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THE EFFECT OF S0IL MOISTURE TENSION
ON THE TRANSPIRATION RATE OF A YOUNG SUNFLOWER
WHEN IRRIGATED BY A CONDENSATION METHOD

STATEMENT OF THE PROBLEM

The relation of soil moisture tension and plant tran=-
spiration has long been discussed among aclentlsts con~
cerned with this problem. It is known that the avall-
ability of the soil molsture to plant growth is affected
by its chemicsl and physical properties. The ability of
the soll to grow plants is dependent not only upon the
proper supply of the nutrients but also upon the physical
conditions which will make possible the most efficlent
usage of available nutrients by plants.

Soil molsture tension is one of the lmportant soll
cheracteristics whieh directly affects the molsture ex~
traction pattern of the plants. Xramer (15, p. 1-89)
defined the soil moisture tension ss the negative prakﬂ
sure of the soll water inecluding gravitational, hydro-
static, and surface forces but not osmotle foroces.

It is commonly known that & plant transplres a con=
siderable amount of water from soil during the growing
period. The availability of the molature to the plant
depends on the force with which the water is held by the
soll. The gravitatiaﬁ&l water 1s little available to

the plant end seldom present long enough to contribute
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to plent growth, For most plants, the water readily availe
able for plant growth 1s smo-called cepillary water in the
range between the fleld capacity and the permsnent wilting
percentage. The fleld capacity 1s dsefined in this paper
a8 the molsture content after the gravitational water has
drained away end capillary water movement has become very
slow. The permanent wilting percentage is teken to be the
molsture content when the plant first becomes permanently
wilted, and will not recover when placed in an atmosphere
with 100 percent relative humidity. Solls show great
variation in thls reaspect.

Some discussion has ocourred as to whether water is
equally avalilable over the entire range from fileld cspacity
to wilting percentage. Veihmeyer and Hendrickson (35,
ps 425-448) have stated that the water is equally availsble
over the entire renge from field capacity down to the wilte
iﬁg point. Many other workers reported data which included
both supporting and opposing opinlons on the atatement.
There are several apgﬁren% eoﬁtraﬁ&etiana in these datsa.
There are even some different interpretations of the
theoretical analysis.

How moisture tension affects plant tranapiration, and
whether there 1s a certain range of moisture tension in
which plant treanspiration is not affected are the problems

to be studied hers. The present inveatigation was
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undertaken with purpose of obtaining further informatlon
concerning these problems.

Meny investigations have been made of the effect of
gsoil molsture on the plant growth by surface watering
method. But it was not until 1925 that Shants (30, p. 708~
711) and Veihmeyer (34, p. 125-284) called attention to the
uniformity of the moisture distribution after surface water-
ing. Difficulty in meintaining a constant soil molsture
tgnaian hag besn one of th§ main ressons why the incon~-
sistency of data existas. In this investigetion & new
method (38) is employed to avoid the defective molsture
distribution.



LITERATURE REVIEW

Transpiretion and Soil Molsture

Shull (31, ps 1=31) made one of the eerlier attempts
to measure the force with which water is held by the soll.
Richards (25, p. 115~121) developed s pressure membrane
apparatus by which any pressure up to more than 25 atmoa-
pheres tension can be measured directly.

Briggs and Shantz (4, p. 20-21) and (5, p. 229-238),
in their study of wilting coefflcient, stated that only
slight differences exist emong the various crops in thelr
ability to reduce the soil moisture befors the wllting
occurs, snd that the loss of water from the soil to the air
goes on through the plant tissuea even after the death of
the plant and appears to be limited only by the esteblish~
ment of 8 state of equilibrium between the soll and the
alr. The final result is the seame as 1f the soll and alr
were in direct contact. This proeasa becomes slower and
alower as the water content is reduced and reaches 1lts
finel limit in a condition of equilibrium between soil and
air,

Veihmeyer and Hendrickson have done a conslderable
amount of work slong this line. They stated (38, p« 425~
448)'that transpirstion is not reduced until the soll

molsture reaches the permanent wilting point.



According to Maximov (24), the growth of varlous
herbaceous species was found to be lergely independent of
water content until the soll molsture reached a very low
level. Magness, Degman, snd Furr {(21) reported that the
growth rate of epples was not reduced by decreasing aail‘
moisture until at least the driest part of the root zone
reached the wilting percentage.

Whitfield (38, p. 83-96) conducted an experiment to
check the relation of different soil moisture to transpl-
ration., He reached the conclusion that water loss appar=-
ently increases with increass of the water content until
the optimum condltions are reached, Excess water content
gave & water loss below that of the optimum molisture con-
tent owing to poor seration.

Daubenmire and Charter (7, p. 762~770) reported that
growth of seedings of several specles of desert legumes
continued unchecked until the moisture content of the soil
reached the permsnent wilting percentage, and then ceased
abruptlys

According to the theory of Schofield (27, p. 757-762)
and the work of Thornthwaite (32, p. 55+94), consumptive
use will be nearly independent of crop so long as the crop
covers the land surfasce end sc long as sufficient molsture

is present.



Edlefsen (10, p. 917-940) has applied the free energy
equation to compute the energy involved in the dlaplacement
of water in the soil~water~plant system. The result im-
plies that the ahergy inerease in extracting the soll mols~
ture as the moisture content changes from fleld capaclty to
wilting percentage 1s negligible compared with energy avalle«
able near the leaf surface.

Aldrich and Work (1, p. 115-123), and Lewis, Work end
Aldrich (16, p. 309-323) reported that ln very heavy solls
in Oregon the rate of growth of pears is closely related to
the moisture content of the upper three feet of soil.
Schopmeyer (29, p. 447=462) found that the transpiratlion
rate of loblolly and shortleaf pine seedings grown in con-
tainers decreased with decressing moisture content while
the soil was still sbove 1ts permanent wilting percentage.
Uneven distribution of roots was observed in these cases.

Furr and Reeve {12, p. 149~-170) repartéa that a dew
crease in soll molsture from field capacity to the perma-
nent wilting percentsge caused the osmotle pressure In
plants in dry air to inﬁreaxe’&baut 5 atmospheres snd that
in plants in molst air to incresse 2.5 atmospheres. They
concluded that the plants are subjected to an incressing
water deficit from helfway between the molsture equivalent

end the permsnent wilting psrcentage.



Davis (8, p. 791-805) reported that the growth of
young maize plants wes slowed by decresasing soll meolsture
snd that 1t ceased before the soil moisture content fell
to the wilting percentage. Haynes (13, p. 385-396) re-
ported that the growth of corn plants increased with ine
creaging soll molisture almost to aéturabimnc

Long (19, pe. 694~601) reported that adding 100 milli-
equivalents of sodium chloride per liter, which results in
8 solution with en osmotic pressure of ebout 4 atmospheres,
caused severe wilting of tomato plants. He auggeated that
1f water is equally availsble to plants from fiseld capacity
to permanent wilting percentage, a range of about 1§ atmos-
pheres, surrounding their rootes by 4 atmospheres should not
have seriously interfered with sbsorption.

Ayers, wadleigh and Magisted (3, p. 796-810), and
Wedleigh and Ayers (36, p. 106-132) found the growth end
yield of kidney beans to be redused 1f the soll was allowed
to dry pert way down to the permanent wilting percentage.
Scofield (28) reported that larger ylelds of alfalfa are
produced when the plants were continuously supplled with
water by subirrigation than when they were watered inter-
mittently, although never sllowed to wilt.

Kramer (15) based on Edlefsen's free energy snalysis,
interprets the situation by sgsuming that because of the

drop of free energy near the leaf there is not more than



10 atmospheres avallable between the root and soll.

Van Bavel and Krsmer (15) both refer to work done on tran-
gspiration rates of tomatoss in sucrose solutlion héving
osmotlc preasure of only 1 or 2 atmospheres. Rates wers
reduced in higher coneentration.

Taylor (2, pe 171-174) reported that the water removed
by alfelfa, suger bests, and potatoes was 10 to 20 percent
more on the lower tension plots than on the higher plots.
Marsh (22) obtained similar results on sweet corn. The
data indicate a definite incresse in consumptive use but
evaporation from the soll surface was not reported.

An explanation of these sapparently contradictory re=-
sults has been suggested by Msgness (20, p. 651=661) and
by Lewis, Work and Aldrich (16, p. 309=323). They sug-
gested that in the cases in which trees have suffered from
water~ahertage when the soll molsture wsaa iall above the
wilting percentage, the trees were growing on heavy solls
wlth slow capillary mn#amaa% of water and poorly dis-
tributed root aystems. As a result, the soll 1n lmmedlate
contact with the absorbing roota may be at or near the
wilting percentage while the other part of the scll may
be well above this point. On the other hand, experiments
which show that soll molsture is equally available from
the field capacity to sbout the wilting percentage have
been with trees growing on moderate to light textured



soils in which the root distribution la usually much more
complets and capillary movement more rapid than in heavy
solls, Some other factors which may serve to explain the

contradictory results are included in the discusalon.

Trengpiration end Soil Temperature

Clements and Martin (6, p, 619-630) found that the
transpiration varies very iit%la with soil temperaturse be~
tween 55° and 100° F., but drops rapidly below 55° F., was
reduced to half at 38° F., end approached zero at 32° F,

Martin (23, ps. 15-35) has inveatigated the effecta of
elr temperature, relative humidity, leaf-temperature,
nighttime and daytime, wind, and radiation on the transpi~-

ration of Ambrosia trifide end the Russian mammoth variety

of Hellanthus snnuus. He found certain correletions of

transpiration with each of these factors.

Delf's (9, p. 283-310) investligation showed that the
permeability of protoplasm for water, as measured by the
rate of tissue shrinkage in a dilute sugsr solutlion is in=-
creased continuously by temperature up to the highest in-
vestigated, 42° (.

Kramer (14, p. 371-372) stated in his study of the
effects of soll temperature on the absorption of water by
plants that 1t cannot safely be assumed that exactly the

same relation holds between soll and soil«point cone as
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between soll end roots, yet it seems very likely that in-
creaging soll temperature produces an eéqually marked effect
on the movement of water from soll to root. If thisg is
true, then lowering of the temperature of the soil directly
decresses the absorption of water in two ways; first, by
its physieal effects (chlefly increased viscosity snd de~-
creaged vapor pressure) which result in a slower movement
of weter from soil to root, and second, by its physiclogical
effects on the permeability of the root cells. Sailyﬁemw
perature also effects root growth and hence the aize of the
absorbling system, end thus indirectly the amount of ab-

sorptione.

Auto-irrigator

Transeau (33, p. B54=«60) suggested an suto~irrigator
installation umed to m#asura absorption of water by tran-
spiring plants. Livingaton (17, p. 39~40) suggested the
use of porous porcelain cones buried in the soil and
connected to & reservoir as a means of ocontrolling the
supply of the moisture, The tendency for the soil to dry
out at a distence from the irrigator, and the root to be=
come massed around the irrigator sbsorbing directly from
the surface of the irrigator were the problems of this type

of device.
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wilson (37, ps 139=154), Richards and Blood (25,
pe 115-121) improved the device by the use of double~
walled pots. Later Richards and Loomis (26, p. 223-235)
found that the double-walled pot maintained a constant
gsoll~moisture content for small plants with low tensions
but not for a large plant removing water rapidly.

Emmert and Ball (11, p. 298-306) separated the soll
in the container into several layers with coarse send
layers and watered with tubes leading to each layer of
gsand.

Recently Wolfe (39) has proposed a method by which the
moisture eontent can be meinteined at any point less than
the field capacity. This was thought impossible by any
other method, If it is feasible, the investigatlon on the
relationship between soil molsture tension and plent tran~
spiration ecould be approached experimentally on & more

aound basls.



METHOD OF ATTACK

To obtain & close approsch to the true relationship
between the soil molsture tension and the plant trenspi-
ration rate, attention has been pald to control the condis
tions under which the experiment was carried outs. A
constant temperature room which has & humidity control
facility was gelected as the experimentsal space. The
temperature and relative humidity were kept constant,
75° F. and 58 percent, respectively, Artificial light was
used to maintein 1ight snd radistion constent.

A sunflower was used in the study. Before it reached
the two~leaf stage, 1t was transplanted into a plastle box,
The box was sealed end then the sunflower was grown in the
greenhouse untlil the experiment began. In the experiment
a condensatlion method (39) was used in keeping the moisture
tension as steady end uniform as possible., The plaatie box
with all attachments was located on & balance end & tem-
perature gradient in the aoil waa controlled by passing a
dry cool air through the grills in the soil column. The
molsture was supplied by cendensation from ssturated alr
forced through under pressure. & plastice cylinder and a
pressure lndlcating instrument were located on another
balance. The change of welght read from this balance

gives the smount of water supplled with pressure indlicated.
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The residual moisture was asbsorbed in a drier. The change
in the weighta of the plsatic box, molsture supplying
cylinder, the drier and the plant determined the rate of
the plant transpiration.
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EQUIPMENT

A plastic box with inslde dimensions 3 inches wide,

3 inches long, and 4 inches high, constructed of l/ﬁ*igéh
thick plexiglas was used to contain the soils, It haé
three 3/8~inch openings, one at the bottom and two at the
top plate of the plastic box. The top plate was removable
to facilitate placing and sampling of the soil,

The box contained five temperature controlling grills
constructed of 3/8~inch and 5/16~inch copper tubing, Six
5/16~inch tubes in each of the grills were placed 1/2 inch
from center to center, and the grills were placed 0,656
inch from center to center in the soll column, Two pleces
of 40-mesh brass screens, 3 x 3 inches, were placed 1/2
inch sbove the bottom and 1/2 inch below the top of the
box, respectively. The bottom of the 3/B~inch tube in
the bottom grill and the top of the 3/8~inch tube in the
top grill coineided with the screens, respectively. The
soil column was pleced between the screens and had a
depth of 3 inches, The alr dry welght of soll was €40
grams.

Eech grill was connected with two openings in the
box so that the cooling sir from outaide of the box could
be passed through the grill. These openings were tapped
aend fitted with brass fittings. The grills were easlily
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loosened and removed after each run to facilitate sampling
aoll,

The dry cool air was used to éael the soil to the
respesctive temperetures., The air was conducted threngh
1/2~inch copper coils cooled by flowing tep water and
refrigerating tenk. The refrigerating tank had & small
propeller to stir the water and a thermostat to control the
temperature of the water in the tank, The smount of cool~
ing air flowlng through the temperature controlling grills
was regulated by manually controlled valves. The diﬁeatian
of the flow of the cooling eir was alternated sbout 10
times per minute as 1t passed a cylinder with ratatiﬁg
vanes in it. Thus the soll was cooled uaifarmly in the
horizontal plene. The tempsrature of the refrigerating
tank was held at 2° C.

A plaatie cylinder, 3 inches in diamster, 4.5 feet
high and 1/8 inch thick, was built to supply saturated elr
to the soll column. The saturation of tha’air was ob=~
tained by bubbling a&ir through the water column in the
plastic cylinder. The saturated air was peassed thraﬁgh
the soil eolumn under 5 pounds per square inch pressure.

A heat lamp was used to werm the water when 1ts tempera-
ture wes lowered due to the heat requirement of the evapo-
reting water, The temperature of the water in the cylinder

was kept abt room temperature, 75° F. Except for the copper
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¢oll and manifeld, the air aircuita were conducted thvough
1/2-inch snd 3/8~inch Tygon plastia tubing.

Two balesnces were used to weigh the plastic box and
moisture supplying oylinder. The sensitivity of the
balances was chsecked at the beginning of the experiment,
The balance uged to welgh the plastic box had 0405 gram
sensitivity and the other one had 0.25 gram sensitivity.

All temperatures were mesgured with laboratory grade
mercury thermometers graduasted to 0,1° ¢. Temperature was
read approximately to 0.01° ¢. Celibration of the thermo=
meters showed that the maximum deviation from the mean of
the thermometers was 0.1° ¢. Five thermometers were held
in T-shaped plastic inserts in the cold alr tubes at one
slde of the box.

The soll used in the experiment was a sandy soll with
considersble permesbility and & low field capacity. The
molature~tension curve is plotted in Figure 5. The molg~
ture content when air dried was 0.8 percent,

The artifieial light conasisted of eight E0~watt
standerd werm-white General Electrie Fluorescent Lemps and
one 60-watt Sylvania Lumiline Lemp. These lamps were fixed
on a square plywood of 24 inches wide and 25 inches long,
The distance from the lamp to the top of the sunflower wes
11 inches, and the intensity of the light was 718 footw

candles.
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Pemperature and relative humidity of the room, 1l feet
wide, 14 feet long and 15 feet high, were controlled by twe
refrigeration units, & set of automaticelly controlled
heaters, snd s steam jet. The relative humidity waas alse
under sutomstie control. The temperature was kept at 756°
Fep, *+ 1° and the relative humidity at 58 percent, + 2 per«

cent,
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Saturated F1oant Screws for

cEALS
Air outlet outlat nolding grills

© Air pressure taps

Saturatéd

air inlet

E; Air connections
I to grill

Plate 1. Plastic soil box



Plate 2, General arrangement of the experiment,
showing molsture supply system, cool=-
ing air circuit, weighing device, and
plastic box with plant.

Plate 3. Cooling air circuit, includes refrigera=-
tor and tank, moisture trap, valves, and
osclllatory cylindere.

19



Plate 4.

20

Experiment at the end of high moisture
tension, 12 atmospheres, on June 28



Plate 5,

Experiment at low moisture tension,
6 atmospheres, on June 29,

21
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EXPERIMENTAL PROCEDURE AND RESULT

A dwaerfed sunflower, 10 inches high, was used in this
experiment, Five seeds were soaked in a small can with a
fertilized 3611 on May l4. Nitrogen, potassium, and phos=
phorous were added to the soll, on the basis of 100 pounds
per acre for nltrogen, 200 pounds per acre for potassium,
and 50 pounds per acre for phosphorous. The fertiliger
was dissolved Into water and then appllied to the dry soil
as the moisture content was first raised to 10 percent in
the plastic box.

Three days later the most healthy apraut'w&a tranas-
planted to the plastic box. The bresa screen was placed
on the surface of the soil column and the aprout came out
through the hole at the center of the screen. When the
sprout grew long enough to reach the hole in the top plate
of the box and the hull still remained on the top, it was
helped through the hole with great csre. The top plate
of the box was fixed with screws and the box was sealed.
It wes left In the greenhouse to grow for 37 days until
the experiment started. -

The greenhouse was controlled at 75° F, in the day~
time and 55° F, at night, The relative humidity and light
were not under control, The box was weighed twice a day
and the aversge dsily transpiration rate during the growth

was recorded.
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During this period of time in the greenhouse, the
molature content was kept near the field ecapaclty, moat of
the time at 10 percent. Water was appllied through the
hole on the top of the box.

Since 64»grama. 10 percent of the dry welight, had been
spplied there was little water added until on May 290 when
the plant hed three peirs of leaves and showed aslight
wilting for the firat time st 6.4 percent moisture content,
based on the molsture content determination at the end of
the experiment. Thereafter the water was applied once 2
day to twice a day as the plant grew larger,

Several times the plant was allowed to reach the
slight wilting condition. On June 9, the moisture content
when the plant showed alight wilting was 7.2 percent. The
plant was 5 1/2 inches high and had 5 palrs of leaves.

The average consumptive use on May 29 was 0.4 grams per
hour and on June 9 wag l.,l1 grams per hour.

The dimenslons of the sunflower when the experiment
started was as following:

(1) Height-~«~l0 inches
(2) B8tem dismeter at top of plastic box~--0,22 inches

{3) Leaves No. of leaves
1st palr  Dropped off

2nd palr 1 3/4" long snd 1 1/4" wide
3rd pair 1 3/4" long and 1 7/8" wide
4th pair 1 7/8" long and 1 1/4" wide

5th set 1 1/2" long and 2 3/8" wide
6th pair Juat started at 1/4" long
Total number of leaves:

Elowmwwn
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(4) Total ares 6f tna laaéaa:at the end af the experiment
was 165 square centimeters, The leaf ares wes determined
by taking the shape of each leaf bn‘ereas gsection paper
and counting the number of squeres. One sqguare unit
equals 1.56 square centimeters.

Before the experiment started th@ transpiration in thq
greenhouse and that in the constant temperaturs room under
the artificial light wes observed. The result is shown in
Flgures 1 and 2. The light and radiation showed consider-
able effect in accelerating and decelerating the transpira-
tion. Temperature and relative hn&idity also affected tb&
transpiration rate. |

Figures 1 and 2 are compsrisons of the transpiration
in the greenhouse and constant temperature room. On
June 13, the average tempersture in the greenhouse was 70°
F., the deviation from the aversge temperature during the
daytime wags j‘&a Fe Aversge relstive humidity was 53 per«
cent, and changed from 44 to 56 percent. On June l4, in
the "constant temperature™ room when the air conditloning
was not opersted, the average temperature was 80° F,, and
deviation from the average temperature during the daytime
was + 5° F. Average relative humidity was 43 percent, and
changed from 40 to 48 percent. On June 15, in the constant
temperature room when the conditioning was not operated, the

aversge temperature was 86° F., devietion from the average
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Cumulative Transpiration in Grams

35
Artificial light off
Contant
30| f————— Greenhouse - temperature —— ]
room
25
20
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10
g Artificial —
‘1ight on \
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] . 24
l“ June 12 *I‘— June 13 ‘f June lh—"l‘

Fligure 1, Cornparison of transpiration in greenhouse
and constant temperature room,
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Cumulative Transpiration in Grams
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room
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light on

Figure 2,
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Continmuation of Figure 1.
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temperature during the daytime was + 1° F. Average
relative humidity was 41 percent, changed from 38 to 44
percent, On June 16, in the greenhouse, the average tem~
perature was aﬁ,ﬁﬁ,p,, deviation from the average tempera=
ture during the daytime was + 7.5° F, Average relative
humidity was 55 percent, changed from 53.5 to 60 percent.
The average molsture content was kept, by surface watering,
at 9 percent for the first two deys and at & percent for
the remaining two days., For a short period af time in the
morning of June 16, the molsture content was lowered to

S percent. Decrease in the tranapiration rate was obe-
served from the plotting.

The purpose of thia procedure weas to compare the
effect of the change in the growing environment when the
plant was to be ﬁaave~d to the constant temperature room.

In the constant temperature room, even though the tem-
perature and humidity eontrol were not opera‘{sed, the trane
spiration rate showed its steadiness as cen be observed
from the slope of the lines., The totsl smounts transpired
on June 14 and June 15 also showed conslstent trends.
These facts tended to assure the degree of consistency of
the environment control after the temperature and humidity
controlling units wers operated in the experiment. The
effect of the molsture tension was isolated and investi«

gated.
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The molsture~tenaion curve for the soil used in this
experiment was constructed to show the relationship of
moisture~tension and molsture content. At high molsture
content the pressure membrane sepperatus was used, At low
moisture content the porous plate apparatus was used. The
curve is shown as Flgure 3, Frem,thayahaﬁe of the curve,
the sandy nature of the soll can be observed,

The experiment under gcontrolled condltiona started
from the lower tension toward the higher tension and then
duplicated once from higher to lowsr tension. The average
tenslion of the runs and the corresponding date are shown
in Figure 4.

The room conditioning wes started on June 19 and con=
tinued to the end of the experiment on July l. The aver=-
age room temperature wes 74.9° F, The average relative
humidity was 58 pareeﬁt; The windows were blackened and
the plant was exposed to the artificial light 14 hours
every day. <he light was turned on from 6130 to 7130 in
the morning and turned off at 20330 te 21:30 in the
eveninge.

Each run was started from cooling the different
layers of the soll eolumn to respective temperatures
shown in Table 1. Then the saturated air was supplied

under 5 pounds per square inch gauge pressure. The
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temperatures were regulated c¢losely by adjusting the open~
ing of the cooling air valves.

Table 1. Caleulated temperatures required to produce
equal condensstion between unifermly spaced
grills for l0-inch mercury initiasl pressure.
Cited from Wolfe (39). , o

Grill 1 arill 2 Geill 3 orill 4 Grill &
og o 0¢ oc , oc
23,89 21,72 19444 17.02 14.44

Table 2. Observed temperatures, average of the ther=
mometer readings of the five grills through
the experiment.

arill 1 orill 2 erill 3 Grill ¢ Grill &
% % % % %
23,92 21.69 19,46 17.11 14,55

The length of the runs ranged from 1.5 to 4 hours de-
pending @ﬁ the molsture tenaion to ba«maiatainuﬁa After
each individual run the weight of the plastic box, mols-
ture aupplying oylindsr, snd the drier were determined.
The trenspiretion rate was computed,

Following the welghing, the box was left under the
seme condition but without the moisture supply. Thus two
geries of transpiration rates ﬁare obtained, one with

molature being supplied and one without. The measurements
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were continued only for a short period of time due to the
fact that the,moiatﬁra tension arcund the root would be
inereased safter a& certain peried of time without supplying
moiature. In other words, the uniformity of the molsture
distribution in the soil will not be the same as that
during the run. The moiature content will, alaso, be
8lightly lower than that during the run. The length of
moat of the observations wes 0.5 hour, with some exocep-
tion. For instance, during the first half of the experi~
ment the perlod of ocbservation was longer than 0.5 hour
in order to bulld higher tension.

The molsture supplied to the plastic box was not
condensed completely in the soll., The ailr was still
saturated at the temperature and pressure of the top grill
theoretically. The sodium csleium hydrate drier was used
to retalin the molisbure which came out from the plastle
box« Betwsen the runs this drier was renewsd.

The result of the runs is shown In Table 3. The
result of the observations between two runs is summarized
in Teble 4., PFlgure 4 1a plotted based on these two
tables. The result of the successive runs is shown in
the following table.
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Table 3., Transpiration rate while irrigator is operated.
| Moisture Transplration

Date & Moisture content _tension rate
time % of dry weight atmogpheres  grams/hour

June 24 ‘
1313017340 2.85 25 0.568
June 25 |

13:30-15:30 2,50 50 0.60
June 26

0831011430 R.75 S0 0,42
June 26

16115-16346 2.60 20.4 0.60

June 27 ;
12:10-16:40 3408 17.5 0.69
June 27

17:20-20:20 385 15.4 0,69
June 28 :

08:00-10:00 3.40 16.7 Q.80
June 29 ;
16:00~20300 4.35 6.7 0.96
June 30

17:30-16:00 3.80 1l.1 0.83
June 30 ;

19:45-20:30 3.70 12.0 0.86
July 1

11:36~-14:38 o 5&93 9§¢ ’ ; lt@g

After each run of the experiment the transpiration
rate was observed. The conditions were exsctly the asame
except for not cooling the different layers of the seoil
and for not supplying molsture under pressure. The re~

sult is shown in the following table.



Table 4. Transpiration rate while lrrigator is not

— operated. R
Moisture Transpiration

Date & Molsture eontent _tension rate
time % of dry welght atmospheres grams/hour

June 20

19:00~20:860 S.78 11.6 0,90

June 21

07336-09:50 6430 2,86 1.80

June 21

19:15-21:20 4.60 4.9 1,16

June £2 ‘

07:00~09s156 4,20 7.8 0,98

Juns 22 ; ,

17:55-19:38 5.88 10.7 0.96

June 23

07312010145 5430 16847 0.54

June 23

16:36~20148 e 3B 16.0 0.50

June 24

07:25-13330 2.90 24,0 0.32

June 24 )

17:40-21:10 2,88 26.0 0.30

June 25

07:20~11:40 2.4b 30,0 0.23

June 26 ,

11:30~12:00 2.95 23.0 0.40

June 26 , ,

163:45~17:15 3.10 19.6 0.60

June 27

11330-12:00 5.10 19.6 0,60

June 27

16:40-17:10 3.85 16.0 0.70

{(continued)



“Moisture  Transpiration

Date & Moigture content _tenslon rate
 _time % of dry weight stmospheres _grams/hour
June 27 ‘ (
20:20-20150 S4B 14.8 0,50
June 28 ‘
10300-10:30 328 17.3 0.60
June 28 :
19:30~20:00 3475 ~ 11.8 1.00
June 29
15:16-15345 4.40 6o 0.90
June 30 \ o
11:10-11:40 4,20 7.8 - 1.0
June 30 | ,
13:30-141:46 5095 9.8 1.04
June 30 ; {
16345-17:15 3.8b 10.7 1.00
Juns 30
19:00~19:30 3.80 11.1 0.80
June 30 | |
20:30-21:00 575 11.6 0.80
July 1

08315~10:30 4437 648 l.18

on July 1, the plant was cut from the top of the
plastic box. The plant weighed B.60 grems right after it
was cut off. The weight of the root was not obtained
directly from the plant in order to keep the soll column
undisturbed. The weight of the root was autimétad ag §O

percent of the weight of the stem and leaves, ?hua the
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total weight of the sunflower including the root waa 12,90
grems. During the 11 days from June 19 to July 1, the
height of the plant increased 1.5 inches, On June 23, the
second palr of leaves dropped off. The total leal ares
meagured on June 26, when the plant recovered from the

test of higbas% moisture tension, was 142 squere centl-
meters. At the amd-ét the experiment the total léaf arse
wag 165 square centimeters. After considering these facts
it seemed unressonable to assume that the welght of the
plant was not chenging through the géri@d of %ha\prariaunh
4 linear increase of the weight of the plant between

May 16 to July 1 was sssumed and the corresponding correc~
tion was made on thié basgls.

The moisture content was sampled after the plaﬁt was
cuts The asmpling of the soil was done in the constant
temperature room. ?ha scil column wﬁa divided into ten
layers, one layer above the top grill and one layer below
the bottom grill, two layers out of each of four intervals
between successive grills. The top éna bottom layers were
not taken into aampatatian. KMolsture éantanﬁ was deter~
mined by oven drying. 7The result is shown in Figure Se

In Figure 6, the molsture digtribution at the end of
the experiment is plotted snd compared with the fifth run
of the experiment described in (39). The general tendency
of the molsture distribution in (39) showed higher molsture
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Moisture Content in Percent
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Figure 6. The moisture content distribution
at the end of the experiment, moisture tension
at 9.l atmospheres,




39

content of the middle of the soll column. But the moisture
cententfaiatributzon of this exﬁétimant differed from this
tandanaﬁ, showing lower molsture dilstribution at the middle
of the Qéil golumns The differences 1n condensatlon con-
trol between these two runs wers 0.,02° C, rise of tempera-
ture of grill 3 and 0,01° ¢, rise of temperature of grill 4.
The root distribution was quite uniform when observed
at the end of the experiment, All ninety samples had rocts
penetrating through them. The second layer from the top
had dense horizontal distribution of roots over the ﬁaatian,
The mean molsture content of the 72 samples was 3,97
percent corresponding to 9.6 atmoapheres tension. The
welght of the plastiec box was related to the moisture-
tension curve on this basis. The weight of the plastic box
at 3.97 percent molsture content was Qﬁls.ﬂﬁrgrama inelud~

ing the plent weight 12,90 grams. The change of welght of

the plastie box of 6;48 grams ecorreaponds to 1 percent
change of moisture content. Thus the weight of the plaatic
box cen be correlated to moisture sontent, and the corres~
ponding molsture tension obtained from the molsture~tenslion
ourve.

The factors affecting the uniformity of the molsture
distribution were the compaction of the soil, the deviation
of the temperature control, and the molsture extracting

pattern of the plant.
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DISCUSBION

There was no previous work done by the condensation
method on this problem. Workers reported in the litera-
ture have found several defects in the methods with which
they attempted to investigate the relation between molsture
tension and plant transpiration., Inability to maintain
uniform molsture content and defective root distributlion
are the most slignificant. |

When compering the condensation method with the other
methods, the following point is noticeable. Under fleld
condition plants are not elways capable of penstrating
every part of the root zone equally. When the root dla-
tribution is defective, the mean distence through whiech
the soll molature moves through ospillary asction 1ls
relatively greater, Since capillary movement 1s very slow
in soil when moisture content approaches the non-availsable
region, the portion of the soil not penetrated by roots
would have & somewhat higher moisture content. Conse~
guently, an imperfect root dlstribution would give an
erroneous result, It causes an indication of lower tension
than actually exlsts immedistely surrounding the roots. 1In
the condensation method the sffect of the root system on
the moisture distribution is redused by continuous uuif@&m
moigture supply when the rate of supply is adjusted to the

rate of removal or transpiratlion rate.
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It is possible that the air permeability of the soil
around the root would be increased slightly due to removal
of moisture from the pore space. There might be & tendency
to replace the meiatuﬁa removed in the vieinity of the root
by the increase of the saturated air flow which is in tumn
due to the incresse of the air permeabillty.

It has been observed that poor aseration retards ab-
sorption and transpiration of rooted plants, The hermful
effécta of accumulation of carbon dioxide and reduced
oxygen supply hes been discussed, The anferaaﬁ seration,
as hes been done in this experiment by pushing saturated
eir through the soil column under pressure, might inorease
the absorption and transpiration of the plant,

From Wolfe's data (39) and the sampling result of thils
experiment, the complete uniformity of the molisture dis-
tribution was not obtained, However, to obtaln, below
field capscity at 9.4 atmospheres tension, & condltion
close to uniformity in moisture distribution, + 0,35 per-
cent, while the plent 1s continucusly extracting the mols-
ture frém the soll seems impossible by the methods appear-
ing in the literature,

In some cases the data reported were in terms of
consumptive use rather than transpiration and percent
moisture rather than moisture tension. In meny sandy

soils moisture may be regerded as being equally avallsable
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over the range from field capecity to permenent wilting
percentage., It 1s possible in sendy soil that most of the
readlly svailable weter is removed before the tenslon ex-
ceeds 1 atmosphers tension and only a amall fractlon is
held with sufficient force to hinder the transpirstion.
Another soll might reach this tension very shortly after
the irrigation and still contain much available molisture.
Thus more preclse methods of controlling and reporting
moisture tension are needed.

The movement of the water to the root zone in the
condensation method is thought to follow two wayg=-

(1) The movement of the vapor due to the preasure
gradient from bottom of the box to the top of the soll
columne

(2) The movement in liquid phase, in which the water
film on the surface of the soll particles moved due to the
cepillary tension and pressure gradient. Under the natural
condition, the movement of the water in the soll between
the range of field capacity and wilting percentage depends
on the capillary tension, The sccelersting pressure
gradient is never the cess,

There was & conslstent tendency, for a pair of ob~
servations obtained from the run and after the run, that
the transpiration rate obtained from being supplied with
satursted alr was higher than that obtained while not



being supplied, whether it was located above or below the
ecurve. For instance, take eny palr of continuous observa-
tions, one from Table 3 and the correaponding one from
Table 4, The transpiration rate from Table 3 will always
be higher than that from Table 4, This will suggest the
possibility that the transpiration rate ineresses under
the condition being supplied with saturated alr under
pressure., It 1s most likely due to accelerated molsture
movement and the direct condensation of moisture on the
root surface.

The soil temperature ranged from 14.44 to 23.89° C.
in this experiment. The effect of this temperature differ~
ence at the top and bottom of the root zone was unknown,
but from the previous works (6, p. 619-630) 1t was found
that the temperature changes of this range were not slgnifi-
cant. For this parti@ular case more investigation will be
profitable.

On June 30, the irrigator was operated overnight after
the ertificial light was turned off. The purpose waa to
increase the moisture content in the soil. It wad found
that one day of continuous coperation of the irrigator was
required to increase 1 percent molisture content when the
plant was transpiring about 1 grem per hour. Improvement
on the moisture supplying capacity is necessary if &
larger plant is to be tested, |
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The root distribution observed et the end of the ex~
periment showed dense hénizontal distribution in the
aeoonﬁ layer from the top. There are a few factors, one
or more, of which mey be accountable for this fact. These
arey

(1) Ineomplete uniform compaction of soil.

(2) The soll temperature of second layer is sultsble
for the root development.

{(3) It wes developed during the greenhouse period
due to the continuocus surface watering.

{4) Moisture supply by condensation method was not
uniform in the experiment. Thls, however, seems in con~
trediction to the result of molsture content sempling.

From Figure 5, it is clesyr that the rate of ehaago‘
of tranapirstion rate decreases gﬁaﬁually from low mﬁisturc
tension to high moisture tension. The point of 15 atmos-
pheres tension may be teken as a dividing point. Plant
transpiretion rate was inecreased rapldly as the molsture
tenzion decreased below this point. From the observation
in the greenhouse, the curve sheula’&ntaraaat at the
vieinity of the point of 2 grams per hour transpirstion
rate at zero molsture tension. Beyond 30 atmospheres
tension, the transpiration process will become slower
and slower until a state of eguilibrium behﬁasn the soil
and air is established (4, p. 20-21) and (5, p. 2239-238).
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The possible error in this experimsnt can be con-
cluded as the following items:

(1) Error due to the sensitivity of the balance and
the stiffness of Tygon tube used to conduet air circuits.

(2) Deviation from the true molsture tension aua to
the extenslon of the moisture-~tension curve abavahls at~
mospheres tension. 8light change of the weight of plastic
box at this range will change considersbly the moisture
tension. The 30 atmospheres point on moisture-tension
curve was estimated as the range of 2,45 to 2.75 percent

moisture content.



SUMMARY AND CONCLUSION

The trenspiration rate of a young sunflower with
respect to the soll moisture tenslon under & constant
environment wag studied by supplying molsture by & con-
densation method. The result showed definite correlation
between the tranayirstien rate and soll mbiaﬁure tension,

For a young sunflower, as used in this experiment,
it was found that increasge in the soll molsture tension
wlll cause a decresse in the transpiration rate, in
accordance with the results obtained by some other in-
vestigators. The transpiration appeared to continue even
at 30 atmospheres tension. The rate of change of the
transpiration was higher at molsture tension lower than 18
atmogpheres tension, and then slowed at higher molature
tension up to 30 atmospheres tension.

The transpiration rate under two conditions in the
seme constant environment were compsred. The transpira-
tion rate while molsture wes being supplied showed higher
than that of while not being supplied with molsture,
significently st high tension range. The reason was not
clear,

The condensation method in studying the relation be~-
tween the soll moisture tension and the plant transplration

was tested. The method may be used in the asocll of
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comparatively permeable and homogeneous nature, The
moisture distribution at the end of the experiment showed
close to uniform. The deviation was 8.8 percent of the
mesan molsture content. The effects of the saturated air
flow under presaure to the plant transpiration, and the
compaction of the soll to the uniform condensation nesd

further investigation.
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