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INTRODUCTION

Many probleme of management of irrigated soils require a knovwledge
of the soil moisture status and its relationship to plant growth before
they can be solved.

The amount of water in the soll as indicated by molsture content
gives no reliadble information of its availability for plant growth, It
is therefore desirable to obtain a direct measurement of the readiness
with which soil water ean be obtained by the plant.

The "fleld capacity" and the "wilting percentage™ have been helpful
in estimating the amount of soll water that can be used by plante.

Soil sampling has been used extensively to determins the irrigation
requirements, irrigation efficliency, and the soil moisture depletion of
the root zone between irrigations. By referring to corresponding seil
moisture release curvee, a crude estimate of the degree of availability
can also be made, However, soll sampling is laborious and expensive, and
if a continuous measure of the force per unit area that must be exerted
to remove water from the soil is desired, the results are usually unsatis-
factory.

A number of devices have been developed to estimate the soil moisture
tension. So far, the tensiometer and the electric resistance unit have
been most widely used. The former gives a direct relation of the tenacity
with which moisture is held by the so0il while the resistance units are in-
directly related to moisture tension, and require proper calibration,
Resistance units operate over a wvider range of available soil moisture and

do not require so much servicing as tensiometers,



More precise measurements of the soll moisture status in the root
gzone of the crop are frequently needed, Improved techniques and careful
selection of measuring devices make possible some degree of improvement,
but there are some inherent soil conditions which contribute to lack of
uniformity, Variability of soil moisture within a given field or plet is
certalnly one of such conditiones.

With an aim to improve the precision of field measurements of soil
moisture, the response of some newly-developed resistance blocks within
the soil moisture range from field capacity to the wilting point was in-
vestigated. Such desirable characteristics as uniformity, sensitivity,
and precision of the unite have been carefully studied.

Some of the more promising measuring devices were employed in a
field experiment to indicate the moisture tension in the root zone of
corn throughout its growing and fruiting stages. The data were also used
to indiecate when irrigation water was needed in plots receiving different
moisture regimes, Moisture-fertilizer interaction on the ylield of sweet

corn and fodder was studied,



REVIEW OF LITERATURE

Volume or weight percentages of soil moisture measure the amount of
water in the soil, dut give no information about the prepertion that a
plant might use or the force per unit area with which it is retained,

The relative availability of moisture for plant growth has been
estimnted from measurements of soil molsture tension made in situ, A
limited number of papers pertaining to this matter are herein reviewed.
More consideration has been given to indirect measurements of tension
and moisture content made with eslectric resistance units than with the
direct method of measuring tension with the tensiometer.

The indirect determination of the "available moisture"

Potential functions are being used by soll physists to evaluate the
forces involved in soil moisture movement. RBilefsen and Anderson (12)
have pointed out the advantages of the free energy concept in the thermo-
dynamic interpretation of soil moisture measurements, For the purpose of
this study, the components of free energy arising from surface force action
at the interface boundaries in the soil meisture system are expressed in
terms of soll moisture tension. This concept is in accerdance with the
usage by Richards and Wadleigh (22) in reviewing the relation of soil
moisture to plant growth,

In 1940, Bouyoucos (5) developed a device with which to measure the
electrieal resistance or capacitance of a porous absorpiion unit buried
in the soil, He found it to have a reproducible relation to the soil
moisture tension, After that different types of instruments have been

proposed {1, 7, 4, 10, 11, 25, 3) vhich, with proper calidration, are



suitable for indirectly measuring soll molsture temsion within the plant
growth range.

Bouyoucos and Mick (6) indicate that because the electrical re-
sistance in a plaster of paris absorption dlock indiecates the force with
which moisture 1 held by the soll environment, it may be considered to
portray the seil moisture conditions as they exist with respect $o active-
ly transpiring plants more accurately than conventional volume er weight
percentages. They recall that conventional percentages have long been
recognized as inherently fallaclous in this regard becauses they cannot
express free energy factors operating in meisture phenomena. They also
add that unique features of the absorption dlock are that (a) the relation-
ship between moisture in the soll and the dlock resistance is basically
one of free snergy, and that {(b) the measurable range of sensitivity coin-
cides with the critical variations of soll water. That is, the range of
the technique corresponds with the quantity of moisture between permanent
wilting and approximately the moisture equiwvalent.

Baslic principles and performance characteristics. The electrical re-
sistance of soils was first determined by plaecing in the soll 2 elactrodes
and measuring the resistance between the electrodes using an alternating
current bridge to avold polarization, Soil workers (1) found that the
resistance between the electrodes and the sell was erratic because of the
expansion and contraction of the surrounding soil which accompanied changes
in moisture content. A multiple electrode (11) was proposed to eliminate
this erratic contact. The possible influence of variatione in salt concen-
tration upon the electrieal resistance was still unkmown,

Bouyoucos and Mick (5) were the first to successfully control the
immediate enviromment of the electrodes, This overcame the influence of

goll texture, compaction, and-—-to a limited extent—the salt content.
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They pointed out that after the porous absorption dlocks are placed in the
soll, their moisture content tends to come in equilibrium with the moisture
content of the so0ll around, and from then on the blocks will looss or gain
molsture with moisture changes in the soil. They overlooked the fact that
the equilibrium established 1s one of relative suction and not molsture
content direetly. They further observed that the eleetrical resistance
of the block does not begin to change until moisture has been lost to the
extent that alr occupies a part of the pore space, a condition vhich exists
ag the field capacity i1s approached, This, they explained, is because
conductance makes a break near fleld cavacity., and as the caplllary moisture
disappears, resistance of the block increases at a steady rate. They also
explained that close to the lower limit of molsture avallability the re-
sistance changes for a slight loss of moisture are so great that the con-
ductivity (reciproeal curve) approaches a constant.

Paylor (31) reported that the amount of water present in the sur-
rounding matrix depends on (a) the relative attraction of the soil and
matrix material for moisturs, (b) the amount of moisture present, (e) the
rate at which water transfer can be made from one material to the other,
and (d) the electrical conductivity of the solution within the eleectrical
influence of the electrodes.

Kelley, et al. (16) indicate that it is important that the pore size
distribution of all blocks be very simllar dus to the fact that water
drains faster from large pores at lower tension than from smaller pores.

Anderson and Bdlefsen (1) agree with Kelley (16) in that an error
up to 15 percent in the separation of the electrode during casting of the
blocks should cause less than 5 percent variation in resistance reading,
This theoretical coﬁaideration shows that for all practieal purposes, not

an excessive amount of care needs to be exercised in the spacinz of the



electrodes in the midplane of the block,

One characteristic, however, has been found (31, 7, 16) to 1limit the
usefulness of absorption units, It is that thay do not seem to operate
over the entire plant growth range of =0il moisture, Tensiometers, as
deseribed by Richards (19), have been used extensively to indicate the
forces of retention in the moist range where resistance units lack pre-
cisioen, They have an additional advantage because they indicate tension
directly while resistance units measure it only indirectly. However, a
considerable portion of the plant growth range of soil moisture is left
outside the limites of operation of a tensiomster (14, 16, 18, 20, 25).

The region outside this limit is often very important in plant-soil
moisture relationships.

Another limitation of the plaster block 18 encountered when they are
buried in continuously wet locations. They begin to disintegrate immedi-
ately, and after functioning for some months under saturated conditions,
they may have disintegrated to a point where they are no lenger usable,

Another facter which has influenced the resistance reading of these
blocks is changes in salt content of the soil., Vhen Bouyoucoe and Mick
(5) designed their original block they studied the effect on resistance
reading of treating soil with various amounts eof fertilizer. They conclud-
ed that changes in the salt content of ordinary soil by fertilization will
not greatly influence the relationship between the resistance of the block
and soil moisture, These investigators repeatedly (8, 7, 6) attribute the
fallure of the changes in salt content of the soil solution to influence
to any marked degree the block resistance, to result from the solubility
of the CaS0y. They indicate that the material is soluble up to 2400 p.p.m.
A soll of average salt concentration will eause only a relatively small

change in concentration of the block solution, It has been found that the



fabric abeorbent of nylon and fiberglass developed by Bouyoucos and Mick
(7) and Colman and Hendrix (9), respectively, are more inert than plaster
of paris and do not exhibit these buffering capabilities. This is es-
pecially true of nylon. Neverthsless, they recognized that changes in
concentration of the soil solution in saline and alkali soils may de
large enough to make the use of sven the plaster units impractieal.

Tanner and Hanks (28) report that appreciadle resistance-tension
hysteresis occurs in gypsum blocks, They indieate that the magnitude of
the hysteresis at any tension will vary between different blocks, They
claim that unless blocks are calidbrated individually and unless they begin
the drying cycles from a definite constant moisture condition, an estimate
of soll moisture tension from block resistance may be in error by an
amount equal to 0.5 to 1.0 times the estimated moisture tension. Holmes
(14) includes hysteresis as one of 2 impertant sources of error in cali-
brating his blocks. Aging of the block is the other one, he mentloned.

The lag in response of resistance units might cause errocneous con-
clusions unless it 1s considered. Taylor (31) reports that the lag in
response to moisture changes might be reduced when the molsture capacity
of the units iz made small and the transmission of water across the
contact boundary detween the unit and the soil 1s rapid.

It has been reported (5, 9, 25) that some variadbility in resistance
reading may be traced to the fact that the electrical current conductance
path is partially outside the Yloeck, and thus the resistance of the system
changes, depending upon the conductance of the medium in which tha bdlock
is placed and the contact between the unit and the soil, Slater (24)
found that the conductance path may be confined wholly within the block
by locating 1 electrode centrally in a oylindrical screen, The screen

itself forme the second or outer electrods.



Bouyoucos (4) claims that his new screen electirode blocks develop =2
minimum amount of "stray currents" which he considers is less than one-
third of that developed in his original bloek, No explanation is given
why the new block exhibits this advantage over the old block,

Temperature changes have been reported (5, 6, 7, 31) to cause vari-
atlions in the resistance of absorption blocke at a constant moisture
content. Bouyoucos and Mick (5) report that the changes in dlock re-
slstance is about the same for equal changes in temperature at all soil
moisture contents. They prepared some correction curves which are in
essantial agreement with an equation developed by Slater and Bryant (25)
for the same purpose. However, investigators (5, 7, 31) agree that wari-
atione resulting from temperature changes are small relative to other
errors and can be ignored for many purposes.

Asheroft and Taylor (2) express the opinion that increased resistance
at the same tension, when units are allowed succeseively to wet and dry in
normal use, results from recrystallization of gypsum in the plaster blocks.
This will result in a change in the pore size distridution of the wmits.
Another factor that could cause this drift ie changes in contact between
eleectrode and plaster,

Adding to the walue of absorption blocke as soll molsture indicators
for large-scale installations, Bouyoucos and Mick (6) mention the follow-
ing advantages: (a) after the initial installation, which ie relatively
simple, the soil need not be disturbed, (b) reading may be made by un-
gkilled labor, (c) single readings require a minimm of time, generally
not in excese of 1 minute, thus several hundred readings could be made by
a single operator in the course of a working day, (d) blocks may be com-
vletely buried so that their presence does not interfere with surface

tillags or plant growth, or in any other way with erop production, and



(e) the plaster of paris units are not costly, which makes feasible a
large number of replications.

Anderson and Edlefsen (1) have indicated that to ensure unquestioned
similarity in characteristics of the blocks, such factors as the pro-
portion of plaster of paris to water, mixing time, and pouring time must
be carefully reproduced in the making of each block.

Hatrix material and slectrode. Many varieties of materials are market-

1 Differences in both the chemical and physical

ed as plaster of vparis.
characteriatics of these materials are caused by varying the quantities
of hastenere or retarders which are added to control setting speeds and
otherwise modify a given product for commercial and technical uses,
Bouyoucos and Mick (6) indicate that, in general, these regulating agents
have an unfavorable influence on the soil water-resistance relationship
of the blocke. Thsey state that chemiecally-pure material exhibits a wider
range of resistance changes for a glven change in soil moisture and there-
fore contributes to the sensitivity of the method. To them, pure gypsum
has proved extremely durable and the best material thus far investigated.
In 1942, Slater (24) reported he used hydrocal as the casting material
for his modified cylindrieal block. Although this material has been re-
ported to be very hard, which might indicate greater durability, Bouyoucos
and Mick (6) indisate that i1ts extremely high density is complemented by
a very low porosity vhich reduces not only the relative propertion of
water that ean be absorbed, but also the speed with which it moves within
the block and between the block and the soll, They report that the sensi-
tive range of these dlocks is narrow, possibly because of their narrow pore
slze distribution characteristics, Besides, the low solubility of these

hard materials reduces the dbuffer capacity of the block with respect to

1. Manufactured by United States Gypsum Company.
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salt concentration cha.n(u within the soil solution, Difficulties are en-
countered in casting such blocks with a high degree of uniformity.

However, Slater (24) reports that his coaxial design of blocks con-
taining the concentrically arranged electrodes eliminated the sffects of
external electrical fields. Taylor (31) tested a concentiric plug in com-
parison with other blocks and states it is apparent this unit has eliminated
the effect of external contact.

Bouyoueos and Mick (6) state that the relative simplicity of the
rresent rectangular pattern, and the ease and cheapness with which the
Ylocks ean be manufactured, appear to offset any theoretical advantage of
a coaxial absorption unit.

In 1948, Bouyoucos and Mick (7) developed a fabric absorption unit
embodying the principles of the plaster of paris block and which included
nylon and fiberglass as absorbents, They point out that these units last
longer under sxtremely wet conditions. They also claim these units measure
the entires range of soll molsture from saturation to air-dryness, However,
because of unique qualities which characterize plaster of paris, they made
clear that the fabric units were not intanded to replace plaster of parie
blocks,

Comparing the fabric units and various others with different kinds of
electrode and abhsorbent materials, Bouyoucee and Mick (8) report that the
standard plaster of paris block, although operating over a smaller range
of s0il moisture than the other units, exhibiied the smallest scattering
within its range and thus allowed the smallest experimental error, Also,
they report these units er:hibito«_l the least hysteresis between successive
drying cycles, thus illustrating the unique buffering function of the elight-
1y soluble gypsum abserbent,

Later in 1953, Bouyoucos (3), in an investigation on how to mske more
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permanent his absorption unite, reported that no block of the casting type
had been produced so far, superior in performance and longevity to that
made from plaster of paris, He reported that by impregnating the dlecks
with plastic resin, like nylon, not only the durabdility of the block is
increased, but characteristics like buffer action, rate and amount of
water absorption, electrical conductance, and sensitivity of the dlock to
changes in soil moisture are not altered. This block was provided with a
short, thick electrode which, in contrast with the old type, Bouyoucos
claimed assured remarkable uniformity in the reading of the dlocks.

Recently, as a result of recent studies, Bouyoucos (4) reports the
introduction of a new type electrode. He states it probably constitutes
one of the most important improvements on the blocks since their develop-
ment., According to the results of experiments, it has led him to conclude
that the new unit is superior in the following ways to his original block:

1, Exhibits little or no capacitance.

2, Develops a minimum amount of "stray currents" of electrical
force.

3. Is slightly more sensitive at higher levels of moisture content.
Definite sensitivity to changes in soil moisture at a tension
ranging from 260 to 330 em, of water is shown,

L, The screen electrode used in the new bdlock assures cleser,
stronger, and more permanant contact between the matrix material
and the slectrodes. He also claims this electrode makes plaster
of paris blocks more permanent and stabdble in their performance.

Taylor (31) reports that even if a material could be found that had

exactly the same attraction for water as the soll over any given range in
moisture content, there would still not be a 1l:1l change in resistance of
the units due to the fact that moisture content and resistance are not

linsarly related over all valuss of molsture.

Calibration of units, The relationship between soil moisture and
electrical resistance of dlocks as first determined by Bouyoucos and Mick (5)
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has besen the subject of warious modifications. The method, depending
fundamentally on moisture equilibrium between the block and the soll, is
being objected to, prineipally because of the lag of the mnits in attain-
ing equilibrium, Anderson and Bilefsen (1) report that they were unable
%o obtaln equilibrium values for the electrical resistance of blocks at
low molsture contents in the vicinity of the permanent wilting parcentage.
They investigated the lag in the response of the blocks to changes in
soll molsturs content when the roots of actively transpiring plants sur-
rounded the units. Then they found surprising absence of lag in responss
for the 2 electrode blocks, The explanation they give is that in the
soll where plants are growing, a very steep soll moisture content gradient
is developed, the roots growing up to the face of the blocks. As the rate
of movement of molsture, they explain, is proportional to the gradient of
mistﬁrs content, the movement out of the blocks should be more rapid.
Their figures showed that the electrical resistance corresponding to the
permanent wilting percentage is around 200,000 ohms and that correspond-
ing to the moisture equivalent is around 500 to 600 ohms, Tanner, st al.
(27) and Bouyoucos and Mick (6) have reported similar figures, The
latter suggest that for practiecal purposes, these resistance values will
characterize the extremes of soll moisture from the wilting point to
field capacity except where high osmotic potentials are encountered.

Tanner, et al. (27) calibrated various blocks previocusly tested for
uniformity in a modified (13) pressurs membrane apparatus. They found
it to be the most versatile and rapid of all used. Haise and Kelley (13),
who used the method originally, report that 1 to 7 days are required to
reach equilibrium. However, they point out that this does not mean that
the units would lag this much in the fileld if surrounded by soil in which

moisture is being removed by roots of actively transpiring plants. Only
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one-third of the surface of the unit is exposed to the membrane, but if
noisture were removed from the entire surface area they think that lag
would be eoneiderably reduced,

Taylor (31), in his comparison of warious devices to determine seil
moisture, calibrated different units in the pressure membrane. He reports
that only in the case of the plain plaster blecks and the concentric plugs
were the fluctuations between blocks low enough to permit the use of a
single calibration curve to apply to many dlecks.

Various investigators (5, 6, 31, 4, 27, 1) agree that wmiformity of
the blocks is essential in obtaining reproducidle results from representa-
tive blocks of those calibrated in the laboratory. Bouyoucos and Mick (6)
suggest that a geod test for uniformity is to measure the resistance of
the blocks when immersed in water. Tanner, et al. (27) recommend that for
best results only dlocks which check within 50 ohms be used in the field,

Bouyoucos (4) suggests that to prevent any shifting in ecalibration of

new blocks, proper curing is essentlal, Fresh blocks should bs put through

a process of wetting and drying to attain maximum curing.

Suitability of units to field conditions. Various investigators (23,
10, 30, 2) have encountered the difficulties of unequal distridbution of

water, unequal removal by plante, marked changes in soil texture and
gstructure, and cracks and discontinuities which cause unequal penetration.
Cummings and Chandler (10) indicate that other factors as {a) errors

in field measurements, (b) temperature differences, (c) the various amounts

of stray current flowing outside the dlock, and (d) variatioms in con-
struction of the blocks contribute to reduce the preeision of the inetru-

ments,

Asheroft and Taylor (2) studied the variation in blecks and the random

variation of soll moisture tension in potato plots., The coefficlente of

- xuvEan
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variability they determined for blocke, loeation, and the combined lo-
cation and block variation, and they found that the smaller variation was
among blocks themsslves. The blocks they used were the standard Bouyoucos
type and no attempt was made to select them to agree within 50 ohme when
soaked in water., They indicate that such factors as drift of the blocks
due to recrystallization of CaSOy in the units, the amount of electrolyte
present in the soil, and the contact between the sell and the dlecks that
is obtained during installations are lmown to affect the preeision and
calibration of the instruments., They further suggest that by increasing
the number of installations, the combined locatiom plus bleck variability,
which is an estimate of the precision with vhich the moisture tension is
actually measured, can be reduced.

Taylor (31) indicates that since it seems unlikely that the co-
efficlent of variability for field sampling of moisture plets can de
reduced much below 10 percent of the true value, any method giving this
precision would therefore seem to have a use in the field.

Slater (25) obtained a standard error of estimating soil moisture
content by plaster blocks of 1,29 percent while fer tensiometers he got
1.4 percent, Both methods of measurements were based on the respective
moisture range in wvhich the instruments are ssensitive, In order to evalu-
ate instrumental resulis, he made gravimetric determinations on soll
samples taken from the plots, omitting an area of appreximately 1 foot in
diameter surrounding the instruments., He plotted leg of olms resistance
because by the use of logarithms, linear relation detween block resistance
and soil moisture could be obtained. He found an essentially linear re-
gression in the intermediate moisture ranges, dut in the highest level of
moisture he encountered 2 wide, horizontal dispersion of the data on the

graphe, He did not determine the accuracy with which tension was estimated
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by the units,

Haise and Kelley (13) pointed out that the curves presented from
laboratory calibration are for desorption only and it should be expected
that the values would differ under fleld conditions, depending on the
magnitude of the hysteresis effect. This factor might cause a consider-
ably greater error in determining moisture content than in estimating
tension since only the hysteresis in the dlocks would be involved in the
latter but both the soll and the blocks would be involved in the former.
In the case of tensiometers there would de no hysteresis involved in
tension measurements and only the soll hysteresis in determining the
molisture content,

The direct method

Richards (20) describes soil moisture tension as a physical property
of water, that within limits can be measured directly with soils in contact
with a porous surface, Tensiometere provide a direct measure of the te-
nacity with vhich water is held by soils. The magnituds of the surface
forces with which soil retains water ean be expressed in terms of height
of centimeters of a unit water column whoss weight just equals the force
under congideration, The mercury manometer in a tensiometer affords the
greatest precision., On the measure no calibration against soil moisture
tension is necessary because they are uniquely related to the work plants
must do against surface force action to extract molsture frem the soil.

However, tensiometer readings are unreliable unless it is kmown that
the unit is substantially filled with water, Otherwise the volume of water
that must be displaced through the cup wall to attain equilibrium with the
soll will be excessive. A transparent alr trap is therefors mounted above
the ground and connected to the cup in such a manner that any air entering
the system becomes visible in the air trap.
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Essential elements of a tensiometer consist of a porous cup, a vacumn
gage, and means for filling the system with water and removing alr. Their
form, size, and arrangement can be varied to sult individual requirements.

Cup conductance, as indicated by Richards (18), appears to be a sig-
nificant constant for a tensiometer., It involves the area and thickness
of the cup wall, as well as the permeability of the porous cup., The walls
of the porous cup should be as permeable as possible and still have an air
entry valus greater than 1 atmosphere., That is, vhen the walls of the cup
are saturated with water, thsy should withstand an alr pressure difference
of more than 15 pounds per square inch without leaking air. Sultable cups
can be made from ceramic clay, by the drain-casting process, Alr might
enter through the cup walls or through the joints that are not vacumn~tight.
Some kinds of plastic and rubdber tubing are somewhat permeable to diffusion
of some or all gases in the atmosphers, and when they are used, air entry
is inevitable. KXorseal tubing is the best material used today. It is thermo-
plastic and is unaffected by sunlight. After long periods of use, air
gradually enters even the best-constructed tensiometers by solutions in the
soil water which enter the instrument through the cup walls when rapid
changes in tension from high to low values occur,

Tensiometers have been used for measuring soil moisture under field,
laboratory, and greenhouse conditions, The tension range covered by them
extends from 0 to about 850 centimeters of water. This is only a small
fraction of the tension range over vhich soil moisture is available for
plant growth, However, this limitation appears to be less severe when
stated in terms of the available soil moisture-content range of the soil,
Richards and Weaver (23) concluded that i{n the finest-textured soils the

tension range of 0 to 0.85 atmosphere covers about half of the molesture
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content range between field capacity and the wilting percentage. Richards
and Wadleigh (22) indicate that for coarser, sandy soils the tensiometer
may cover more than 90 pereent of this range.

Like electrio-resistance units, a variability between tensiometer
readings in a given plot area is usually associated with non-uniform seil
moisture conditions.

There has been reported (25, 29) that one of the most common sources
of error in tensiometer readings in the field results from the presence
of air bubbles that appear in the system. The presence of air in the trap
indicates that the instrument should be serviced, Distilled water, fresh-
ly boiled to remove dissolved alr, should be used to refill the system,
Otherwise, unreliable readings will be obtained from tensiometers.

Another source of error 18 caused by temperature wvariations in the
field., It has been found that large, diurnal fluctuations occur in re-
sponse to the heating and cooling of the metal pertion of the instrument
and the thermal conduction into the cup by the metal parts Joining it,
This sets up vaper pressure gradients and the distillation of water frem
cup to cold soil or vice versa, inducing differences in the readings from
the true values, Thies can be partially corrected by eliminating metal
parts to be in contact with the porous cup.

Slater and Bryant (25) reported that it was their experience that
tensiometers are subject to mechanical failure, They added that thelr
cost prohibits extensive replication, and that there is no way, once a
tensiometer is installed under field conditions, to determine easily
vhether or not tensiometers are functioning correctly. In attempting to
correlate soll sampling with corresponding tensiometer data, they imdicated
it was evident that an approximately linear relationship existed for the

data at tensions of less than 60 centimeters of mercury, and that above
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that, little or no correlation is evident between s0il moisture and instru-
ment readings.

Conclusions frem the review of literature

1, Xleotriec resistance unite indicate indirectly the foree with
vhich moisture ie held by the soil enviromment, This, in turn, is an
estimate of soll molisture conditions as they exist with respesct to active-
ly transpiring plants.

2, 1In the construction of the electrical resistance unite 1t 1s im-
portant to obtain similarity in such characteristics as pore size distri-
bution and water-holding capacity of the units., To do this, such con-
struction factors as proportion of water in the mix, pouring, and mixing
time must be carefully reproduced.

3. Units should be selected for uniformity so that they will give
acceptadble resultes from laboratory calibrations of representative blocks.
L, Plaster of paris blocks, bdecause of their low sensitivity to
salinity, low hysteresis effect, sase of fabrication and reproducibility,

have thus far not been replaced by the other types of resistance unite,

5. Some modifications have eliminated or reduced some undesiradble
characteristies in bdlocks of the casting type. Improvements have es-
pecially been accomplished by (a) eliminating or reducing greatly the
capacitance of the dlecks, (b) stray currents have been eliminated or
reduced to a minimm, (c) slightly more sensitive units at a higher level
of moisture content have bdeen produced, and (d) new blocks seem to be more
stable in their performance.

6. Calibrations in the pressure membrane apparatus have been found
to be the most versatile of all methods used.

7. Unequal distribution of moisture in plots has been attributed to

be one explanation for the wariadility in readings of the devices in the
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field.

8. Tensiometers provide a direct measure of the tenacity with which
water is held by solls. The magnitude of the surface forces with which
soll retains water can de expressed in terms of height of centimeters of
a unit water column whose weight just equals the force under consideration.

9. No calibration of tensiometer readings against soil moisture
tension is necessary because of their umique property of baing directly
related to the work plante must do against surface force action to ex-
tract moisture from the soil.

10. The most common sources of errore in tensiometer readings in
the field are caused by air bubbles that appear in the system and the
temperature variations in the field. VWhensver these conditions are present,
they are indueing large differences in readings from the trus walues,

11. Tensiometers are subject to mechanieal failure and require

servicing. Also, thelr cost prohidits extensive replication.
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LABORATORY METHODS AND PROCEDURE

Some weeke before installing the units to be used in the field ex-
periment, blocks of different design were constructed in the laboratory
in sufficient mmber to compare them by varlous calibration techniques
and other teste. It was intended to collect enough data in the labora-
tory to seleect a block of apparently good characteristice for field use.
However, this work was not completed before fleld work began, and se~-
lection was made on the basis of the limited results obtained.

A limited number of commercial units of the concentric type
clec‘-'rodol similar to Slater design (24) were included in the comparison,
although not tested by all $echnigues.

Bacasuse only a few units of each kind of the commercial pluges were
avalilable, and because time and space in the pressure membrane were
limited, some of the results herein obtained will necessarily require
further investigations,.

The units constructed in the laboratory were of a rectangular
pattern, while those received commercially had a coaxial design and
differed in the composition of their matrix material, In total there
were 8 different devices which are described as follows:

1. Bouyoucos original block: For detalls of construction of this
block refer to the literature (5).

2. Screen type electrode bdlock: This bleock was constructed similar
to the one developed lastly by Bouyouecos (4). The outside dimensions of

this bdlock are 2 by 1 9/16 inches. The electrodes are 1} x 8/16 inches
1, Obtained from Rauturn Corporation, Portland, Oregon,
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in size. The electrodes are a 20-mesh stainless steel placed 3/16 inch
apart. In this case, unlike the Bouyoucos type, they are arranged with
the longest flat surface of the electrode parallel with the longest flat
surface of the block, A good number of these blocks had been previocusly
constructed and tested in the laboratory and were found to have promising
characteristics, Gypsum casting plaster was used as matrix material for
this and all bdlocks constructed in the laboratory. The plaster mix has
10 parts plaster and 7 parts water,

3. Screen type electrods block, impregnated: Thie block was con-
structed the same way as No. 2 except that the finished wnit was impreg-
nated in an aleohol solution of nylon resin (6 percent).

L4, Concentric electrode plug (125): This unit was commercially
available. The manufacturer’ indicated it was made from straight hydrocal
mix, in the preportion of 4 parts plaster to S parts water, To ldentify
this and the following units, a nmber corresponding to the parts of water
per 100 parts of plaster shall appear at the end of the names of these
uni te,

5. Concentric electrode plug (100): This unit was also commercially
avallable. The manufacturer indicated that the plaster of which it is
made, designated as B-11 by Unised States Gypsum Company, is characterized
primarily by ite high alkalinity (pH 11). The plaster mix has equal parts
of plaster and water,

6. Concentric electrode plug (60): This was also commercially avail-
able and manufactured from B-11 plaster, The plaster mix has 5 parts
plaster and 3 parts water.

7. Concentrie electrode plug, mixed plaster (60): Another unit that
was also commercially availadble., The manufacturer indicated this was made

1, Lstter received from Mr., W. J. Turner, Rayturn Corporation, Portland,
Oregon.
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from hydrocal white mix and includes 1/30 of B-11 plaster, The mix has
also 5 parts plaster and J parts water.

8. Gage stake sensitive cells, Thits representing each depth level
of commerclal gage stakes., The mix used for these cells is also white
hydrocal mixed with 1/30 ef B-11 plaster. The mix has also 5 parts
plaster and 3 parts water,

Calibration techniques

Various blocks of Nes., 1, 2, and 3 were constructed, tested for uni-
formity, and 4 of each kind were subjected to curing by altermate wetting
and drying cycles as indicated in Figure 1. The commercial units under-
went curing in the fastory. Table 1 illustrates the uniformity of all
bdblocks constructed in the laboratory, as well as that of the coaxial type
units, Other data such as the ceefficlient of variability with additional
wetting and drying cyeles after curing are presented for mits 1, 2, 3, &,
and 8, Yor the purpose of this comparison, the units were selected from
those having the same er approximately equal readings in their first
wetting. Information indicating the effect of external contact is alse
presented.,

A11 the units to de calibrated by the different techniques were pre-
viously saturated with water, They were selected %o check within 50 ohms
as indicated by their saturated readings.

Pressure membrans apparatus, In order to plot the resistance readings
against moisture tension in all curves obtained Yy the different cali-
bration techniques, a moisture desorption curve was carried in the labora~
tory (Figure 2), For tensions from 0.1 to 1 atmesphere, the pressure
plate apparatus descrided by Richards (23) wae used. The procedure was
also the same as that described by Richards and Weaver (19). For tensions
above 1 atmosphere, the pressure membrane apparatus similar %o that
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modified later by Richarde (20) was used, It has been found that by
dipping the sausage memdrane in warm water with a bt of mercurie iodide,
the membrane can withstand tensions up to 15 atmospheres for a longer
period of %time,

Calibration curves for all the units, to be read in tension direectly,
were obtained in the pressure membrane apparatus. These cells had been
slightly modified by Taylor (31) to permit electrical contact from the
outside through insulated fittings in the cylindrical section. Ome-hole,
double 0 rubber stoppers had been fitted into holes bored in the cylindri-
cal walls. Machine screws of appropriate size to fit snugly in the holse
through the rubber stepper were inserted, Washer and nuts had deen placed
then at each end of the machine screw and tightened enough $o make a
complete air-tight seal.

Except the Bouyoucos original block and the sereen eleectrode bleck,
impregnated, all other %ypes were replicated as permitted by the number of
avallable insulated fittings.

Growing plants in pots. Unite 1, 2, 3, and 4 were ealibrated Yy dury-
ing them in pots where actively transpiring corn plants were growing.
These were kept in a greenhouse, Soil used for this and all other eali-
brations was Salt Iake silt loam, taken from the area where later a field
experiment wae carried on. It was previously passed (air dry) through a
2 mm, sleve in order to obtain fairly uniform structure in all pots, %When
the plants were big enough, resistance readings were taken twice every day
vith the Bouyoucos bridge (6). Temperature readings were taken every time
to correct resistance readings to a wmiform Semperature of 60 degrees ¥,
This was done Wy using the values on Table 8 (p. 347) of the Soil Survey
Manual (26). Prequently, there were nights when temperature was more than
5 degrees higher than in the mornings, in which case, without corrections
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for temperature, resistance readings were lower even though moisture had
been lost during the day by transpiration and evaporation. Pots were
wetted once to about field capacity, the day defore the first readings
were taken,

Friction top cans, In the constant temperature room all units were
calibrated to read moisture content by placing them in 8 frietion tep cans
wvith soll previcusly sieved and moistened uniformly to different moisture
contents, The leads were brought through a hole in the top which was then
gealed with cotton and wax, Readings were takem at intervals umtil ne
further change in resistance reading was noted; cans were then epened and
the moisture content was determined, The remaining concentrie plugs made
with B-11 plaster were also calibrated by this procedure, modified to
obtain several equilibrium readings from the same can. That is, only 2
friction top cans were used. Vhen repeated resistance rsadings indicated
equilibrium was edbtained, a representative sample of soil for moisture
determination was removed. The cans were then heated to about 70 degrees
C. for about 3 to 4 hours to reduce the moisture gontent. They were then
sealed and heated again %o ald in odtaining a uniform distridution of
moisture inside the cans. Units which were replicated twice inside the
cans were placed 1 on tep and the other en the dottom, so that t!ul.rro_a&-
ings would give an indication of the distribution of the soil moisture
inside. Two units of the screem type electrode block, net impregnated,
having the same saturated reading, were buried alse in each of the 2 cans.



RESULTS OF LABORATORY PROCEDURE

The attempt has Deen made %o obtain data comparabdle for all devices
on the bacis of unifermity, precision, sensitivity, lag, drift, and
veathering.

Under the curing procees (alternate wetting and drying cycles), the
gereen type electrode dlocks attained a constant reading apparently faster
than the original Bouyoucos block, Their drift was also signifieantly
less, Theres seems to be no significant differences between the impregnated
and non-impregnated screen type blocks as to gquickness in curing and drifs
(Mgure 1). The impregnated bdlock seems to be slightly more precise in
its saturated reading once it is apparently "cured.” Both screen type
electrode blocks compare favoradly in uniformity (Teble 1) with the com-
mercial units as indlcated by thelr firet saturated readings, even though
all commerecial units had undergene curing from factory. WNo significant
changes in the saturated resistance readings of the screen type blecks
were found when their external contact was varled, This agrees with Bou-
youces (%), who indieated that his screen type electrode bdlock had practi-
eally eliminated the effects of "stray currents.® Nome of the concentrie
plugs were affected in their readings with change in external contact,

Tigures 3, 4, 5, 6, 7, 8, 9, and 10 represent the ecalidratien curves
obtained from all wunits by the 3 calidration techniques employed, All
curves have been plotted on log paper, 3 by 3 cycles. It has been found
that an approximately linear relatienship exists betwsen log ohms re-
sistance and log tensien over a part of the moisture range for many of the
units, as shown in the figures, Slater and Bryant (25) used this er a
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Teble 1. Uniformity of unite worked with in the laboratery and their
relative saturated resistance reading in response to external

1 4o 11,3 i 12,0 L 765 1,300
2 29 73 I 8,8 b 180 190
3 30 7.7 k 5.0 b 190 200
b 12+ 8.7 b 5.4 b 285 285
5 b 13.0 - - 3 245 245
6 Je 5.9 - - 3 335 335
7 6* 3.8 ~ - L lns bis
3

555 565

sinilar method to compare various devices in a study which they carried
out, All values plotted represent means, The fact that many of the true
curves as indicated by the plotted points deviate considaradly from a
straight line is to be expected. When a curve does not deviate from the
straight 1line, it 1s considered to be fortiultous,

Table 2 indicates the mean resistance readings ebtained for all the
devices calibrated in the pressure membrane apparatus. The concentric plug,
mixed plaster (60), exhidited the greatest mniformity (least coefficient of
variation), At the same time, thay were characterized by the least sensi-
tivity (Table 3) in the low temsion range. The screen type electrode dlocks
exhibdited their highest mniformity at the extremes of the availadle moisture
range, Thay seem o compare favorably in sensitivity with the other devices
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Table 2. Resistance reading and the coefficient of wvariability fer all
the devices calibrated in the pressure membrane apparatus

0,33 08 2 0 0
Reading (ohms) corrseted to ¥r.
Resistance reading
Original bdleck (1 wnit) 1,160 1,310 2,025 13,800 56,230 130,000
Sereen type eloctrode
mean of 3 wnits 120 160 750 2,570 11,700 24,900
Screen type electrede
impregnated (1 wnit) 170 380 1,830 6,600 20,900 43,000
Gencentrie plug (125) '
mean of 3 units 210 250 820 3,350 74,250 21,700
Concentrie plug (60)
mean of 2 wits 515 1,780 2,220 8,850 17,210 31,460
Concentric plug (100)
mean of 2 mits 1,37% 5,020 9,600 18,500 39,100 74,900
Concentrie plug, mixed
plaster {60} 2 unite 380 420 515 2,150 7,330 22,780
Cege stake sansitive i
cells, mean of 6 units 535 545 800 990 1,175 1,510
Loefficient of wvariation Percentage
Screen type elsctrode 8.2 95 259 33.4 31.8 11,8
Concentrie plug (125) p 4,7 59.7 125.0 140.6 58,6
Conecentric plug (60) 11,8 17.6 19,8 23,3 20,8 18,5
Concentrie plug (100) 29.4% 28,8 36,6 153 20,4 22,4
Concentriec Pmc nixed
plaster (60) 0 2.6 0 7.2 6.8 5.4
Gage -lhh sensitive
calls 10,0 10,7  11.4 11,7 3.6 19.4




38

Table 3. Relative sensitivity of all devices ealidrated in the pressure
membrans apparatus

Tension (Atmospheres)
Measuring Devices
0,33 08 20 50 10,0 150
percentage
A!!lfz rate ﬁ&n!
By - Ry)/d
By

original hleck 2,6 1.9 3.2 4.6 b6 b2

Sereen type elestrode - 6.2 b7 11,7 L.8 3.7

Sereen type electrods,

WM s ?09 305 '“-"' l"-a 3.“‘
Concentric plug (125) - 4,0 4,9 - - 7.8
Concentric plug (60) 2.5 9.3 5.6 3.5 4,2 3.1
Concentrie plug (100) 10,2 9.4 5.4 2,7 h,0 3ol
Concentric plug, mixed
plaster (60) - 2,4 1.9 4,7 5.3 b
Gage stake sensitive

“11' . 0.9 2.5 1.5 1.3 2.2

Percent inerease in
initial reading
Grm ‘bhck - 2.3 uos ™= a«.z 15.0
Screen type electrode - 0 15,6 6,0 16,5 7.8
Screen type electrode,

1llpregna.hd e %05 1500 = 1500 908
Concentric plug (125) - 0 10,0 8.3 18,6 8.8
Concentric pl!g {&) - 7!"’00 2.0 - 5'0 6-3
Concentric Plu (100) - 108,0 10,0 - 75 5.5
Concentric plug, mixed
plaster (60) - 0 0 - 10,0 9.4
Gage stake sensitive

cells - 1,9 12,0 8.4 12,8 2.4

e e e o S
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tested, except with changes in the low tension range. The impregnated
block was slightly more sensitive with changes in meisture content in
the low tension rangs. Their equilibrium readings at all tensions were
also higher., However, the results obtained from the impregnated block
are based on only 1 unit, For this reason these differences should rather
not be considered conclusive,

The concentric plug (60) was more mniform in resistance readings at
low tension than the same plug with lower demsity (100), Both of them
exhibited the highest sensitivity at low tension valuss, especially the
one with the lower density. In fact, this was extremely semsitive, a
characteristic wvhich was not so significantly exhibited at higher tension
values, The concantric plug (125) made from straight hydroecal mix was
characterized hy a high variability at high tension, a2lthough very sensi-
tive at this range. Besides, it was characterized with the greatest lag
of all units, The Bouyoucos block was quite sensitive in the high tension
range and came to equilibrium generally faster than the concentric plugs,

Table 4 indicates the drift exhibited by the different devices run
in the pressure membrane apparatus, This covered a peried of 2 months
for the screen type dlocks, not impregnated, and the concentriec plugs (125).
For this period only 1 desorption cycle was completed. Fortumately, the
membrane did not dreak, For the other units, however, a peried of 3
months and 13 days was covered in which the membrane droke twice, To cali-
' brate the gage stake sensitive cells, it took only 1 month and 12 days,
due to the fact that the units reached equilibrium rapidly and the membrane
did not break, Figure 1l ghows the arrangement of these units inside the
pressure cell,

Tables 5 and 6 represent the resistance readings and lag obtained by
calibrating the varieous devices in friction top eans. Under bdoth



Table 4, Drift exhibited by the different devices ecalibdrated in the
pressure membrane apparatus

Original block 1 600 1,500 150,0

Secreen type elactrode
bdlock 3 143 162 13.3

Sereen type electrode

dlock, impregnated 1 130 220 69.0

Concentrie plug (125) 3 255 313 22,7

Concentric plug (60) 2 352 487 38.4

Concentrie plug (100) 2 310 360 16,1

Concentric plug, mixed

plaster (60) 2 hssg 550 20,8
" Gege stake sensitive .

calidration procedures using friction top cans, none of the units showed
as much sensitivity to melsture changes in the surrounding soil as that
obtained from other calibration techniques, However, at the higher
moisture levels, readings were quite similar to those obtained from other
methods, As was suspected, the lag was considerably reduced when the eans
vere heated, Even though moisturs movement in the wvapor phase provoked hy
temperature gradient might have been responsible for a reduced lag, the
results were still unsatisfactory. With the condensation of moisture on
the walls of the cans, moisture equilibrium could not be odtained readily.
That the resistance reading is probably not significantly changed, it was
shown by the screen type electrode blocks which wers tested under doth
procedures,

Table 7 indicates the resistance readings and the coefficient of
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Figure 11, Arrangement of laboratory calibration in the constant
temperature room, Indicated:

1. Pressure membrane extraction apparatus prepared
for running a moisture desorption curve,

2, Arrangement of the gage stake sensitive cells for
calibration in the pressure membrane apparatus.

3. Pressure membrane apparatus used to ecalibrate the
screen slectrode blocks and the concentric plugs
shown on the cover.

4, TFriction top cans assembled for calibration.

k1
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Table 5. Resistance reading obtained for various bdlocks calibrated in
friction top cans and their lag attained te reach apparent
equilibriom

0.3 160 3 175 1
0.4 145 1 160 3
0.8 150 2 195 5
L5 205 1 205 2
3.1 220 8 255 6
6.0 héo 12 510 12
7l 655 18 1,000 18
21,0 15,730 20 11,400 20
Bouyoucos original Concentric plug (125)
blogk
0,3 1,210 & 235 3
0.4 1,255 [ 260 L
0.8 1.3“ (3 260 4
1.5 obo g 320 4
p 1 1 2,080 15 380 8
6.0 1,735 14 570 12
21,0 26,220 20 58,140 19
= - P —r—

-~ Tadle 6, Resistance reading obtained for the concentriec electrode pluge in
friction top cans (heated) and their lag attained to reach ap-

n tri (60)
0.1 k10 1 315 1
0.3 410 1 315 1
0.6 1,010 1 370 2
1,2 1,020 1 330 1
2,0 1,825 B 390 1
2.3 1,660 1 330 1
3.6 2,890 2 430 2
542 3,130 2 4o 1
8.1 54940 3 590 b
z 9

1,380
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Table 7. Resistance reading and coefficient of wvariation of the follow-
ing devices calibrated with growing plants in pots: (1) original
dlock, (2) screen type electrode, (3) screen type elsetrode,
impregnated, and (4) concentrie plug

Resistance reading (ohms) Coefficient of variation (%)
____corrected to 60° ¥, 2 units 2 unlts
Tension Devices Devices
(atme) 1 2 3 L 1 2 3 L
sl 220 2.6
2 1,200 220 235 310 14,5+ 18,5¢ 10,2 13,3%
.5 1,510 280 29,5* 10.6
.6 390 365 8.3 3.5
.8 335 10.0
1.0 1,610 470 25.1 32.0%
1.2 340 415 10,0 9.3%e
1.8 1,650 885 380 500 31.7 39.8 9.0 L, g
2.75% 1,850 1,530 25.2% 38,2
3.5 470 620 L7 2,0
4,5 710 6.1
6.5 4,515 60,0*
7.0 700 945 36,0 12,0
8.0 7,030 51.3
10.0 3,730 1,410 1,700 15.1 66.9 30.6
11,0 8,775 Lé.8
12,0 8,410 18.3
13,0 18,620 Ls.6
18.0 2,175 84,5
21,0 29,030 6,690 166,000 33.7 109.0 55.6
27.0 18,600 38,060 39,2 24,7+
35.0 41,100 bo.6

*Calculated from 6 units,
+*Calculated from 4 units.

variation of the 4 different kinds of blocks calibrated by burying them in
pots vhere actively transpiring plants of corn were grown. None of the
B-11 plaster concentric plugs were calibrated by this method because the
foew available were used for scalibration in the pressure membrane apparatus,
Although exhibiting somevhat greater wvariability than the other blocks
tested by this method, the screen type electrode block, non-impregnated,
etill ylelded a calibration curve apparently very similar to the correspond-
ing curve for this type of dlock obtained with the pressure membrane cali-

bration method,



Table 8, Relative preelsion observed by the various measuring devices
under different calibration techniques

of

freedom variation h%ggg
(r<)

Calibration techniques

Original bleck

Pressure membrane 4 8.0 .899

Growing plants 8 6.2 .838

Friction top 6 10,2 .535
Screen slectrode block

Pressure membrane L 6.3 .965

Growing phltl 8 3.7 -973

Friction top can 6 16,6 .656

Fleld calibdbration 11 6.5 943
Screen electrode, impregnated

Pressure membrane 4 3.6 .998

Growing plants 8 75 .821

Friction tep cans 6 12,5 .682
Concentric pluge (125)

Pressure membrane L 13.8 481

Growing plants 8 20,2 .528

Friction top cans é 47.5 J7N

Fleld calibration 8 v g ] 862
Concentriec pl'llg (60). L 3.2 -9?5
Concentric plug (100)* L 2,8 .982
Concentric plug, mixed

plaster (60)* b 9.67 .856
Oage stake sensitive cells* 4 9.50 .957

==

*Calibrated in the pressure membrane apparatus.

Table 8 presents the coefficients of variation and determinmation (r?)
of the different unite calibrated under different procedures. The variation
between the individual units of the same type of dlock calibrated by each
method (Tables 2, 7, and 12) is not reflected in this tadle, The coefficient
of variation in this case refers to the variations from regression of mean
resistance readings with respect to tension,
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It is apparent that the screen electrode block was, in general, the
most precise in measuring soil moisture under wvaried techniques., The con-
centric plug (125), on the other hand, exhibited the greatest wariability
of all units, The concentric plugs (60) and (100) seem to de promising.
These units also indicate the highest sensitivity in the lov tension range
vhen calibrated in the pressure memdrane apparatus, as indieated in
Table 3,

In the laboratory, calibrations in the pressure membrane apparatus
sesn to give the highest precision, Calibdration with growing plants in
potes compared favorably with the pressure membrane for some of the units.
The friction top-ecan technique was an unsatisfactory one for all units.

The concentrie plug, mixed plaster (60), characterized by low sensi-
tivity, seems to be the most likely $o withstand weathering of all the
units, as indicated by their external appearance after calibrated in the
pressure membrane apparatus, The screen electrode blecks and concentric
plug (60) also presented very nice weathering characteristics. The con-
centric plug (100) sppeared slightly deteriorated, Under field conditions
for long periods this might be significantly increased. The concentric
plug (125) 1s apparently the most affected by weathering., The gage stake
sensitive cells did not present any weathering effect. They are made of
the same mix as the concentric plug, mixed plaster (60).

Table 9 indicates the relative consistency exhibited by the devices
calibrated under different methods as reflected by the homogemeous nature
of their variances, These wvariations refer to the squared deviations from
regresslon., All units exhidited a more or less homogeneous wvarlance,
though the screen type electrode dlocks, not impregnated, seem to be more
homogeneous in this respect., This characteristic seems to bde very much
related to the precise reading of a dlock.
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Table 9. Relative consistency (homogeneity of wariance) of the measuring
devices calibrated by different techniques

$ value
Degrees (Bartlett's
Calibration technique Variance of homogenei ty At 5%
freedom test) level
Bouyoucos original dlock 3.16 5.99
Pressure membrane 0.7830 5
Growing plants on pots 0,2692 9
¥riction top cans 0.2109 7
Screen type electrods
block 0.75 7.81
Pressure membrane 0.9155 5
Growing plants on pots 0.4683 7
Friction top cans 0.6954 9
Field calibration 0.5865 12
Screen %type elestrode
block, impregnated 3.48 5.99
Pressure membrane 0.9071 5
Orowing plants on pots 0,3957 7
Friction top ecans 0.2197 9
Concentriec plug (125) 2,21 7.81
Pressure membrane 1,6338 5
Growing plants on pots 2.5551 7
Friction top cans 0.6840 9
Fleld ealidration 1.2150 9

The change in resistance reading with change in tension as exhid ted
by the gage stake sensitive cells (Tadle 2) resulted in a linear relation-

ship between resistance and meisture tension over all valuse of moisture.
The fact that moisture content and tension are not linearly related suggests
that these results should be more fully investigated, A etraight line re-
lationship between resistance in ohme and tension is prodabdbly ideal. How-
ever, the devices would necessitate an extremely high degree of wniformity
and precisien.
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METHODS AND PROCEDUHE OF FIELD EXPERIMENT

The field experiment coneisted primarily of studying instrument
results and evaluating these on the basis of the response of the units
under a differential irrigation experiment in a field of sweet com,

Irrigations were applied when predetermined moisture tensions were
reached in the root zone of corn as shown by the moisture measuring
devices.

Yield data have been analyzed in search of more information re-
lating irrigation frequency and resultant eoil moisture status to pre-
vailing soll fertility conditions and yleld,

Description of area

The expsrimental arsa covered approximately 1 acre and iz located
on the Evans experimental farm of the Utah Agricultural Experiment Station
near lLogan, Utah. The surface soll has been classified as Salt lake silt
loam. It is underlain by a heavier clay or clay loam at a depth from 12
to 18 inches, Below 2 feet it abruptly changes %0 a light grayish, cal-
careous clay, plastic when wet and granular when dry, This layer goes
down to more than 3} feet, and 1s characterised hy a distinct reddish
and rust brown mottling which indicates Imperfect drainage. No indications
of the water table have been observed.

The area was left fallow last year, after being ecropped with grains
the previous year,

Experimental plan

A split plot type of experimental design was used (Tabdle 10) with

the malin effects of molsture confounded., It consisted of 3 blocks, each



Table 10, Arrangement of the field experiment with moisture blocks and
fertilizer plo%s randomized in a split plot design

lizer : | 2 3 1 2 3 1 . 3 p 2 3
¥ P Moisture level

Dry Med, Wet Dry Med, Vet Dry Med, Ve Dry Med, Vet

Plot number Plot number Plot number Plot number
0 0 2 3 2 2 6 4 3 1 2 6 4 2
1 .9 3 1 3 5 3 5 L 6 3 5 2 L
2 0 5 5 5 6 b 1 6 L 6 2 5 3
o 1 4 2 1 L 5 2 1 5 5 3 L L
1 b | 6 L 6 3 1 3 5 3 b | 1 3 3
2 1 1 6 'y 1 2 6 2 2 L b 6 1

to receive a differential irrigation, Six fertilizer combinations sub-
divided each bdlock into 6 equal plots, and the whole experiment replicated
4 times, each replication thus comprising 18 treatments, Plots were random-
ized within blocks and these randomiszed within each replication, The indi-
vidual plots were 15 feet wide (5 rows) and 10 feet long.

Hybrid sweet corn, F. M, cross variety, was selected for the experi-
ment. Seven border rows were left between each bdlock within each repli-
cation with 10 extra rows on each side of the experiment. Twenty feet of
border were left at both sides between each replication.

The 6 fertilizer combinations used include 3 levels of nitrogen and
201!'205. Ammonium sulphate was used as the nitrogen source at rates of
0, 80, and 160 pounds of K, per acre., Phosphorous was applied as treble
superphosphate in the preportien of 0 and 40 pounds of P05 per scre, The
avallable phosphorous In the soil as determined’ by the sodium bicarbonate
method was around 21 pounds per acre., It was assumed that the availadble
soil potash was adequate for optimum growth., Fertilizer was droadecasted

l. Courtesy of J, P, Thorne, Soil Conservation Service laberatory.
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and incorporated into the eoill by harrowing. It was applied the same day
previous to planting. Corn was planted with a 2-row planter em May 21,
The planter was set to place the seeds about 8 inches apart in the rows
and 36 inches between rows. A stand of about 17,400 plants per acre was
obtained, Soil was wet enough for the seedling to sprout without any
additional irrigation until the differential irrigations were applied,

The moisture desorption curve (Figure 2) obtained previously in the
laboratory for the soil of this farm indicated that at 1/3 atmesphere
this soil contained 42.6 percent moisture by volume, It can bde observed
that from very close to the .33 atmosphere point in the curve, the slope
of the tangent to the curve changes rapldly, indicating that from this
point additional increasing suction is required per unit amount of moisture
removed, For the fleld experiment, this tension was assumed to represent
the fleld capaelty of the soil, although this value might vary under field
conditions,

The wilting point of the soil was determined by the method of Veih~
meyer and Hendricksen (32), using indieator plants., It was 21,6 percent
by volume; thue the avallable moisture was 21,0 percent by volume.

The average bulk demsity was 1.4 gms. per cubic centimeter at 6
inches depth. The number of samples obtained for this determination was
limited Yy time, About 14 samples from different locations taken on
different days were averaged for this depth, For the 12, 18-24, and 30-36
inch depths, average values of 1,5, 1.55, and 1,5 gms./cc were obtained,
all of them from a limited number of samples. Of the samples obtained
later for molsture determinations, some of them were checked for bulk
density and they agreed fairly well with the above flgures.

Screen type electrode blocks construeted in the laboratory were buried
between plots on the hills at 6, 12, 18, 24, 30, 36, and 42 inches deep,
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2 sets on each moisture bdlock, The high and low fertility plots in each
block were selected for their loecation, although it was later found that
some sets had not been placed exactly in these loecations. All dlecks,
before being installed, were subjected to 4 wetting and drying cyecles for
curing, and were selected to check within 50 ohms for those to be buried
at the same depths.

On the wet blocks and located in the high fertility plots, alse in
the hills between plants, tensiometers were installed at 6, 12, and 18
inches depths, 1 set per block., Thie experiment was set to rely mestly on
the screen electrode block reading and to use tensiometers to cheek on
block readings. It was realized that blecks do not compete in sensitivity
with tensiometers within the limits of soll moisture range in which the
tensiometers perform, but 1t was difficult to obtain enough tensiometers
to be placed in all the replications at the different depths., Besldes,
as will be descrided bdelow, the wet plots were to bde irrigated whem their
moisture temsion reached 0,8 atmospheres in the root zone. This tension
is in the borderline, if not outside of the range of soll moisture in
vhich tensiometers are reliable.

On the dry plots, 2 sets of concentriec pluge (125) were buried at
the same depths as the screen electrode blocks, and located close to these
in the hille. The readings obtained from these units were also intended
to check on the screen electrode block readings. These plugs were com-
mercial units cured at the factory. Their saturated reading was also
checked to seleet them for installation in the same mamner as the screen
electrode bleocks., But with the limited numder available, only those buried
at the first 4 depths checked with 75 olms, the others being less uniform,

Gage stakes with sensitive cells like those calibrated in the ladora~
tory were buried, 1 in each block in the hills, close to the other devices.
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The unite are located in these stakes so as to determine the molsture
tension at the 6, 12, 18, and 24 inches depths, The matrix material of
the cells was made of hydroeal like the concentric plugs (125). They
are also commercial devices. They were burlied dry.

The 3 irrigation treatments were as follows:

1, Wet plots: Irrigated %o field capacity when the secreen slectrode
blocks and tensiometers, whichever was first, indicated that the temsion
in the active root zone was at or around .8 atmospheres, This tension
indicated that 1/4 of the available moisture had been removed from the
active root zone.

2. Medium wet plots: Irrigated to field capaecity when the screen
electrode blocks indieated that the $ension in the active root zone was
at or around 2,2 atmospheres, This tension indicated that 1/2 of the
available moisture had been removed from the active root zone.

3. Dry plots: Irrigated to field capacity when the bdlocks indi-
cated that the tension in the active root zome was at or around 8,2
atmospheres, This tension indicated that 3/4 of the available moisture
had been removed from the active root szone,

Furrow irrigation application was selected for this experiment.

The supply ditch was located on the west end of the field with the head-
gate at the northwest cormer, The electrical conductivity of the irri-
gation water was reported to be 380 microhms (E.C, x 106). and is classi-
fied as class 1A water for irrigation purposes., Two irrigation furrows
were opened for every corm row in order to wet ths root zone readily and
uniformly. Rubber pipes were employed as flow control em each furrow,
They were leveled in the soil in groups of 10 (1/2 block) to permit uni-
form distridution of water. Peeding ditches were converted into equal-
izing bays with the location of turn-outs at the end of each block.
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Canvas was placed half way to irrigate the first half of the left side of
the block. The whole bleck was too long to maintain an equaliszing day
all through and still distribute water mmiformly. ZEvery replicate was
provided with 2 Parshall flumes (throat width = 2 1/8") to measure the in-
flow and outflow at the head and drainage ditches, respectively. Vater
flowed in 2 directioms, northward and westward., Both slopes were gentle,
especially the former, thus favorable for even distribution,

The field was cultivated when the plots were about 6 inches tall,
From then on, weeds were removed by hand as they appeared.

Moisture control and irrigation

Resistance readings of dlocks and plugs were taken with the Bouyouces
bridge used in the laboratory. Generally the wet and medium wet blecks
readings were taken every other day and the dry ones every 4 days. Readings
wvere corrected to a uniform temperature of 60 degrees F. using Table 8 of
the Soil Survey Manual (26).

Oage stake readings were taken with the Irrigage lotor.l vhich was
especially adapted for stake readings. However, sometimes readings were
also made with the Bouyoucos bridge which was always available, The Irri-
gage meter occasionally gave erratic readings which resulted in unreliable
data. The unit of measurement of this meter is the "hydrohm." This
corresponds very closely to the "microampere® unit. For uniformity, all
readings in this study are expressed in ohms, Howsver, Figure 12 is in-
cluded to facilitate the conversion of ohms to hydrochms, or vice versa.

It was prepared from readings made in the field with doth meters at the
same time. Irrigage readings were later checked with an ochmmeter to make
sure Irrigage and Bouyoucos bridge agreed in the field,

Calibration curves for the screen type electrode block and the
1. Manufactured by Rayturn Corporation, Portland, Oregon.
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concentric plugs were plotted from the combined data obtained with the
pressure membrane apparatus and field sampling done to evaluate moisture
determinations. The curve obtained from the concentric plugs (125) was
used also to calibrate the gage stakes readings. There was no time to
calibrate them as these units were received too late., However, their
saturated readings and those obtained after an irrigation were similar to
the plug readings. Readings were made at the same hour early in the |
mmingl to reduce to a minimmm the temperature effects on tensiometer
readings,

The resistance readings of all blecks and plugs, after corrected
for temperature, were converted to tension values in atmospheres and re-
corded in I, B, M, punch cards,

The differential irrigations were applied from June 27 to Auvgust 23,
about a week before harvesting., Wet blocks were irrigated G times, the
medium wet 4 times, and the dry blocks 3 times.

A rough estimate of the water requirements previous to easch irrigation
was generally made, It was based on the tension shown by the devices te
the depth to which their readings were changing., It was plamed to irri-
gate vhen the integrated tension caleulated em the I, B, M, machines indi-
cated that moisture was being depleted to the limite assigned to the 3
different moisture levels, However, these data were never computed before
any of the lrrigations were applied,

Table 11 indieates the inches of water applied to every half bleck,
Generally an average head of 4 inches was maintained in the Parshall
flumes, However, the siream was sometimes reduced or increased for some
reason, some blocks being more affected than others., This was generally
a cause of unequal distribution of water to blocks receivingz the same
irrigation treatment.
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Table 11, Inches of irrigation water applied to each half bleck and
amount of rainfall received during the experiment

178* 1,00 1,00 1,00 1.00 1.00 1,00 1,00 1.00
180%* 2,00 2,00 2,00 2,00 2,00 2,00 2,00 2,00
183%* 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
189 1.34 1,73 2.54 2.51 3.03 2,83 2,95 2.85
196 1.69 1.45 1,83 1,67 2,63 2,35 1.29 2,20
200 2,79 3.04 3.43 3.13 3.47 4,03 .71 2,64
206 2,61 3.20 2,25 2,83 3.07 2,76 2.79 3.18
210 2.73 3.19 2.32 2,45 2,47 2.90 1.41 1.42
217 3.76  3.28 2,00 2,32 6.33  5.87 3.56  3.7%
224+ 0,63 0.63 0,63 0.63 0.63 0.63 0.63 0,63
228*+ 0,bo 0,40 0.40 0,540 0,40 0.50 0,40 0.40
229 8.35 4,7 5.95 6.55 7.59 7.9% 6,05 T:23
237%¢  0.33 0.33 0.33 0.33 0,33 0.33 0.33 0.33
Total 28,63 25.96 25.69 26.82 33.95 3b4.0b4 25,26 28,63
Medl We
180%* 2,00 2,00 2.00 2.00 2,00 2,00 2.00 2,00
183* 1,00 1,00 1.00 1,00 1,00 1,00 1,00 1.00
196 3.1 3.66 5.99 S.43 4,09 6.45 4,33 5,33
206%* 4,16 3.71 5.06 4,12 L. 84 5.82 3.47 3.17
222 5.97 6.71 8.11 7.99 7.09 5,79 L,62 6,08
224%% 0,63 0.63 0.63 0,63 0.63 0.63 0.63 0,63
228+* 040 0.40 0,40 0.40 0.40 0,40 0,50 0,40
237+* 0.33 0.33 0.33 0.33 0,33 0.33 0.33 0.33
Total 17,80 18,44 21,52 21.90 20,38 21,42 16.78  17.9%
Dry Blocks
180** 2,00 2.00 2.00 2.00 2,00 2.00 2,00 2,00
189 3.72 3.39 5.9 4,67 559 5.69 3.84 4,06
206 5.7 5.03 50 4,3 6.35 7.26 317 3.89
224 0.63 0.63 0,63 0.63 0.63 0,63 0.63 0.63
228 0,40 0,40 0,40 0.40 0,40 0,40 0.40 0,40
235 10,27 10,49 11.4% 11,07 12,51 12,12 9.08 10,00
237 0,33  0.33 0,33 6.3 0,33 0,33 0,33 0,33
Ff:i} t--‘., 2: ) 0? 2202? 25.‘” 23. b‘l 2?-81 2801*3 19. 45 21. 31

“*aoplication was not measured.
3

L1
-
**Erinfall.
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Correction for submergence never seemed necessary in the flumes, In-
flow and outflow were measured generally about every 10 fto 15 minutes,
Inflow was timed from the moment the water entered the pipes and the out-
flow from the time water reached the flume in the drainage diteh,

In order to evaluate instrument results, moisture determinations
were made on soil samplaes $aken from the different plots. These were
taken as close as possible to the unite, but avelding any disturbance of
them, At the beginning, samples wers taken at the 6 and 12 inches depth,
where the active root zone was concentrated. Toward the end of the season,
samples were btaken to greater depths, as deep as 36 inches, The number
of samples taken to lower depths was very limited; even those taken at 6
and 12 inches deep were insufficlent considering that there were 284
units for measuring soil moisturs at all depths. But because of limitation
of time, 320 samples were taken, some of which were unreliasble for some
reason,

Corn was harvested from August 31 to September 3, when it was jJudged
ready for gamning as indicated by the thumb nail test. Following the

ear harvest, stover was cut. Data on ear and stover yield were taken,
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RESULTS OF FIELD EXPERIMENT
Yariability of devices

With the gravimetric determinations obtained from the 6 and 12 inches
depths, calibratien curves (Figures 13 and 14) for the screen type electrode
blocks and the concentric plugs (125) were plotted, The scattering of
points 1is indicated %o give an idea of the variability which existed under
field conditions, A comparison of this calibration technique has been
presented under the laboratory resulte (Tables 8 and 9).

Table 12 indicates the mean resistance readings and the coefficient
of wvariability obtained for the blocks and plugs calibrated in the field.
0f 214 moisture determinations made to evaluate the screen electrode blocks
results in the first foot, 182 or 85 percent were used for calibration,
The pthnrs were too much erratic to be considered. Probably, these units
were not wetted with the last irrigation previous to sampling because of
uneven application of water, Their readings were exceedingly high, Still,
very high coefficlent of variability occurred, especlally at medium high
tension values, However, in the low tension rangs, thelr coefficient of
variability was rather low, There seems to be no logical explanation for
the extremely high variability at medium high tensions, even higher than
near the wilting point of the soll.

Out of 75 moisture determinations made to evaluate the concentric
plug results in the first foot, 59 or 79 percent were used for calibration,

A separate calibration curve was plotted with the data obtained from
the screen blocks in the 18 and 24 inches depths to represent the second
foot in the root zone., This curve was made for the purpose of comparison
with the one obtained from the first foot., Figure 15 represents both
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Table 12, Mean resistance reading and coefficlent of variation of the
plugs and dlocks buried at the 6 and 12 inches depths in the

field
) tri
Moisture Tension Mean Coeff, of Mean Coeff, of
(atmospheres) reading variation reading variation
(by vol.) (ohms) $ (obms ) £
47,2 0,2 145 18,6 2o 8.3
43,4 0.3 135 16.2 2ho 13.3
Lo,7 0.% 150 12,7 265 11.6
38.5 0.5 160 32.5 255 11.9
36.7 0.8 240 64,2 300 18.7
34.8 .2 345 120,0
3.4 1.7 640 119.6
31.7 2.5 1,085 141,0
30.4 3.6 2,370 99.9 1,215 70.7
28.8 5.1 2,535 99.4 10,465 116.3
27.4 7.1 6,900 76.0 6,740 51.5
26.0 9.4 11, 87.8 104,690 82.6
24,6 12,2 17,100 48.8
24,2 12,9 122,370 123,0

curvee plotted logarithmically. They appear to be relatively similar.

BEstablishing confidence limits for the average resistance values in the
l-foot depth calibration curve, it was found that the mean wvalues of the
second foot curve, at 95 percent confidence interval, fall within the
confidence limits of the former curve except at tension values above 10
atmospheres.

Instrument results below the second foot were only analyzed for co-
efficient of variability at the same depths (Table 13). Below the first
foot depth for about the first 6 weeks, when roots were still shallow,
readings were consistently around 100 for the screen electrode blocks and
around 200 for the plugs., That is, both instruments were giving readings
slightly below field capacity. Not having the sub-soil as good drainage
characteristics as the top foot, it seems to be justified for the instru-

ments to indicate tensions somewhat below field capacity until the roots
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Table 13. The precision of s=oil moisture measurements with the screen
type electrode block and the concentiric plug compared to the
gravimetric method as obtained from 2 locations per bdbleck
with measurements made on different days

———
Coefficlient of variability
Moisture (percent)
range Fumber of Gravimetric Sereen electrode
_measurements me thod block
¥et
Depth
(inches)
6 Mean of 10 3.6 17.5
12 = % 12 6.5 11.0
18 n =n 8 5.9 Tal
2k . 12,9 3.5
30 n L4 2 4,1 4.3
36 I - % 4 7.8
Med, wet
Depth
(inches)
6 Mean of 16 7.5 51,4
12 1 3.2 67.0
18 Mean of 2 e 550
Dry
Depth
(inches)
6 Mean of 12 5.0 }41-6
12 . L 7.8 52.9
18 " 5 5.3 66.5
Concentric plug
(125)
Wet
Depth
(inches)
6 Mean of L 2.7 5.“
12 " " 9 7.0 8.8
18 " " 6 4;9 31.5
24 u n 5 12,9 18.2
30 " % 2 4,1 7.5
36 ¢ 1 2 3.6 6.4

started deeper pemetration,
To determine whether thers should be significant differencee in re-
slistance readings with depth, because of changing soil textures and
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gtructure, moisture desorption curves were also obtained in the labora-
tory for the second, third, and fourth foot depths (ngure 16). 1t is
apparent that the molsture desorption curves representing the first and
second foot are the most dissimilar. TYet as indiecated in Figure 15,
their corresponding calibration curves are apparently similar,

Table 13 presents the coefficient of variation of block and plug
resistance readings obtained from corresponding gravimetric determinations.
In the wet range of soll molsture, it is apparent that greater precision
wae obtained by the gravimetric than by the instrumental method of soil
moisture determination, On the basis of wvariability of soil molsture
in ths soll as indicated by the gravimetric method, it seems that blocks
and plugs were relatively accurate in the low tension range, The co-
efficient of variation obtained with the limited number of moisture de-
terminations from plugs at the medium wet and dry range, although not
presented in the table, was extremely high. The variation obtained from
blocks in the same range was not as high, but still significantly high
if compared to the gravimetric method., However, it should be indicated
that the coefficient of variability in Table 13 was estimated from re-
sistance readings in olms, Had readings been converted to atmospheres,
variability on high soil moisture tension wvalues would de reduced.
Instruments' response

The integrated moisture tension with depth was calculated with the
I. B, M. machines for all the types of units used in the fleld.

Figure 17 is plotted to indicate the changes in mean integrated
tension (averaged for the 4 wet blocks), with time and as affected by the
9 irrigation treatments applied in the season, It is apparent that
tensiometers practically never agreed with the screen electrode blocks,

After the day 195, the mean integrated temsion for all blocks barely
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dropped below 1 atmosphere after irrigations., However, readings were
usually made 2 days after water was applied, which might have bean suf-
ficlent time for plants to deplete moisture again to some extent, It
also appears that the inches of water estimated to de applied for mest
irrigations were not sufficient to bring the roet zome to field capaecity.
Thie fact probably contributed to the wuneven distridution of moisture.
This seems to have been reflected in the uniformity of instrument re-
sponse after irrigations, as indicated in Table 14, Tensiometers, on the
other hand, not even approached the 0.8 atmosphere tension until the day
194 (Pigure 17). Broken lines show that through the indicated time, at
least in 2 of the 4 sets, the mercury column had gone beyond the mano-
meter scale readings, After irrigations, tensiometer readings gemerally
came down to below 0,5 atmospheres, But when approaching the 600 cm,
mark, they started leaking and did not seem very helpful in following the
moisture depletion in the root zone,

Figure 18 presents the change in mean integrated tension (for depth)
with time in the medium wet plots, and as indicated By the screem electrode
blocks, The peaks indicated before irrigations suggest that irrigations
ghould have been made more frequemtly for the type of moisture treatment
assigned to these dlocks., It 1s interesting to nete the umiform pattern
followed between irrigations, This is explained by the increasing demand
for moisture when plants atiain vigorous growth, It is apparent that
blocks were consistent to indicate nearly the same integrated temsion 2
days after each of the 4 irrigations,

Flgure 19 compares the average directional trend of the mean inte-
grated tension in the dry blocks as indicated by the sereen electrode
blocks and the comcentric plugs (125). It ie apparent that both devices
consistently agreed from the time after the first application of water
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Table 14, Variablility of soil moisture among all devices after irri-
gations and as indicated by the mean integrated tension
(M. I, T.) estimated with different instruments

nt of 111
Day Yot
Tensiometers Blocks G?o stakes
MIT g ar MIT
ln ?3.0 .13 4502 0.? 36.5 3003
185 49.3 .16 50.3 0.7
192 803 lﬁ 33.2 100 33-1 001
198 65.6 J 82.1 1.8 35.1 0.9
202 37.4 A6 90,0 2.1 62,9 1,1
208 25.7 12 133.0 3.2 29.2 2,7
213 2108 .65 30.0 1.2 3“30 2“.5
220 91,5 21 15,7 0.9 13,0 10,5
231 8.0 .0k 38.8 1,0 30.8 5.4
Medium wet
185 54,5 0.9
198 28,6 1.0 25.4 0.6
208 19.3 1,0 51,0 1.3
224 30.6 1,2
xy
Plugs
192 28,6 1,2 17,5 | 1.3 16.1 0,8
1.1
2,3

was made. They coincide especially in the integrated tension indieated
after every irrigation, They read approximately 1 atmesphere, as in the
medium wet plots., The coefficlent of variability of the integrated

tension among bdlocks after each irrigation was lower for the dry plots,
as indicated in Table 14,

It seems that, in general, the irrigations applied to the medium
wet and dry blocks satisfied better the moisture demands of the root zone
than in the wet blocks,

Table 15 indicates the coefficient of variability for soil moisture
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Table 15. Variability of soll moisture after irrigations in the medium
wet and dry blocks as indicated by the integrated sension
estimated by electrical resistance units

" Coefficient of variability

(2_sets per block)
Ixy

Day Sereen type bloeck Concentric plug

Replication Replication
3 2 3 4 1 2 3 L
192 1.6 5.2 53.7 @ 5.6 57,0 22,8 12,9 21.8
208 28.3 22.4 0 0 1,7 20,2 0 52.1
2N 2.0 0 8.8 22,6 4,0 18,2 0 19.6

Medium wet

185 9.3 12,8 b7.2 28,3
198 14,1 6.1 405 344
208 M3 WA BT 0

22 20,2 30,3 T8 37.7

o e e ot e A —

i

determinations after irrigations, It refers to that existing in the indi-
vidual blocke (dry and medium wet) and estimated from the integrated
tension of 2 sets of blocks or plugs per plot, As it should be expected,
1t resulted lower than when estimated for among the molsture dlecks,

Few results are presented about the gage stakes' behavior. Sometimes
they were not read because of difficulties with the bridges, Also, the
last readings were mostly erratic. It seems that the units of these stakes
deteriorate bedly (Figure 20), thus the contact necessary between the soil
and the mit to odtain reliable results is lost. The cells representing
the 18 and 2 inches depths are apparently the most weathered because they

are the most exposed to wet conditions throughout the season,
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FTigure 20, A gage stake used in the field experiment
(right) as compared to the new one. Note
that the outer conceniric screen electrode
is partly exposed on the cell representing
the 24 inches depth in the used stake.



Crop response and ylelds
Az the seasonm progressed, plants showed differences in the rate of

growth and in the darkening of the green color of the leaves, Those plants
recelving the most frequant irrigation treatmente in the high nitrogen
level plots presented more vigorous growth than all other plants, Plants
vhich received low or no nitregen application indicated a yellowing of the
lower leaves after they were about 50 days old,

Tables 16 and 17 indicate the yleld of sweet corn ears and stover
mnder different moisture and fertilizer treatments. Table 1B presents an
analysie of variance from the data of Tables 16 and 17, It is apparent
that the differential moisture treatments had no significant effeet on the
yield of sweet corn ears (Table 18). Neither was size of ear (Figure 21)

Table 16, Effect of moisture and fertilizer on the yleld (tons per acre)
of corn ears

w 3-3 205 408 b.s 4 5‘5 5.5
Medium 2.4 2,8 4,0 k,7 S 6.0
Vet 2,7 2,3 4.8 b6 6.3 6.2

significantly affected by moisture, However, nitrogen fertilizer was
highly significant in the yleld of corn ears, Moisture and nitrogen inter-
action was not significant on the yleld of corn ears, However, as indicated
in Tabdle 16, in the high nitrogen plots, increased moisture resulted in
higher corn ear yleld of from 5.5 to 6.3 tons per acre. This may indieate
that the effect of moisture-nitrogen interaction can only be significant
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if the amount of nitrogen applied is in a reasonable proportion with the

water applied,

Table 17. REffect of molsture and fertilizer on the yleld (tons per acre)
of sweet corn stover

s‘u;;:;tm 0 h:m 3 0 4o
Dry 10,1 9.2 14,4 13.5 15.5 14,3
Medium 9.3 11,9 149 14,3 17.3 18,7
Vet 12,7 1.4 15.9 14,9 22,1 23.3

Table 18 indicates that moisture and phosphorus interaction was
significant at a 5 percent level in the yield of cormn ears, This is
rather difficult to explain considering that phosphorus had no effect at
all vhen considered under all other possible combinations, In the medium
wet plots, however, corn ear yleld was increased Yy phosphorus appli-
cation,

At all fertility levels, increased moisture induced more stover
(Figure 22 and Table 18), However, nitrogen fertilizer was still more
significant in the yleld of stover, as is indicated in Tadle 18, Moisture-
nitrogen interaction was also significant in the yleld of stover,
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Size of ears harvested from the high fertility (3 on
the left) and low fertilisy (3 on the right) plots,
Each of the 3 ears from left to right represent the
wvet, medium wet, and the dry plots in the high and
low fertility groups, respectively.



Table 18,
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Analysis of variance table for data on Tables 16 and 17

Source of Yield of ears Yield of stover
variation sum mean F sum mean F
df squares squares valuse sguares squares value
¥hole plots
Replications 3 1.82 0,61 0,22 140,67 46,89 3,73
H,0 (blocks) 2 2,06 1.03 0,37 785.53 392,76 31,2hee
Error "a" 6 16,53 2.75 75.46 12,57
Sub plots
e *e
N 2 516,73 258,36 168,86 3,104,09 1,552.04 103.47
Hy0 x ¥ b 11,31 2.82 1.8 389.24  97.31 6.;;
P 1 0.08 0,08 0,05 0.87 0.87
H,0 x P 2 12,64 6,32 h.l; 60,23 30,12 2,01
¥x? 2 3.3 1,58 1,03 22,24 11,12 0.74
HOx ¥ xP L 1,10 0,27 0,18 53.60 13,40 0,89
Error "b* bs 68.85 1.53 675.25 15.00
Total 71 634,28 5,307.18

*s5iznificant at 1¥ level,



Size of plants representing from left to right
the wet (1 and 2), medimm wet (3 and 4), dry
plots (5 and 6). The high fertility plots in
the order from left to right are represented by
the odd number plants, while the low fertility
plots are the even number ones.
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SUMMARY AND CONCLUSIONS

Different types of electrical resistance units of the casting type
have been tested in the laboratory.

For these units constructed in the laboratory, as well as the other
commercial units received, an attempt has been made to evaluate them on
the basis of uniformity, precision, sensitivity, lag, drift, and weather-
ing.

The screen type electrode block and the conecentric plug (125) were
further tested under field conditions, Data concerning their bdehavior in
the field and their response after irrigations are presented.

Crop response to different irrigation treatments and under varied
egoll fertility levels was measured by grain and stover yleld.

The screen type elsctrode block was characterized with high umniformity
and precision in the laboratory. The drift it undergoes is apparently not
significant. The slight, but definite sensitivity shown by this bleck in
the labdoratery is present under conditions operating in the fileld, and
makes the blocks less precise. Non-uniform distribution of seil moisture
resulting from insufficient and uneven applications of water is possidbly
the main factor affecting the dlock accuracy.

The good weathering characteristies of the sereen dlocks, their low
drift, reasonable accuracy, and the simplieity of constructing them indicate
that it might justify a concentrated effort $o increase somewhat more the
sensitivity of the block in the low tension range (0.1 to 0.8 atmospheres).
It seems that by reducing the density of the matrix material, that is, using
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a greater proportion of water in the mix, which thus increases the water-
holding capacity of the finished block, higher sensitivity ean be obtain-
ed. This was observed in those units constructed from the B-11 plaster,
The fact that the concentric plug (125), although containing the highest
proportion of water in the mix, was not sensitive to moisture changes
belov 1 atmosphere, was probably because it is made from straight hydrocal
mix, This material is characterized for 1ts extremely high density and very
low porosity. These characteristics reduce the speed with which water
moves within the dlock, even though the proportion of water added to the
mix be high, This same unit, however, was extremsly sensitive in the low
moisture range. The weathering characteristiecs of the plug were, on the
other hand, greatly affected, Therefore, if it is attempted to increase
the sensitivity of a unit by increasing the preportion of water to mix,
it should be kept in mind that at the same $time the finished dlock will be
more subject to weathering.

The good possibdilities of constructing a large number of uniform
screen blocks in a short time, as long as reasonable care is exercised in
reproducing pouring and mixing time and in being consistent in the pro-
portion of water to mix used, offset any adwvantage of a finished commercial
plug.

The chief advantage of the coaxial design, in that the effect of ex-
ternal contact in the reading of the units is eliminated, has been ac-
complished now by the screen type electrode blocks., Greater sensitivity
in the low tension range seems to be the only other important ndmtggo
of the concentrie plug made with B-11 plaster, Apparently this advantage
is derived from the plaster., Therefore, it is suggested that this matrix
material bde tried with the rectangular pattern screen electrode blocks.

Although no definite conclusions were arrived at, there is also the
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poseibility that the rectangular pattern assures better contact with the
soll under field conditions, since it has slightly larger surface area
in contact per unit mass of =oil.

The fact that moisture content varies in the soll from place to place,
especially near the limits in which it is critieal to plant grovt]:;. implies
that the mere replications that are used, the greater should be the ac-
curacy with which the moisture status in the root zone of crops can be
estimated, Therefore, devices should be simple and easy to construct, or
otherwise cheap and commercially awvailable,

Of the commercial units of coaxial design, those manufactured from
B-11 plaster should be studied more in detall because of their higher
sensitivity in the low tension range. The manufacturer has indicated that
this plaster seems to have undesirable weathering characteristics, FHow-
ever, this material--even mixed with water in the proportion of 5 parts
plaster to 3 parts water--was characterized with relatively high sensi-
tivity at the low tension range., From the laboratory results, this wit
seems to compare favorably with those made from gypsum casting plaster,

The lag in speed of response of the devices to molsture changes seems
to be assoclated with the water-holding capaclity of the units after setting
up, That is, if the size and distribution of the pore space in the units
is equal, by reducing the proportion of water in the mix, lag character-
istics could be improved, In faet, the plugs with consistency 125 and 100
vere generally the last $o attain equilibrium. It has been informed by the
manufacturer of the concentrie plug that B-11 plaster has apparently a de-
sirable characteristic in that it seems to be relatively easy to control
the molsture-holding capacity of the finished plaster. This characteristic
should certainly $end to increase the wmiformity of the unit, However, no

conclusion on this respect was arrived at in the results of this experiment.
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It is doubtful that the findings on this experiment might point out
to definite conclusions, There seems to be no completely satisfactory
unit for measuring soll moisture tension in the field. But it seems that
we might be closer to develop or construct a unit which will meet with
greater satisfaction such desirable characteristics as precision, sensi-
tivity, wiformity, minimum drift, lag, and weathering, Until such a
unit is devised, a large number of replications should be employed to
detect more accurately the moisture status of the soil, It has been
shown in the field experiment that, of the devices employed, the screen
electrode unit is the most precise, but the concentric plug (125) follew-
ed it rather closely when the combined performance of all units was
considered.,
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