies with time as the solution of equation 1l: .

T(x,t) = Q/(IKe) [exp - (X-v,t)?/4Ke] (2)

The Boundary conditions include semi-infinite medium insulated sides
of the stem, and thermal uniformity across the stem, a good assumption
for young, small-stemmed.plants} The pulse Q is realized at x =0

at time t = 0., Results of equation 2 are illustrated im Fig..l..

Marshall (1958) and Closs (1956) were interested in computation
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of the sap velocity and néeded to eliminate Q from consideration,
Also, they wished to evaluate both the diffusivity.and conductivity.
To achieve the neceséary degrees of freedom for these éomputations
Marshall measured temperatures at several times and Cleoss measured
at two points on the stem. However, if only the pﬁase relationships
are of interest, a simplification is in order., Phase éan be with |
respect to simultaneous velocities at different portions of the stem
or can be the relationship of velocity to other variable, é.g.,
uptake or transpiration. A single measurement to characterize sap
velocity would be desirable. In this regard consider the curves of
Fig;;l.{ Iflone.continuouslyirecords'ﬁhe output of the thermoseﬁsor,
the observation of the peak of :the curve:'is a simple matter. Mathe-
matic51ly this point can be represented by setting the time differen-
tial of equation 2 equal to zero and solving for the time tp to
achieve the peak temperature at a given distance x from the point of

application of the heat pulse. Thus, the time differential is

-g%-Q/ (TKe) [(xz'-vhtzl 4ke2)= (K / 21Ke )] exp [-(x-v, t) 2, 4Ke] (3)

The time in this equation is the time tp for the peak of the wave to
pass point x. Thus, x/tbvcan be regarded as the aEEarént heat pulse
velocity Ve Removing the trivial components of equation 3 and

dividing by t§ gives

2
v -

, ,
a vyo= 2K/t:p - 2Kva/x - (&)

Thus, the difference between the square of the velocities v, and vy

is related to the ratio of the thermal diffusivity of the stem and.
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sap and the time to achieve the peak of the pulse at point x.

Equation 4 can be rewritten

w /v -1- (5
a
By requirihg x ? 2K/va, the term on the right will élways be positive.
for extremely large X, it can be seen that the ratio of the heat
pulse velocity and apparent ﬁéat pulsé velocity would be unity. This
is because transfer of heat bfﬂdiffdsion would be negligible compared
to convection.
For v_ and v, to be in phase, ava/Bt and avh/at would be zero
simultaneously, that is, they would reach peaks simultaneously.
Since Va depends on vy and vy garies with t we can writev

ava ava,avh .
(6)

3t 3, 3¢

If it can be shown that 3va/3v will be zero independently of ava/at

h
then when avalat = 0, avhlat = (0, showing in-phase behavior., Impli-

R

cit differentiation of equatién 4 yields

ava va ‘
- ;-:[1/(.1 - K/v_x)] (7

which can be zero only when x = 0, but x > 2K/va. Hence, from

equation 5, v, and v, are in phase. Velocity vy is related to v,

by a constant if one assumes;densities and heat capacities over the
E‘U |

period and location of measurement. = Hence, vy would be in phase with
il

V o
S
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Materials and Methods

Electronic Circuit

The thermistors Rl and Rs were connected with R3 and R4 to form
the temperature sensitive brdige circuit (Fig. 2). R3 and R4 are
temperature stable resistors (wire-wound is best) having resistnace
approximately the same as Rl and R2. It is unnecesgary to use‘matched
thermistors for Rl and R2, but they should be of thé same type number.
Changes of ambient temperature than effect Rl and R2 in the same man-
ner and cause no significant unbalance in the bridge ouﬁput. Changes
in Rl, mounted in contact with the stem, cause an unbalance in the
bridge. This unbalance appears in the feedback network of an opera-
tional amplifier, being connected to the inverting input and the
junction of R6 and R7. In this configuration the unbalanced voltage is
amplified in the ratio of R7:R6 or 600. The output of the amplifier |
is lead through R8 to a meter or recorder.v R8 is used to attenﬁate
the output to match the range of the meter. The thermistors produced
insignificant self-heating when the supply volﬁage E was held to less
than Q.4V. E must be a floating supply, so each bridge in use re-
quires a separate supply. A battery with potentiometric voltage
dropping or an adjustable dc supply can be useds The devices reported
here employed a commercial ac transistor-radio 9V power supply for E.
R10 was needed to load the supply for good regulation and R9 limited
the output to 0.4%4V. C1 is an amplifier stabilizing capacitor. The
value is not critical. The starting and stopping of the refrigeration
compressor in the growth chamber induced greét transients in the DC

power line. 02 and C3 were found necessary to suppress the effects
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of voltage1tréﬁsienﬁslinduced’in ﬁh;'+‘and - 15v power»éuppiy leads.
(A'Commercial opgrétiogalfamplifier‘power'supply was employed.)
| In thé iﬁitiai ;et"up,!Rll is adjusted to provide 0 output'with
the invgrting‘input.groundedw This adjustment required no furﬁherv
atten;ion th¥ngh the many months of thé study; In subsequént1y con-
sﬁructed deﬁicés,‘a 47K ohm fixed resiétor was substituted for Rll.
:R5 is used to bring the 6utput‘meter to center scale at the
start of each run. Generally it is the only control requiring ad-
justment after-the ‘initial set-up..
The amplifier was an Analog De?ités type 118A. This is an in-
expensive ggneral burpose operationél amplifier. Othef inexpensive
types could be émployed provided the noise figure is no worse than

the 118A.

Thermoelectric Probe

The probe block consists of Fwo.components: a heat pulse gen-
erator and a temperature sensor;'-The probe block (Fig. 3) contains
a heating élement of no. 24 chrdmeluwire. Heat is generated by
switching the elément to a 3-volt baﬁtery. The element is bent to
conform to the plant stem with éaCh‘placement on a plant. Voltage was
appliéd for 2 to 3 sec; fTﬁe temperature sensor contains two thger
istors mounfed in a 1.254¢ﬁ diametéf Plexiglass probe. Oné thermi-~
stor protru&es férther thari the. ¢ther and:is used:to sense“the term-
perature of the plant stem. ' The other thermistor senses ambient
temperature and compensﬁteé forve#traneéus temperature changes as
described earlier; The probe is con;aiﬁed in a Plexiglass block.

To make a méasufement, the block containing the probe is mounted



Figure 3.

Heater

Thermoelectric Probe Assembly for the Measurement
of Apparent-Heat-Pulse Velocity in Stem
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in the vicinity of the stem. The block derives support externally and
does not depend upon the stem for support. The thermistor probe is
adjusted to touch the stem. Then the probe is immobilized with the
set screw adjustment. Once the heat pulse has been generated, the
temperature recorder is turned on and the heat pulse passing the
thermistor probe is sensed. The time interval tp fqr the peak to
reach the sensor is noteds The distance x between the heater and
sensor divided by tp is the apparent heat pulse velocity Ve Several

probes can be affixed to a single plant.
Plants

Use of the probe on cotton plants (Gossypium hirsutum, L.) is

"reported here. Plants were 8-weeks old and grown in a growth con-

. trolled environment plant growth chamber. Day temperature was 32.2 C
and night was 26 C. The daylight and nightime periods were 13 hrs and
11 hrs, reépectively. Air flow was vertical upward. Light was pro-
vided by fluorescent lamps supplemented by incandescent lamps for
red enrichment. The illuminance indicated by Weston light meter was
48k lux. Plants were grown in nutrient solution which was continuous-
ly aerated.

.. Results

Water uptake and the apparent heat pulse velocity were measured
simultaneously at intervals of one-hour throughout the photoperiod.
Fig. 4 shows that these two quantities behave similarly. The theory
presumes the heat pulse is applied as a plane across the stem. The

effect of bark on this assumption is of interest. If the bark behaves
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as an insulator the heat pulse reaching‘the Xylem could be greatly
distorted. To stuay this effect, the bark at the point of contact

of a thermistor probe was removed during tﬁe observations in Fig. 4.
The v, for bark removed showed a 25 percent increase but the phase
relationship was not distorted for the l-hr intervals. The bark was
about 2 mm thick and the stem was about 1.25 cm in diameter. The
diStancevbetween‘the heater and sensor was the same along the direc-
tion of the flow, but with the bark, the heat-pulse had to travel

the additional‘2 mm distance through the bark. Therefore, the tP for
the bark is greater than the tP for without bark.

In another set of measurements, v, was measured at two points
on the stem using two probes. One was about 6 cn above the root node
and the other about 6 cm below the highest internodéa The results
are shown in Fig. 5. Note that at the start of the photoperiod the
upper thermistor sensed a higher velocity than the lower. This
suggests water was lost from the top of the plant first upon onset
of transpiration., Shortly thereafter, the velocity in the 1ower
probe on the stem was larger, suggésting the additional demand for
recovery in the toprof the plant.

Note the tendency for the v, to oscillate. This oscillation is
in accordance with other dynamic variables noted on the plants
(Shirazi and Stone, 1973). Visual observations of the cyclic varia-
tiﬁn of the wilted and turgid conditions of all leaves of the plant
confirm that v, in the stem oscillated and was in phase throughout
the length of the stems The effects reported herein were noted on

several plants studied over a period of several months.
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CHAPTER IV

CYCLIC VARIATIONS IN THE WATER-BASED RATE
PROCESSES IN A COTTON PLANTE/
G, A. Shirazi, J. F. Stone,

and G, W. Toddgl

Abstract

Simultaneous measurements of transpiration rate, rate of water
uptake, leaf températﬁre, Eﬁﬁnges in leéf density, leaf water poten-
tial, apparent sap-velocity iﬁ.the stem at two locations, and visual
examinatibh of the ieafvresponse in a cotton plant growing in solution
culture and under constant envirommental condition were made at short
time interval. Tﬁe results indicéte that plant processes undergo
through two sets of oscillatiens during the photoperiod.' An early
day cycling is characterized by damping oscillations while sustained
oscillations were observed late in the day. Thé period of oscillation
was about 30 min. Phase differences in dynamic processes are reported.

The magnitude of the phase differences diminished in subsequent

1'-/Part of a thesis submitted by the senior author in partial ful-
fillment of the requirement for the Ph.D, Degree, Oklahoma State Uni-
versity, Stillwater, Oklahoma. Paper submitted for publication in
Plant Physiology. .

_ 2/Graduate Research Assistant, Department of Agronomy, Professor
of Agronomy and Professor of Botany and Plant Pathology, respectively,
Oklahoma State University, Stillwater, Oklahoma.
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cycling during early day period.
Introduction

Cyclic variations in the movement of stomates has been discussed
by Hopmans'(1911)'and Cowan (1972). They categorize the process as
having two distinct causal factors: internal carbon dioxide concen-
tration and water stress. They postulate the COz-based oscillations
are periods of 4 to 5 min., and the water stress-Based of 20 to 40 min,
Such variations in turn cause cyclic variation in related processes .
and quantities as transpiration, water uptake, sap velocity, leaf den-
sity, leaf_temperature and state of turgor. The latter can be observ-
ed visually as alternate turgor and wilting.

Skidmore and Stone (1964) reported water-based oscillations in
transpiration stream, leaf density and visual observations of the sto-
matal aperture. They suggested that an increase in the root resistance
is the cause of initiation of the observed evening cycling.  Ehrler,
et al.;$§;965) observed éyclingiin'leaf diffusion resistance, leaf
temperature, tr#nSpiration rate and the leaf density in an environ-
ment which was constant with respect to light intensity, vapor pres-
sure deficit, carbon dioxide concentration and the ambient tempera-
ture. Oscillations of the leaf water content were shown to exist in
beans by H0pman$ (1969). Barrs andelepper (1968) and Lang, et al.,
(1969) showed such variations in leaf water poiential, water flux
and leaf density in cotton, pepper, and sunflower plants. Karmanov,
et al., (1965, 1966) showed oscillations in the water absorbtion rate
5y roots which lagged behind the transpiration rate. Viktorov, et

al., (1968) concluded that water based dynamic processes are
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regulated by the transpiration stream at the site of stomata. Recent~
ly Hopmans (1971) and Cowan (1972) have shown the presence of oscilla-
tions in different plant processes and under a variety of environment-
al combinationé.

Studies of such cyclic processes must be studied over sufficient-
ly short time intefvals to characterize changes over the course of
individual cycles. Measurements must be repeated at intervals of no
longer than one minute. Thus, many studies reported in the literature
contributed little to the understanding of this cyclic process by
virtue of long sampling intervals. The present study was undeftaken
to establish the phase relations and the interaction of the various
dynamic processes by measuring them simultaneously at short time-

intervals.
Plants

Cotton plants (Gossypium hirsutum L., cv Stonevillé'7A) were
germinated in sterilized vermiculite. One-week-old seedlings were
transferred to nutrient culture in a controlled environment chamber.
A 10-liter polyethylene container was partitioned into four compart-
ments by cross partitions of perforafed sheets of plexiglass. One
seedling was cultured per compartment. This was done to avoid root
entanglement and minimize root breakage in further handling of the
phggps. The nutrient culture solution was a modified Arnon and
Hoagland (1947) golution... .Iron was supplied by dissolving ferric.. .’
chfofide and acid free EDTA to obtain a 2 ppm concentration éf iron
in the nutrient solution. (Table 1). The pH ranged between 5.5

and 6.5 during the growth period. The loss of the solution was



TABLE I

COMPOSITION OF NUTRIENT SOLUTION

Root Medium
ml of Stock

Compound Mol. Wt. per 10 Liters of Molarity in the
(g) g/Liter Molarity Root Medium#* Root Medium

Ca(NO3)2 . 4H20 236.15 472.0 2.0M 25 5 mM
KNO3 101.1 505.0 5.0 M 10 5 mM
MgSO4 . 7H20 246.48 246.0 1.0M 20 2 mM
KHZPO4 136.0 136.0 1.0M 10 1 oM

HCL (12N) 36.0 100 ml 1.2 M 10 1.2 mM
H3B03 61.83 2.47 39.9 mM 10 39.9 M
MnSO4 . HZO 169.01 1.69 10 mM 10 10 uM
ZnSO4 . 7H20 287.54 0.288 1 mM 10 1 uM
CuSO4 . 5H20 249.68 0.05 0.2 mM 10 0.2 uM
NaMOO4 . 2H20 241,95 0.097 0.4 mM 10 0.4 uM
FeCl3 + EDTA FeCl3 = 10 g + EDTA 61.6 mM 10 f)l uM

(acid free) 10.5 g

*Tap water was used for preparing final volume.

0%
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:replaced daily by adding tap water. The entire solution was changed
every three weeks.

The root medium was continuously aerated. A technique to
facilitate aeration and protect roots from injury was employed
(Shirazi and Stone, 1973a). The aeration assembly consisted of two
concentric glass tubes. The inside tube had an ID of 0.3l cm and
the outer tube was 1.25 cm. Air was introduced into the inside tube
from the top. The escaping air bubbles were confined within the outer
tube and uniform air mixing and solution circulation was achieved by
the resulting convective motion.of the air-water mixture. This aera-
tion assembly was glued to one corner of the container to minimize
interference with root development. Four-week-old plants were trans-
ferred to a 10-liter container with a wooden cover. The container
was made opaque with an aluminum paint covering on the outside. The
plants were held in position by placing the base of the stem in a 1l
cmn hole in the center of the wooden cover. A 5-cm diameter hole in
the wooden cover accomodated a No. 11 rubber stopper and provided
visual and physical access to the root medium.

Plants of 7- to 8-week age were transferred to a 3 liter glass
jar whenever measurements were conducted. Plants of this age were
usually about 60 cm tall. The total leaf area on a given day of the
measurement was calculated by interpolating a regression equation
(log Y= 0.1381 + 1.8115 log X, r = 0.93? yielding a highly signifi~
cant relationship between the length of the mid-rib X, cm, and the
total leaf area Y, cm2, according to the technique described by
Wendt, (1967). The total leaf area during the experimental period

on a 7- to 8-week-old plant ranged from 1.1 to 1.2 m2. The root
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volume was about 160 cm3. Personal judgement for the uniformity of
growth and vigor was made before a plant was selected for experimental

determinations. Small plants referred to were 5 weeks old.

Aerial Environment

All experiments were conducted in a controlled-environment growth
chamber, Model PGW-132 walk-in unit manufactured by Percival Refriger-
ation Mfg. Co., Des Moines, Iowa. The unit has a 6.45 m3 internal
volume with a working surface area of about 3 mz. Illumination was
provided by 28 VHO 200-watt fluorescent tubes and 12, 75-watt incan-
descent lights for red spectrum enrichment. Most experiments were
conducted in the center of the working bench to avoid the large drop-
off of light intensity at the edge of the bench. The chamber was pro-
vided with a readily removeable, sectional, Mylar thermal barrier sep-
arating the light chamber from the plant growth space. Air circula-
tion was achieved by 6 fans, 3 at each end of the chamber. The re-
circulated air was expelled at floor level and was distributed uni-
formly through the chamber, vertically upward. The chamber was equip-
ped with controls for regulation of photoperiod and temperature. The
chamber had no humidity control but the temperature and the relative
humidity was recorded on a bi-metal and hair type hygrothermograph.

A photoperiod of 13 hrs. was maintained (11 hrs. dark period) and
started at 9 a.m. local time. Light intensity at plant top was about
48k lux and this was majntained by adjusting the distance from the
lamp bank with the moveable bench., The lamps were changed when
aging lowered their intensity by 20 per cent. The mean photoperiod

temperature was 32.2 G and the dark period temperature was 26.6 C.
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Measurement of the Water Uptake

The water uptake rate was measured by a technique involving per-
iodic refilling of the root solution container to a reference level.
Achievement of the reference level was determined by the use of an
electric circuit. The circuit consisted of two platinum wire élec-

1

trodes and a milliammeter connected in series with a 6-volt ceil.
The electrodes were confined to a stilling basin of wire mesﬂ to
avoid contact with foreign material and air bubbles. |

At the start of the run the solution cultufe was brought to a
desired reference level in the container. At that level the elec=:
trodes were adjusted to make electrical contact through the solution
culture. Water was then extracted by the plant for a convenient iﬁcre-
ment of time (usually 5 min., in smaller plants and 15 min., in larger
plants). The amount of water uptake was measured by back filling the
container from a burette until the level reached the datum. The a-

mount of water needed to re-establish the electrical contact was taken

as the amount of water uptake during the time interval.

Transpiration Rate

The rate of transpiration was measured by periodically weighing
the pot and plant system on a sensitive balance. A Pennsylvania Scale
Co. Balance, Model No. 1-10, cap. 5 kg, was used. Weights were taken
at 15 min. intervals. The balance was capable of reading changes as
small as one gram. The 5 min. interval measurements reported were
made on a top-load Metler balance (Type, Model P-1200, cap. 1200 g)

and capable of reading 0.1 g changes.
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Leaf and Air Temperature

Leaf and air temperatures were measured with thermocouples. A
fine bead coppef-constantan thermocouple was mounted in contact with
the lower epidermis and was cemented with Dynaloy Sealant (Dynaloy
'Ihc. Neward, N. J.). This sealant did not injure the leaf surface.
Direct and continuous reading of the thermocouple output were read on
a microvoltmeter (Wescor Inc.,, Model M;J. 55). The temperature sen-

sitivity of the system was about 40 uv/C.

Leaf Density Measurement

Leaf density was measured by the method described by Mederski

(1961), Skidmore and Stone (1964), and Ehrler and Nakayama (1964).

The beta-ray emmiting radioisotope, 140, was used for the density
measurement. The fourth leaf from the top of the plant was interposed
between the source and the thin window G. M. detector tube. A cushion
of felt was inserted between the leaf and the bottom of the G.M. tube
to avoid damaging the leaf. The fourth leaf was chosen for its vigor
of growth and the gauging was done on the leaf surface at a location
where no large vein encountered the counting geometry. A Nuclear-
Chicago rate meter, Model 1620A, was used to read the count-rate.
" The output count signal was passed through a preamplifier, and a
continuous record of the leafvdensity was plotted on a strip chart

recorder (Bausch and Lomb, Model VOM-5).

Measurement of the Apparent Sap-Velocity in the Stem

The heat-pulse method of measuring the apparent sap-flow velocity
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was adopted after Bloodworth (1956) and Skidmore and Stone (1964).
In this measurement, a unit containing a stem heater and a heat pulse
sensor is mounted in contact with the stem. The time required for the
heat pulse to travel the distance between the heater and sensor is
measured. The apparent heat pulse velocity was calculated from the
distance to time ratio (Stonme and Shirazi, 1973),

The apparent sap-velocity was determined at two positions on the
stem of 8-week-old plants. Two units of heater and heat sensing
assembly were placed on the stem, one was at 10 cm above the root top

and the other was four intermodes above.

Measurement of the Leaf Water Potential

Leaf water quentigl‘was measured on leaf disks at different
times of the day duriné the oscillation phase of the transpiration
process. Leaf disks of 0.625 cm diameter were placed in the sample
holder in a sample-chamber psychrometer (Wescor In., Model C-51) and
were allowed to reach equilibrium for 2 min. The micro-volt output
readings were recorded on a psychrometeric microvoltmeter (Wescor
Inc., Model MJ55). The water potential of the leaf was intérpolated
from a calibration curve with a sensitivity of about 0.427 uV/bar,

valid in the range of -2 to -30 bars.

Visual Examination of the Leaf Response

The visual observations were made on a continuous basis by noting
the leaf response to the evaporative demand throughout the photo-
period. To record the continuity of the leaf response, a time-lapse

movie with a scaled time ratio of 1:320 was made for the entire
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photoperiod. Data from Skidmore and Stone (1964) was used to deduce the

stomatal opening and closing sequence.
Results and Discussion

Principal results on four different plants are shown in figures
l, 2, and 3, and Table 2. 1In the early phases of the study, only a
few combinations of the several variables were studied simultaneously.
When techniques were perfected such that results became consistent,
other variables were added. For example, water uptake always lagged
behind transpiration by about 5 to 10 minutes; leaf temperature was
180° out of phase with leaf density; water uptake closely followed
apparent sap velocity in the stem; apparent sap velocities at two
locations, one above the other, were in phase. Also the plané went
through two sets of oscillations each day. One set of oscillations
was observed at the beginning of the photoperiod and the other at the
end. Figure 1l was a day-long observation of transpiration and uptake
on an 8-week-old plant. Figures 2 and 3 represent an attempt to
measure simultaneously as many combinatioens of the variables as
possible. Figure 2 is data from a 5-week-old plant and Figure 3 is

from an 8-week-old plant. Data on five additional plants is summari-

zed in Table 3.

Uptake and Transpiration

i

From Figures 1, 2, and 3 it is obvious that phase relations in
these two cyclic processes are consistent under the controlled en-
vironment conditions. These oscillations have a period of about 30

min., which is characteristic of water-based oscillations (Hopmans,
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1971). During the period when transpiration exceeded uptake, the
plants were observed to wilt. Plants recovered when uptake overtook
transpiration. Figure 1 shows detail of alternate turgid and wilted
condition. The oscillation in these processes show a higher ampli-
tude during the early-day cycling than the late~day cycling., The two
cycling periods are separated by a period of non-oscillatory condi-
tionsﬁvhere no visible wilt is observed., The late-day oscillations
were ﬁersistent and never damped out before the end of the photoperiod.
The peribdﬂof oscillation on a 5-week-old plant averaged 32.7 min. as
determined by the examination of time-lapse movies, (Table 2). 1In.
figure 2 it is seen that at the start of the photoperiod, whég the
“leaf 1s turgid, transpiration loss commences almost. immediately an&
continues to increase for 10 min. The roots did not starxt absorbing
water until after 5 minutes from the start of the photoperiod.

Harris (1968) measured an absorption lag of 3.77 minutes in cotton.

At this time the net difference between the amount of transpiration
loss and the water uptake was maximum and the leaf showed "incipient
wilt" even though the uptake rate is continuously increasing. The
maximum wilting occurred after about 15 minutes of the photoperiod.
The water uptake lagged behind the transpiration but the net dif}erence
was reduced. The leaf started re-gaining turgor soon after the water
uptake rate exceeded the transpirational logs. The second cycle star-
ted with similar leaf conditions and phase-relations, but the ampli-
tude of the oscillation was smaller. The net difference between the
transpiration and uptake, although sméller, was sufficient to cause
visible wilting. At the third cycle of oscillétion the net difference

between these two variables was such that visual wilting was not seen.
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TABLE 1T

PERIODICITY OF LEAF OSCILLATIONS IN A
COTTON PLANT UNDER CONSTANT
ENVIRONMENTAL CONDITIONS

Morning Cycling in Cotton

Leaf T Time Per Cycle
Position (min) (min)
9:07a,m.* UP XXX © XXX
9:22 . DOWN 15
9:37 UP 15 30
9:50 DOWN 13
" 10205 UP 15 : : 28
10:20 DOWN 15
10:40 : UP 20 35
10:56 DOWN 16

Evening Cycling in Cotton

6:20p.m. DOWN XXX XXX
6:35 UP 15
6:55 DOWN 20 35
7:12 up 17
7:25 DOWN 13 30
7:45 Up 20
7:57 DOWN 12 32
B:14 Up 17
8:36 DOWN 22 39
8:49%x UP 13
' AVG = 32,7

*Lights on at 9:00 a.m.
**lights off at 9:00 p.m.
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TABLE II%

CYCLING VARIATION IN TURGIDITY DURING MORNING
AND EVENING PHASE OF THE PHOTOPERIOD*

Morning Cycling Evening Cycling

Period of No. of Cycles Before Period of
‘Date Cycles Steady-State Cycles
4-16-71%% 30 min. " 2 30 to 35
4-23-71% 30 min.” 5 35t
10-5-71%%% 30 to 32 min. 3 33
10-7-71 - 30 to 32 min. 3 32
10-13-71%%*30 min. 3 32

*In all observations, transpiration rate, water uptake rate, and leaf
density cycled with same period as wilted-turgid condition.
%%Leaf density was not measured.
*¥*Measurements on transpiration rate and water uptake rate were not
made in evening.
Visual only



53

Minor variations of the two processes was noted during the subsequent
’,6;hour period, but the magnitude of the variation was Small, indicat-
ing that thebrooté were abie‘to absorb enough water to maintain |
turgor. Figure 1 indicates that average values of both the water up-
take and the transpiration rate decrease with time. During the steady
staté condition the average rate of both the processes was about 22 ml
per 15 min. per plant system, but later in the photoperiod the average
‘rate decreased to about 15 ml per 15 min, per plant system, Figure 1
shows that at 10 hrs. an abrupt reduction in water uptake was accom-
panied by a reduction in transpirational loss preceded the late-day
pscillation. Unliké.the early-day oscillation, the late-day oscilla-
tions did not damp out. They were similar to the osciliations noted
by Skidmore and Stone (1964). They attributed the oscillatory
behavior to an increase in root resistance to water uptake which
’developed through the day and postulated the resultant reduction in
uptake might trigger wilting. Shirazi and Stone (1973a)-ﬁade a
quantitative study of root resgstance on plants similar to those in

the present stﬁdy and found a consistent, 3 to 6 fold increase in

root resistance by late day.

(B) Leaf Temperature and Transpiration

Figurevé shows cyclic changes in the leaf temperature with time.
The leaf temperature and the transpiration rate show some phase dif-
ference.

In the first cycle, the increased leaf temperature lags behind
tranépdration. The maxiﬁum transpiration occurs befbre the maximum

of leaf temperature. After 60 minutes of light period temperature
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and trahspiration are in phase. In the subsequent cycle the lag was
smaller and by the third cycle was almost negligible. The interaction
of the temperature and the transpiration has been studied in greater
detail by Hepmans (1971) and Gates (1966, 1968). The transpiration
process is a measure of the heat energy dissipation from the leaf and
is an important part of the cooling system in the plant-water rela=
tions. In conditions where plants are growing in unlimited water
supply, the transpiration will continue at a rate determined by the
heat-load on the system.

Skidmore and Stone (1964) measured the transpiration rate, the
leaf density and the stomatal condition simultaneously. Their data
indicate a 5 to 7 min. lag between the stomatal opening and closing
and the maximum and minimum transpiration rates. In this study the
maximum transpiration occurred about 5 min. before the maximum wilt-
ing and the maximum uptake was seen 10 min., after the maximum wilting.

. . o
Thus the maximum wilting, minimum leaf density and the maximumsleaf
temperature had about the same phase relationships as reported by
Skidmore and Stone (1964)., Thus we assume a similar pattern in the
stomatal conditions and the phase relations between transpiration and
visual wilting obse;vations.

In Figure 2 it is seen that when the lights were turned on, the
stomata opened and the transpiration was initiated immediately. The
loss of water from the leaf reduced its density and the magnitude of
the heat sink, thereby causing the temperature to rise. The maximum
temperature coincides with minimum leaf density.

For the plants growing in such conditions, the ffansient response

and cyclic variations could make the relationship between leaf
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’Jtemperature, leaf density and transpiration more complex. Many work-
ers have reported a decrease in the leaf temperature with the increase
in transpiration on the basis that transpiration is a part of cooling
system, Mellor, et al., (1964) and Gates (1966).

Lowering of the temperature is observed during the time when the
stomata are closed. This is possible in a dynamic situation such as
this, where the high transpiration demand causes the water uptake rate
to increase. Figure 2 shows that lowering of the leaf temperature is
observed whenever the water uptake and transpiration curves cross each
other. The incoming water is cooler than the water in the leaf, and

hence can act as a heat-sink.

(C) Phase Relations Between the Leaf Density and Transpiration

The measurement of leaf density gives a good indication of the
relative water content of the leaf. It is a macro property and as
such is affected by the overall changes in the leaf cells and the
input-output relations in both liquid and vapor phase. The leaf
density measurements were accompanied by water potential measurements
at critical points of maximim wilting or full turgor. The leaf water

~content and the water potential oscillated between the initial turgid
value and the extreme value at maximum wilting encountered in each
cycle. After passing through the state of incipient wilting the leaf
always returned to its near initial density (Figure 2). The amplitude
in the leaf density cycling decreases indicating that the water uptake
is increasing correspondingly. Fig. 2 reveals that transpiration loss
and the leaf density are nearly 180° out of phase., Minimum transpira-

tion occurs when the leaf reaches full turgor, but the leaf density
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minimum is observed after about 8 min. after maximum transpiration
in the first cycle, and after about 5 min. in the second cycle. The
third cycle is not clearly defined. Similarly, the leaf did not
achieve maximum density until after about 8 min. after maximum water
uptake rate in the first cycle, and after about 5 min. in the second
cycle.

The water potential in the leaf at tﬂe start of the photoperiod
was found to be -4 bars. After the evaporative demand was impressed
upon the plant system, theyleaf water content diminisheds The minimum
water potential during the first cycle was measured at maximum wilt
and was found to be -18 bars. At the end of the first cycle when the
leaf regained its turgidity the water potential increased to about
-5 bars. The maximum wilt at the second cycle corresponds to -12 bars
and the turgid state corresponds to about -4 bars. The third cycle,
which did not produce appreciable wilt had its minimum water potential
of about -8 bars, and the steady state water potential was recorded

at -6 bars.

(D) Apparent Sap-Velocity Changes in the Stem

Fig. 3 shows that the sap-velocity was higher at the upper therm-
istor in the initial 10 min. of the photoperiod, but the velocity at
the lower thermistor increased in the later time-interval and remained
higher thereafter. The visual observations as indicated by the leaf
response in the time-lapse movie suggest that all leaves exposed to
the same evaporative demand osqillated in phase. These observations
are in agreement with the findings of Lang, et al., (1969). Stem

shrinking and radial expansion have been recently reported by Namken,
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et al., (1971) who showed that some amount of hysteresis effect is
observed in the stem water content. In the present study the sap-
velocity was in phase at both the thermistors. The sap-velocity was

more closely in phase with tramspiration rate than the water uptake

rate.



CHAPTER V

CONCEPTUAL MODEL OF AUTO~OSCILLATION IN THE
TRANSPIRATION STREAM IN A COTTON PLANT
UNDER CONSTANT ENVIRONMENTAL

CONDITIONSl/

2/

G. A. Shirazi and J. F. Stone=

- Abstract

A conceptual model of the transpiration stream in a cotton plant
growing in nutrient solution under constant envirommental conditions
is presented. The model is based upon phase relations between water
uptake, transpiration rate, sap-velocity in the stem, leaf density
changes, leaf temperature variation, and visual observations of wilted-
turgid cycles. These water=based dynamic processes are simulated by
an RC electric network model. A nonlinear coupling consisting of a
hysteresis loop with time~variant constraints is used as the mechan-
ism operating on the stomatal resistance to cause auto-oscillation

in the plant. Mathematical equations based on the network variables
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were solved via the simulation language Continuous System Modeling
Program (CSMPl-IBM=-360/65). The model showed gradually damped oscil-
lations early in the photo-period and sustained oscillations late in
the photo-period in all dynamic variables. The resulting simulation
output agrees with the pattern of auto-oscillations observed in the
in vivo sysﬁem in terms of relative magnitude of potential changes

and periodicity of oscillatioms.
Introduction

Modeling has become an important tool in the study of water flow
mechanics in biological systems. Since van den Honert (1948) cited
Gradman, who first applied an analog of Ohm's law to water transport
in a plant, several workers (Gardner and Ehlig, 1965; Rawlins, 1963;
Skidmore and Stone, 1964; Slatyer, 1960) have used modified forms of
van den Honert's basic equation. Skidmore and Stone (1964), accept-
ing the conceptﬁal validity of the Ohm's law analogy, proposed that
future models should include elements of capacitance, delayed feed=-
back, switching mechanisms, and vari