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PERCOLATION OF SOIL WATER AS RELATED TO CONSUMPTIVE USE
INTRODUCTION

One of the problems most perplexing to soil and plant sci~-
entists interested in plant, soil and water relationships is that
of evaluating the fate of water applied to a soil under erop. It is
known that water applied to the soil surface will percolate damward
through the soil, wetting or filling the soll as it goes, some will
be lost through evaporation, some will be used by plants, some will
percolate into deep soil layers beyond the reach of plants and some
will be retained by the soil for long and indefinite periods of
time., But what are the relationships among these various influences
on soil water? What are the rates of loss by evaporation, trans-
piration and percolation? How much effect does the rate of water
loss by one means have on another? How much water can be and will
be retained by the soil? These are questions that remain unanswered
or at best are only partially and arbitrarily answered.

The relationship proposed and discussed in this thesis came to
light from a study which began as an attempt to evaluate the water
retentive properties of soil or those properties which affect field
capacity. Field capacity is commonly defined as the moisture cone
tent in the soil 24 to 4B hours after the application of water, at
which time downward movement of water has materially decreased. It
was realized that some measure of field capacity, in the field, was
necessary before any study of the factors affecting field capacity
gould be made. However, in the course of this initial study no real



value for field capacity but only the usual arbitrary 2l to 48 hour
moisture percentage could be found., This confirmed the belief shared

by many workers that in a dynamic soil system, particularly with
growing plants, no fixed moisture value can be called field capacity
and that what is frequently referred to as field capacity is but one

point on a continuous time-drainage curvel, The value for soil
moisture at such a point cannot be an equilibrium constant.

The type of time-drainage curves obtained in the first year's

work suggested that the rate of drainage or percolation ¢ould be
expressed as a funetion of time and that this function would be

different depending upon whether the soil was elear of vegetation
and covered to prevent evaporation or under the influence of a
growing crop. It was felt that these functions were closely related

and their functional relationship would be useful if determined.
Considerable effort went into an attempt to establish this relatione

ship mathematically but the attempts met with only partial success.
A graphic analysis of the data then provided a solution to the

problem of relating percolation and consumptive use?,

1 Time-drainage curves are the curves obtained by plotting the
moisture content in the soil at various times after the soil
Mabaan:.rrig;hd, against time in hours or days or any de-
gired time units. The curves will be frequently referred to

in this thesis as molisture-time curves as the latter more
gptly describes them than does the former.

acmumptiveunwill in this thesis, refer to the moisture
utilized and tranupi.rod by plants from the soil plus the

moisture lost evaporation from the soil surface.
tive rate is de ed directly by the difference
between the moisture content in the soil 2 to 3 s after an
irrigation and the moisture content just prior to the next
irrigation and dividing this difference by the number of days
between the times of sampling.



The author believes that the relationship between percolation
and consumptivé use is valid and can be evaluated, as will be shown
in the following pages. The suthor also feels that with the
establishment of this relationship, a new tool for the study of soil
moisture movements and losses or utilization may be at hand., The
relationship may also serve as a tool for the study of field
ecapacity itself from the standpoint of when it occurs in the soil
following the application of water.

In order to obtain data with which to relate percolation to
consumptive use, field experimenis were conducted at the Klamath Falls
Bxperimental Area at Klamath Falls, Oregon. The work consisted of
taking soil moisture samples fram small plots under three distinect
conditions (1) cropped, (2) elesred of vegetation and (3) cleared
of vegetation and covered to prevent evaporation. The soil samples
were taken at various time intervals starting soon after the plots
were thoroughly irrigated. The moisture percentages of the samples
were determined. These percentages plotied against the various
times at which the samples were taken provided the moisture-time
curves necessary to quantitatively relate percolation to consumptive



REVIEW OF LITERATURE

The literature pertaining to the specific problem under cone
sideration in this thesis is spparently quite limited because
relatively few workers have ever evaluated the relationship between
percolation of water through the soil and consumptive use, A number
of workers have made occasional studies in which percvolation alone
was evaluated but in these experiments consumptive use was elimine
ated by removing plants and covering the soil to prevent evaporation.
In other studies percolation and consumptive use have been |
evaluated together but were not separable, Although a relationship
between percolation and consumptive use has been suggested by a
number of workers, dating back to 1912, when Widtsoe and
McLaughlin (24, ppe. 216-268) recognized that such a relationship
existed, no definite studies were reported until very recently,

Widtsce in Utah pioneered the work on consumptive use when he
and his colleague McLaughlin studied the distribution of meoisture
after irrigation. They eould not account for all of the water that
they applied to field plots and attributed some of the loss to
evaporation and transpiration and the remainder to deep percclation
losses. They made no attempt to relate these losses of soil water
to one another (2L, pp. 216, 268),

In 1921 Gardner and Widtsoe (8, pp. 215, 232) reported
thearetical aspects of soll moisture movement in the ideal soil.
They presented a theoretical equation relating percent moisture in
the soll, Q, to time, t. The parameters in the equation were



evaluated from a particular soil and the equation has the form

-.OZt ".ht
Q= 11;.6 + 2.7e + 2.7e

(8, p. 230). Because of the difficulty in evaluating the para-
meters, the equation has not been utilized in the study of the downe
ward movement of moisture.

Generally, a parabolic curve is obtained by plotting moisture
content against time following application of water in the soil.

For the first 1 to 2 or 3 days from time zero the curve shows &
fairly rapid decrease in moisture but as time increases the rate of
decrease of moisture gradually slows down, the curve becoming
asymtotic with respect to the time axis as the moisture content
never reaches gzero in the field, There are no sharp changes in the
slope of the curve. Curves of this sort are frequently referred to
in the literature as time-drainage curves, and are sometimes used
to estimate the field capacity of soils.

Much of the interest in the percolation of water spplied at
the soil surface has centered around the soil moisture character-
istic known as field capacity. Veilmeyer and Hendrickson define
field capacity as "the amount of water held in the soil after excess
water has drained away and the rate of downward movement materially
decreased..." (22, p. 75). They state that this takes about two to
three days in soils which are unifomm in texture and structure
(22, p. 75). They also indicate that field capacity is not an
equilibrimm velue but a point on a time-drainage curve (22, p. 76).
This latter view is supported by a number of workers (2, pp. 35-36)3



by pe k33 6, pe TAB3 7, pe 3193 13, p. 3685 17, p. 5395 18, p. 227
and 31, pp. 142-143). Israelson, on the other hand, refers to field
Saptatty s 0 equl)ibidus vales dlikeagh 1% 3y fuflnesed ot My
so0il depth by the distance from a surface of complete saturation
(11, p. 158)., A definition of particular interest here is that of
Edlefson and Bodman who state that field capacity is %...that moisture
content for a given soil below which downward motion of water is
negligible in comparison with the rate at which growing plants ex-
tract water from the soil." (6, p. TA8). There is an implication
in this definition that downward movement of water will decrease
sooner when plants are growing on the soil than when the soil is
bare, for the very obvious reason that the transpiration of plants
will assist in depleting the moisture above as well as below field
capacity.

Israelson and West (1922) conducted one of the earliest tests
attempting to establish the field capacity in the field. They
applied large amounts of water to small field plots, to insure satu-
ration, covered the plots with straw to prevent evaporation and
followed the movement of water downward by repeated soil sampling
for 10 days. They also sampled periedically for a considerable time
after the 10 days (2, ps 9). They were of the opinion that the
downward movement of water must come to equilibrium with the water
table and the results of sampling for the first 10 days appeared to
confirm this opinion (12, footnote p. 9). However, even after 10
days there was some moisture movement downward, although at so slow



a rate that they considered the moisture in the seil at the end of 10
days represented the effective water capacity (12, footnote p. 9).
The authors do not define effective water capacity but presumably
they mean the maximum amount of water the soil will hold for plant
growth,

Veihmeyer and Hendrickson conducted similar tests on a number of
California scils about 1930. After applying water to small field
plots, they covered them with canvas and then sampled the soil at
close intervals, attempting to determine the time after the applie
cation of water that the percolation became negligible (23, p. 185).
It is interesting to compare their decision that in 2 te 3 days
percolation becomes negligible (23, p. 192), from which they defined
field capacity, with that of Israelson and West who decided that the
soil reached the effective field capacity at 10 days. However,
Veihmeyer and Hendrickson made their claim with reference to mois-
ture percolating into relatively dry soil while Israelson and West
referred to completely saturated soil in contact with a water table,
Veihmeyer and Hendrickson made the observation that plants extract
moisture rapidly enough to prevent appreciasble percolation 2 to 3 days
after the applicaticn of water (23, p. 192). Here sgain is
reference to the effect of consumptive use on percolation.

Bodman, in 1936, presented data to show that in a soil satu-
rated to 20 feet and with evaporation prevented, 60 percent of the
downward movement of moisture occurred within 3 days, & further 22.5

percent in the next 55 days and still a further 17.5 percent in the



next 273 days (2, pp. 35-36). This would indicate that the major
portion of percolation takes place within 3 days, but whether the
remaining pereclation is negligible or not is questionable. If a
similar test had been carried out but with plants growing, the con-
sumptive use would likely have had a profound effect on the results
Bodman obtained. Later (1941) Edlefsen and Bodman reported on tests
involving plots which were thoroughly irrigated, then covered with
roofing paper to prevent evaporation, and stated that "... water
‘moves out of the soil at moisture contents much below the moisture
equivalent? even in the lower depths. Two months had elapsed,
however, before the soil at any depth had lost water in quantities
sufficient to produce a relative wetness which was significantly
below 1." (6, pe 719). The term relative wetness means the percentage
- moisture in the soil divided by the moisture equivalent (6, p. 719).
A relative wetness of 1. would mean the soll is at the moisture
equivalent or field capacity, less than 1. would mean the soil is
below field capacity. If the moisture equivalent is taken as a
measure of field capacity the indications are that percolation does
indeed become small very quickly and long periods of time are needed
before the downward movement loss of moisture becomes significant.
3 Moisture Equivalent, as originated by Briggs and McLane
(3, pp. 1-23), is the percentage of water, on an oven dry
basis, held in a soil sample sgainst centrifugal force of

> 100 times gravity. It is frequently used as a measure of
field capacity.,



Wileox, in 1939, studying some of the factors affecting field
capacity, made the interesting observaticn that the heavier the soil
the longer the time it takes for gravitational water to drain away
and therefore a constant or definite time of sampling for field
capacity could result in considerable errors (25, p. 143), He also
stated that the rapid use of water by plants added further compli-
cations to the problem by affecting the rate of drainage (25, p. 147).
Wilcox again referred to this in 1949, when he considered the
source of variability in field capacity determinations as varia-
tions in the time required for excess water to drain into the sub-
soil, variations in the rate of plant absorption of water during
the drainage period and variations in the subsoil. (26, p. 573).

Other workers who have applied the technique of thoroughly
irrigating a small plot, then covering the plot with canvas, tar
paper or some other material and sampling at intervals to determine
field capacity are Colman (1947) (5, p. 278), Hanks et al. (195k)
(9, p. 253) and Biggar (1955) (1, ps 7). The work of Biggar will
be referred to again., Hanks et al. approximated field capacity
directly from time versus moisture content curves, using the moisture
content at which drainage was negligible. This was done for a wide
range of soil types (9, p. 254). Because of the nature of time=-
drainage curves, which are ordinarily smooth curves with no flex
points of any kind, it is difficult to see how consistent approxi-
mations for field capacity could be made by this technique.



Robins et al. attacked the problem of downward movement of
moisture as it affects consumptive use with the technique of
sampling the soil, following irrigation, under an actively growing
alfalfa crop (‘19, pe 3ili). By observing the moisture loss up to 8
days they found that the rate of loss from the 0 to 3 foot zone into
lower depths was 0,20 inches per day two days after irrigation, 0.1l
inches per day four days after irrigation and the total loss by
percolation from 2 to 8 days was 0.58 inches (19, p. 346). They
showed that m; loss could result in an error of as high as 23 per-
cent in consumptive use determinations over the first eight days
following irrigation (19, p. 347), since consumptive use determin-
ations are often begun only 2 to 3 days after an irrigation. Some
of the moisture loss usually attributed to consumptive use may
actually be percolation losses into lower depths.

Consumptive use data, compiled by Harrold, from the lysimeters
at Coshocton, Ohio, show a rather startling change in the pattern
of moisture usage by plants with a change in moisture content in the
s0il. Before an irrigation the rate of moisture use by corn plants
from four layers, 0-7, 7-lh, 14~21 and 21-28 inches was very uniform
at 0.051, 0.05L, 0.053, and 0.0L4) inches per day, respectively.
After irrigation the pattern changed to 0,138, 0.122, 0.055 and
0.048 inches per day for each successive depth. The total consump-
tive use for the four depths altered from 0.202 inches per day before
irrigation to 0.363 inches per day after irrigation (10, pp. 99-100).

This information suggests the possibility of a "luxury consumption®
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of water by plants when moisture is very readily available. Pﬂ of
the increased consumptive use could be attributed to increased
evaporation from the soil surface but it is difficult to see how
evaporation could account for all of the increase, especially at the
lower depths. This work would also appear to support the view that
plants obtain water with increasing difficulty as the moisture con-
tent of the soil decreases. Shockley claims that most irrigated
crops have about the same moisture extraction pattem (20, p. 110).
He claims the extraction pattern is approximately 4O percent from
the upper quarter of the root zone, 30 percent from the second, 20 per
cent from the third, 10 percent from the fourth or bettom quarter

of the root zone (20, p. 112). If both Robins' and Shockley's
claims are true, the moisture extraction by plants during the first
2 or 3 days after irrigation could undoubtedly have considerable
affect on the length of time required for percolation to became
negligible (field capacity).

Regarding the view that plants have more difficulty in obtaine
ing water as the soil dries out, Widtsce and McLaughlin showed that
the total loss of moisture increases steadily with time but the rate
of loss steadily decreases (24, p. 241). They go on to state "the
removal of water from soil by transpiration varies with the ease with
which water may be obtained ,..* (24, p. 268). This latter statement,
of course, simply indicates that as more and more water is removed
from the soil either by consumptive use, by percolation, or by both,
the plants obtain water with ever increasing difficulty. In later
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years Veihmeyer and Hendrickson repudiated this claim and stated that
the rate of water use by plants was unaffected by the amount of
water in the soil and that water was equally available to plants

over the entire range from field capacity to the wilting percentagel
(21, p. 76, 78). A econtroversy of long standing arcse from these
claims and even today there are supporters of each claim although

the balance now appears to be in favor of the arguments of Widtsoe
and McLaughlin, .

Biggar's paper is still in press and unavailable but the abe
stract indicates that he studied the relative importance of trans-
piration, evaporation and downward movement as each effects mois-
ture loss. He measured the soil moisture distribution with
electrical resistance blocks and made predictions as to the
amounts of moisture removed by the three means (1, p. 7).

It is fairly obvious from this review of literature that the
problem of percolation of soil water as it affects consumptive use,
as well as the reverse problem of the affect of consumptive use on
percolation, remains unresolved. It appears that these two means
of moisture loss, especially in the early stages following the
application of water to the soil, are inseparably related to one an-
other. This is particularly true with respect to the field deter-

b The wilting percentage is the percentage of moisture in

the soil expressed on an oven dry basis, at the time when
plants growing on the soil permanently wilt. It is

approximately the same for all plants but not for all
soils.



minations of the field capacity of soll and with respect to the
direct soll determinations of consumptive use itself. It is the
sincere hope of the author that the relationship which is developed
in the following pages will shed some light on the problem and per-
haps ‘rtndor possible the determination of consumptive use without
the need for field capacity detemminations. An accurate knowledge
of the consumptive use is the ultimate goal which would enable
soils men and farmers alike to predict the water requirements of

growing cropse.



SPECIFIC OBJECTIVES

The first objective of this thesis is to point out that the
percolation of soil water through the soil profile 'is related to the
consumptive use of water. The influence of consumptive use on
percolation has been mentioned a number of times throughout the
literature, but as far as can be ascertained no workers have ever
qualitatively related one to the other. This leads directly to the
second and major objective, which is to quantitatively relate per-
colation to consumptive use. This is to be done for only cne soil
type but for two crops, barley and alfalfa. First attempts at re-
lating percolation and consumptive use will be the development of a
empirical equation relating one to the other. Following this,
attempts will be made to solve the mathematical function in terms of
the experimental data at hand. It is felt that interpretations of
material presented by other workers up to date have not fully
covered the theoretical aspects of soil moisture movements under
erop conditions. Some of the assumptions regarding field capacity,
for instance, or consumptive use are lacking one basic essential,
that of sound theoretical considerations of the assumptions.

Several workers from time to time have stated or hinted that plant
use of water {rom soil practically stops percolation in a very short
time after irrigation but no basis for this belief is presented
other than simple observation. A quantitative basis for some of the

assumpiions regarding the movement and loss of soil moisture above



and below field capaciily seems essential to the evaluation of
postulates based on observation. This applies equally to the cone
siderations of field capacity itiself.

Present estimates of available moisture (field capacity teo
wilting perce;xtage) are not preecise because by taking field capacity,
as it is presently defined, as the upper limit no consideration is
given to consumptive use wp to the time field capacity is reached
following an irrigation., The lack of precision is even more
apparent if the findings of Robins et al. (see page 10) and Harrold
(see page 10) have auy merit, that is, that the consumptive use
rate is highest during this two or three days after an irrigation.
The magnitude of this imprecision can be considerable, even with
present estimetes of consumptive use, which may be too low. For
exauple, alfalfa can utilize up to one inch of water in three days.

The third objective of the thesis follows directly after the
above argmenta; Attempts will be made to show that having re-
lated percolation to consumptive use, more precise estimates of
consumptive use and available moisture can be made. In addition it
will be shown that the upper limit of available moisture is not
field capacity as defined but is actually above it by the amount
of consumptive use of the crop during the period between application
of water and attaimment of field capacity.



EXPERIMENTAL PROCEDURES
Field Work

The field work to obtain data was conducted during the summers
of 1954 and 1955. The techniques of soil sampling to obtain time-
drainage curves for different conditions will be deseribed in this
section. The data with which tok compare rates of moisture loss
were obtained under the following treatmentss 1. actively growing
erop, 2. clear of vegetation and 3. clear of vegetation and covered
to prevent evaporation. The covering for the third plot was sisal-
eraft pcpors which contains a tar-like moisture barrier.

Tensiometers were installed in each of the three plots to re-
cord the soil moisture tension ch«lnzei with time. Soil moisture
tension is defined by Richards (16, p. 95) as the pressure difference
~ across a porous wall or membrane which is contact with soil of which
the moisture content has reached an equilibrium value against a
constant applied preamrﬁ.

In 1954 barley was the test crop and in 1955 the test crop was
alfalfa which had been seeded in 195h. There was no special reason

5 Sisalecraft paper is a heavy commercially available builde
ing psper which is triple thickness with the cenier sheet
coated with a rubber or tar-like material.

6 8011 moisture tension may be more easily visualized if it
is thought of as the suction force necessary teo pull water
out of the soil.
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for using these two crops except that in 195l barley had been planted
and was already growing where the plots were to be located and it
was thought that for the 1955 tests alfalfa would provide good root
distribution in the soil and would be a very actively transpiring
erop.

Generally, the procedure was to prepare the plots by removing
the crop where required, staking the plots leaving a one foot
border around each, installing irrigation ditches and dikes where
necessary and installing the tensiometers. A narrow aisle was left
between plots to facilitate moving about from plot to plot. When
the preparations were complete, the plots within one repliceticn at
a time were thoroughly irrigated, the paper cover was put in place
and from then until the end of the experiment soll samples were
taken as will be described, tensiometer readings recorded and

weather records were kept.

Experimental Plot Area

The soil at tho experimental site has not been classified as to
soil series. It has a quite uniform sandy loam texture down to two
feet but becomes a little heavier textured in the third foot. There
is a relatively hard, thin layer at about 42 inches depth, but this
is inconsistent or missing in places and is quite pervious to water.
The sandy texture shades into a very coarse sand or fine gravel be-
low five feet. Good drainage prevailed because of a large deep
drain, situated approximately 40 feet from the experimental site,



which pulled the water table down to about 1l feet at the drain.
Although not determined, it is estimated that the water table would
be 10-12 feet below the surface at the plot location.

Experimental Design

The plot arrangement was scmewhat similar to that used by
Edlefsen and Bodman (6, p. 715) in the study discussed previously
(see page 8). Three plots 10 feet by 12 feet were laid out in each
of three replications or blocks. Each replicate was within an
area of approximately 4O feet by 60 feet. In each replicate the
crop was removed with a hand hoe or rotary hoe from two of the three
small plots.

To determine the sites for sampling at a specified time each
plot was laid out in a grid of 2 by 2 foot squares, making 30
squares per plot. A movable grid of strings attached to small
boards was constructed and moved from plot to plot as needed. Bach
2 by 2 foot square of each plot was given a number between one and
ten inclusive, selected from a random table., Three squares in each
plot therefore had the same number and were sampled at a given
scheduled time., The sampling schedule is shown in table I.
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Table I
Schedule of soil sampling for moisture following irrigation.

Grid Number Number of hours from time = 0
195k 1955
1
2 2 2
3 N 6
L 8 2l
5 2l 30
6 36 48
7 48 72
8 12 WL
9 1y 220
10 216 K10

Grid number 1 was the position selected for the tensiometers
and was not sampled. Three squares were sampled each time within each
plot for each of the three plots within a replication; since samples
were withdrawn from 4 depths (0-12, 12-2L, 24-36, and 36-42 inches),
this meant a total of 36 individual samples to be handled at each
sampling time. Only three depths were sampled in 1955 (0-12, 12-2l,
2li=36 inches), making a total of 27 samples each time. These samples
had to be taken and weighed as quickly as possible, before any
appreciable loss of moisture from the samples. The usual time re-
quired for the complete sampling and weighing operation was 30 to
LS minutes. It was felt that the three grid samples (not composited
but weighed separately) would represent a reasonable average of the
moisture content within each plot.

Tensiometers were installed at 3 random locations and at two
depths, 9 inches and 18 inches, in each plot. In 1955 tensiometers



20

were available for installation in only two replicates. In 1954 there
were sufficient tensiometers for all replicates but because so many
of them failed to function properly the data for that year are con-
sidered unreliable and will not be presented. The records for 1955
are more complete and will be included in this paper.

Immediately after the tensiometers were installed afi@’the whole
plot area was irrigated to aid in "settling" the soil around the
tensiometer cups as well as to keep the soil at a fairly high mois-
ture level before the start of the tests.

;gggt’oim

At the start of the test water was twrmed onto the plots in
early morning, ponded to 4~5 inches deep in about ten minutes, then
kept running for about an hour with adjustments in the flow to maine
tain the L-5 inches of water. The stream of water was then eclosed
off and the remaining water allowed to seep into the soil. The
excess water disappeared in about two hours; the time of disappear-
ance was noted and taken as time zero. No exact measurement of the
amount of water applied was taken but it is estimated, from the time
it took the excess to soak away and the total time the water was on
the plots, that at least 6~8 inches was applied. This should be
more than ample to wet the soil to four feet, particularly since the
soil was already at a high moisture level.

As soon as the water had disappeared the plot selected to be
the covered treatment was covered with the sisal-craft paper which
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was sealed down around the edges with wet soil packed firmly with a
shovel. The paper extended one foot beyond the edges of the plot, to
reduce border effects. Slits in the paper for the tenslometers had
previously been cut so that the paper could be slipped in place
quickly and with a minimum of disturbance of the soil surface. !hau.
slits were covered with an extra piece of the paper and sealed down
with soil.

Because of the large mumber of samples involved at each
sampling time, only one replicate was started at a time. The start-
ing time for the replications therefore differed by as much as two
weeks, The starting.dataa for each replicate each year are shown in
table II. The barley (195h) was of necessity at slightly different

Table II
Starting dates for the different replications in
1954 and 1955.
Year
Replicate 195k 1955
1 August 9 July 19
2 Avgust 11 July 26
3 August 17 August 2

stages of growth at the dates when the study began on the three
replicates; but since the crop was well grown by the start of the
tests the effect was probably slight. The alfalfa (1955) was pre-
gsent in a fairly good stand but was again of necessity at slightly
different stages of growth when measurements were made on the

different replicates. At the start of replicate 1 the alfalfa was



6-8 inches high, at the start of replicate 2, 12-1k inches and at
the start of replicate 3, 18-20 inches high. It was impossible to
predict what the effect these differences might have on the outcome,

Eeplicate 2 (1954) was lost after 72 hours sampling becsuse of
an inadvertent flooding from a brokea ditch which was being used at
the time for irrigation of other experimentsl plots.

Soil Sampling

The soil samples were withdrawn with a small screw type auger
and transferred immediately to ordinary 2 pound paper bags which
were of double thickness, For each depth a core of soil, one foot
long and sbout 2 inches in diameter, was placed in the bag., The
tops of the bags were quickly folded over, to prevent escape of
moisture, and set aside for weighing. As soon as the samples were
weighed the bags were opened at the top and placed in the green-
house to air dry. The samples were later oven dried and the
moisture percentage calculated.

As a precaution against the loss of moisture by vapor move-
ment from deep within the soll profile the sample holes were re-
filled with soil fram around the plots except in the case of the
paper covered plot where the sample hole was left unfilled and the
small hole in the paper through which the soll sample was taken
simply covered over with an extra piece of paper and sealed down
with soil. It would be well to note here that the paper was never
moved once it was in place, but a small hole (about 2 inches square,
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cut on three sides, leaving a small flap which was replaced) was cut
in the paper immediately before the soil sample was taken. In this
regard, when the paper was finally lifted, over a mth later, the
gsoil surface was still quite moist indicating that probably not very
much moisture was lost in the form of vapor.

There may be some eriticism of the use of paper bags for
moisture sampling but for the following reasons the author feels
this was justified. First of all; the bags made it possible to use
the whole one-~foot core of soil, providing a bulk sample of from
400 to 500 grams as compared with a smaller subsample of 50 to 100
granms negessary for sampling cans which are commonly used for
moisture sampling., It was felt that there would be less moisture
loss from the paper bags during the weighing than there would be
from the process of subsampling for the cans. A series of tests to
determine how much moisture was lost during the weighing period
showed that in 1 hour less than 1 gram of moisture was lost; this
resulted in an error of under 1 percent. In addition, any such loss
would be relatively constant for all samples although presumebly
the loss would decrease slightly as the test progressed and the soil
became drier in the field. Secondly, the very large number of
samples (700-800 each year) which had to be stored until taken to
Oregon State College for oven drying, virtually preecluded the
possibility of using moisture sampling cans, Thirdly, by eliminating
the need for subsampling the operation was much speedier than it
could have been with subsampling.



Weather Records

Weather records in 1954 were observational only, as tempera-
ture and humidity data were not collected, However, in 1955 the
recording hygrothermograph set about 100 yards away in an adjoining
experimental ,;ﬁ.old provided data of weather conditions throughout
the oxpoun?iit. The meximum and minimum temperatures and relative
humidities 'are tabulated in the appendix.

Labora /,/ Work
/]

/Y;L/l'y little hbora;tory work was involved, aside from the oven
dryin’g and weighing of the samples. The samples were dried at
ll.l.n6 Centigrade to obtain oven dry weights for caleculation of
pﬁistm percantages.

4 A moisture tension curve was determined by means of the pres-
sure Fuhrm apparatus as deseribed by Richards (1, pp. L51-i5k)
and the porous plate apparatus, also described by Richards (15,

ppe 105«110). The former is used for high tensions and the latter

for lower tensions, below one atmosphere.
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RESULTS AND DISCUSSION

Weather and Crop Conditions During the Tesis

In 1954 the weather for the most part warm to hot and dry with
slight to moderate winds occurring occasicnally. The only rain
during the period of the experiment fell on Auvgust 25 snd 26 with
slight intemmitient rain both days. At thst time, however, the
tests were almost completed, with only one sampling time remaining
for replicate 3. The weather generally was conductive to high rates
of transpiration and evaporation.

In 1955 the weather appeared generally a little hotter than in
195L with the temperature maximums in the high 80 degrees or low 90
degrees throughout almost &ll the test period. Rain fell only
once, on August 7, when a fairly heavy thunderstorm of short dura=
tion occurred. It was hot and dry immediately before and after the
storm so it probably had little influence on the tests; at least,
no appreciable affect was noted when the moisture contents of the
soil was calculated later.

ieture Curve

The moisture contents of the covered, bare and cropped treate
ments are plotted against time in figures 1 to 8; the data from
which the graphs were drawn are tabulated in the appendix. Bach of
figures 1 through 6 ¢ontains eurves based on the average of three
replicates for a particular depth and year. The three treatments are
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included in each figure. Figures 7 and 8 contain the average for
all three depths for each treatment and each year.

Interpretation of the Moisture-Time Curves

There are several features of the moisture~time curves which
bear some discussion. These cobservations are, for the most part,
what was expected from the nature of the factors which affect moisture
losses from the soil at various depths and with different crops.

It is quite obvious from the figures that the soil under erop,
either barley or alfalfa, loses moisture more rapidly than the
same soil under no crop, whether evaporation is prevented or not.
However, it was observed that in the field, during the early stages
of the experiment, the bare plot dried out on the surface more
rapidly than did the plot in crop. The erop provided a shade cover
which slowed up direct evaporation from the soil. The soil which
was covered with paper usually lost moisture the least rapidly of
all three plots although there was one case in 195k, that of the
third foot, where the covered plot apparently lost moisture more
rapidly than did the bare uncovered plot. Soil sampling variations
may have accounted for this. This reversal of the two curves
(figure 3) resulted in the curves for the two plots being virtually
superimposed on one another when the average for the replicates and
three depths were plotted together (figure 7).

Analysis of variance was carried out on the data from individual
soil moisture samples for each of several distinct sampling times,
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This was done to learn whether real differences existed between the
curves and, secondly, to see at approximately what time the differ-
ences did become significant. This latter would be the time at which
the divergence of the curves became statistically significant.
Comparing only the curves for the alfalfa plot and the covered
plot for 1955, there were significant differences between the
curves, appearing first in the 0-12 inch depth at 30 hours and later
in the 12-2l; and 24~36 inch depths at 1k hours. Statistically
then, the two curves had diverged significantly at about these two
times for the respective depths. Comparisons of the curve for the
alfalfa plot with those of the bare and covered plots together
showed that, generally, the latter two were significantly different
from the formmer except where the curve for the bare plot was below
that of the other two plots as occurred in 1955. It should be
mentioned here that in 1955, in the third foot at 6, 30 and 72 hours
the points representing the moisture contents within the bare plot
were significantly below the points representing the moisture
eontents within the other two plots. However, the difference was
not significant at 2l hours. In the second foot the point re-
presenting the moisture in the bare plot at 72 hours was the only
one below the corresponding points for the other two plots. In the
top foot no such differences appeared at any time. In 1954 the
ecurve for the bare plot showed opposite bshavior in the third foot,
that is, from 72 hours on it was above the curves for the covered and
the barley plots. These analyses confirm the apparent erratic be-



havior of the curves representing the bare plot. For the top foot
the curves for the bare plot behaved as expected in both years since
they fell between the curves for the covered and cropped plots.

The overall coefficient of variation for the individual samples
was considered goods For all plots and all depths the coefficient
ranged from 2.8 to 8.5 percent, depending upon the individual time
of sampling. Generally, the coefficient was higher as the sampling
time increased, that is, as the soil became drier.

Initially, it was expected that from these curves an estimate
of relative losses of moisture by evaporation, transpiration and
percolation could be made. Even a cursory examination of the curves
shows that no estimate of field capacity is possible, at least with
any considerable degree of accuracy. Even the curve for the covered
plot shows a slow but persistent loss of moisture from downward
movement throughout the time included in the experiments. If the
moisture movement witb:ln the soil held precisely to the concept of
field capacity equilibrium, that is, that percolation ceases or be-
comes negligible at field capacity, there ought to be some measure-
able point or narrow range on the time-drainage curve which
corresponds to field capacity. The curves presented here do not show
any point or range which could be considered to represent an equili-
brium value. It would indeed be hazardous to attempt to arbitrarily
pick even a range of moisture content or a range of time which might
correspond to field capacity.

It is interesting to note the changes in the rate of moisture
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loss from each downward successive foot. There is very little differ-
ence between the covered and bare plots, at least for the first 200

%o 300 hours, although less moisture was lost from the second and
third foot than from the first foot in both plots (table 3). In 1954
the soil of the barley plots lost more moisture from the top foot
than from the second, and more from the second than from the third,
this third foot showing about the same loss as from the bare and
covered plot. This appears to reflect the shallow rooting
characteristics of the barley planis, which results in the crop withe
drawing most of its moisture from the top two feet. This might not
oceur if moisture was somewhat less available in the upper two feet

of soil. 1In 1955 the alfalfa plot lost more water from the top foot
than from the second and third, with the latter two depths showing
about the same loss over a given time interval. This may reflect

the deep rooting habit of the alfalfa plant, which results in
moisture withdrawal from all three feet and probably from still deeper
depths. Table III will help to clarify this discussicn.

Table III shows quite clearly, in addition to the observations
already discussed, the marked decrease in the relative rate of
moisture loss over the different time intervals. It is also of
interest to note from the table that the total percent moisture loss
from the two cropped plots (1954 and 1955), from each of the top two
feel, was approximately the same but not the same in the case of the
third foot., This is especially interesting when it is considered
that the total loss for the barley plot was as much in 200 hours as
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the total for the alfalfa plot in 300 hours. However, taking the
average loss over the entire three feet of the soil, the loss from
the alfalfa plot was slightly greater than that from the barley
plot. This simply means that the loss from the alfalfa from three
feet of soil was about the same as the loss from the barley from
the two feet of soil over the same time interval.

Table III. loss in percent moisture over a number of time
intervals starting at 2 hours after irrigation.

Time 1954 1955
interval
Depth in hours Covered Bare Barley Covered Bare Alfalfa

2“'100 h07 501 7-6 hoé Soh 608
0-12 100-200 1.9 2.2 3.2* 1.0 1.6 2.5

inches 200—300 - - - 0.9 0.9 106

Qetll 6-6 713 100‘8 6.5 7.9 10.9

2-100 3.8 3.9 57 3.6 3.8 be7

12-2i 100-200 0.8 0.8 1. 0.7 1.1 1.2

inches 200-300 - - e 0.6 0.6 1.2

Total ho6 ho? 7.1 h09 505 709

2-1& hoh h-? h.a 3.0 e ’ hos

2436 100-200 1.1 1.0 1.0 0.8 - 1.6

inches  200-300 - - - Ce7 - 1.6
Total 505 507 508 hts e 707 X

* Data not reliable after 200 hours.

# Variance among individual measurements so great that
the means are unreliable.

The fact that the curve representing the moisture in the bare
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plot fell significantly below the other two curves warrants some
discussion., It is very difficult to see why the curve behaved as it
did in 1955 and especially why the effect should be greater in the
third foot than in the second, and greater in the second than in the
first, where it was not noticeable. Further complicating the picture
~is the fact that in 195h the position of the same curve for the ‘

~ third foot shifted in the opposite direction, that is, above the

' other twe curves. There is the possibility that water vapor move-
ments as affected by temperature and humidity gradients may have had
some influence: Particularly in 1955, the temperature and humidity
readings were quite extreme. Daytime temperatures were in the high

- 80 degrees or low 90 degrees while night temperatures ranged from
about 40 to 50 degrees. Relative humidities ranged from about 20 to
30 percent in the daytime to 100 percent at night. These ranges of
temperature and relativq humidity, along with the fact that the bare
plot was subjected to the full radiation of the sun, could set up
vapor pressure gradients acting upward in the soil which would bring
about water vapor movements upward at night to the soil surface
where the vapor condensed and was available for evaporation during the
day. However, this still would not explain why the effect should be
greater in the third foot than in the second or the first foot. It
is incredible that the behavior of the curve for the bare plot could
be due to chance error since sach point on the gurve represents 3
samples from each of 3 replicates, a total of 9 samples. Further
study is necessary before a satisfactory answer can be found.



Q_i; Meisture Tension

The soil moisture-tension curves which were determined in
hborﬁtory are shown for all three soil depths in figure 9. The
percent moisture is plotted against the logarithm of the tension in
atmospheres. These curves are presented only to aid in characteriz-
ing the soil with respect to moisture retentive properties at
various tensions. The wilting percentage, which is usually taken at
15 atmospheres, varies from 6 to 8 percent depending upon the
depth, and the field capacity,. frequently taken at one third atmos-
phere, varies from about 12,5 permSnt to about 11,0 percent depending
upon depth. If field capacity is taken at one tenth atmosphere, as
is sometimes done, it varies from about 17.5 to 23.0 percent,

The ehmg:lng tensions under the various treatments during the
experiment are shown by plotting tension as recarded by the tensio-
meters against time in figures 10 and 11. No discussion of these
curves will be presented here as the behavior of tension under the
various treatments is quite evident. However, the curves will be
referred to from time to time in the remaining section of this
thesis.
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Limitations of the Moisture-Time Curves

While the moisture~time curves yield very valuable information,
such as relative amounts of moisture lost from the soil under the
three conditions, the rate of these losses and the total losses with-
in a given time interval, the interpretations discussed so far have
some serious limitations, For exsmple, in the case of the covered
plot it may be safely said that the moisture loss results from the
percolation of soil water into the subsoil; but in the case of the
bare plot the amount lost from percolation and the amount lost from
evaporation cannot be separated. In the case of the plot with a
growing erop the amount lost by percolation, by evaporation and by
plant use again cannot be separated into the component parts. It
cannot even be assumed that the percolation from the covered plot
equals that from the cropped plot, leaving the remainder of the
loss (evaporation and plant transpiration) to be lumped together as
representing consumptive use. If it is assumed that percolation is
some function of the moisture eontmt, the percolation from the plot
in crop must be less than that from the covered plot and the rate of -
percolation must slow up socner in the former than in the latter.
This is because the plants and direct evaporation play an active
part in reducing the moisture content while percolation is going on.
The difference then between the curves for the covered plot and the
eropped plot does not represent consumptive use, as might be suspect-
ed at first glance, but represents only the difference between the
total moisture loss under the two condi’d.on; at any given time,
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However, the curve for the covered plot does characterize the soil
with respect to percolation and can be used to determine the
percolation loss which takes place under a crop. How the curve can
be so used will be shown in the following section.
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DEVELOPMENT OF THE RELATIONSHIP %NEEE PERCCLATION AND CONSUMPTIVE
This section is devoted to the development of theory involved
in the proposed relationship between percolation and consumptive
use., It has been stated that percolation, when plants are growing
on the soil, will be different fram percclation when no plants are
growing and the plot covered over. The problem then, is to derive
a function which will represent the percolation of water from soil
under crop conditions. There are two possibilities, both of which
will be congidered. First, a purely mathematical relationship will
be presented, the soluticn of which was found to be extremely
cumbersome if not impossible. Secondly, & graphical sclution will
be presented which the author believes to be a valid and reasonably
good approximation of soil water percolation under crop. From this
approximation it will be shown that consumptive use moisture losses
can be separated from percolation losses once the characteristics
of the soil with respect to downward movement of water are known and
represented by a curve, such as was determined for the covered plot.
Both the mathematical and the graphical sclutions presented
here are based on the assumption that percolation of soil water is a
functicn of moisture content only. The assumption is subject to
the criticism that as soil moisture is depleted tensions or negative
pressures are set up in the soil water. Tension may be thought of as
the force necessary to "pull" the water cut of the soil. Tension
gradients may be set up which ordinarily aect upward toward the soil
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surface as drying proceeds. There are times when tension gradients
act downward but only when dry soil is wetted only at the surface.
There would be, then, a tendency for water to be pulled upward to-
ward the soil surface sm the surface soil dries out first.
However, the percolation of soil water takes place at very low ten-
sions within the wet range of soil moisture. Examination of the
tension~time curves for 1955 (figures 10 and 11, pages 42 and 43)
shows that over 500 hours elapsed from time zero before there was
any appreciable rise in tension within the covered plot. Since the
elapsed time for the experimental sampling was about 40O hours it is
readily apparent that the experiment was conducted at low tensions
throughout. The tension gradients would undoubtedly be small and
have little or no effect on the movement of moisture. It will be
apparent later why the tension within the alfalfa plot, though
rising relatively soon after time zero, need not be considered at
this point in the discussion. Reference to this will be made later.

Mathematical Considerations

The arbitrary curves in figure 12 represent two empirical
curves (1 and 3) and one hypothetical curve (2). It was found that
by plotting the logarithm of (t + L), where t = time, versus percent
moisture for the experimentally determined curve 1, a straight line
was obtained for all depths each year (see figure 1l page 54).
Therefore, the relationship for ¢urve 1 can be taken as



yp*A In (t+h)+3B (1)

- B)/A
or Ane (F}_ ). Y (2)

where y) is the moisture at any time t and A and B are constants.
Differentisting equation (1) shows that

A
& -t ®

Substituting equation (2) into equation (3) ylelds the function

(7 = B/A
2. e T L

3L, M,

Referring sgain to figure 12, it is seen that at time tz the
moisture content at M, an arbitrarily chosen point on curve 1, is
equal to the moisture content at N on curve 3 at time %« According
to the assumption discussed earlier, the rate of percolation
associated with curve 3 at point N will be equal to the percolation
rate at point M on curve 1. The slope of curve 1, dyy/dt, at any
time is the percolation rate. Therefore, there is a hypothetical
curve associated with ourve 3 with a slope at %y equal to the slope
of curve 1 at %y, This hypothetical curve is represented by curve 2
in figure 12 and the slope at P is equal to the slope at M. The
difference (P~N) designated as U in figure 12 is then equal to cone
sumptive use up to time %y, Obviously, U is 2 function of time or,
mathematically, U = £(t). By letting yy equal the moisture content
at M, y' the moisture content at n and y* the moisture content at P,
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it can be said that y3 = y*' = y* - £(t) at 3. Substituting in
equation (L) it follows that
B/A -y* /Ao f£(%)/A (5)
% = Ae e

e
/A B/A f£(t)/A
e " =Ae e ds . (6)

Since M was arbitrarily established on curve 1, equation 5 or 6 is the
differential equation for curve 2. Integration of the differential
equation will yield the equation for curve 2. A4s long as f(t) is not
evaluated, equation (6) samot be integrated. However, the assump-
tion is now made that the rate of consumptive use is econstant with
time or that U = f(t) = C t where C is a constant., This assumption,
thpthor stated or not, has always been made by workers who sample the
soil to determine the rate of consumptive use. The direct sampling
method of determining the consumptive use rate (see footnote, p. 2)
implies the auumption. Total consumptive use over any period of
time between irrigations is simply the difference in moisture cone-
tents at the beginning and end of the period, so in this case the
assumption is not necessary; however, any extrapolation of the
consumpiive use rate from either end of the period automatically
brings in the assumption. Upon integration of the left side of
equation (6) between the limits B and y* and the right side between
the limits O and ¢t the function becomes

A A Ct/A
.y"/..n/ A/C {at/-»l)*l (7)

or by taking logarithms becomes



Ct/A
Y =AB/A+Aln | AC (e «1) *+1 (8)
Since point M on curve 1 was urbitrarily chosen, the general form
follows from equation 8 as

ct/A

Yp=B*+A m[x/c (e ~1)+1] (9)
where yo is the moisture content at any time t represented by curve
2. This, then, is the molisture content at any time which would re-
sult from percolation alone whem plants are growing. The reader
should realize that this is not a real situstion because percolation
by itself eannot be measured when there are plants also using
moisture. All thet remains is to subtract comsumptive use (U) from
equation (9) and the function for curve 3 follows as

Ct/A
y3=B+4A 1n I:J/c (e Nt -1)*1] -Ct (10)

where 13 is the moisture content at any time ¢ represented by curve 3.
The next step involved the evaluation of the consumptive use
factor C for known values of A, B, and t. However, it became
apparent immediately that C was not constant but varied with time.
One of the basic assumptions in the derivation was that € was a con-
stant. It was then realized that the function is much more compli-
cated than equation (10) and the derivation camnot be carried beyond
equation (5) where f£(t) is not evaluated. It was then decided to
resort to a graphical solution to the problem.



eal ution

The technigue presented in this seetion 1s, for the first two ar
three steps, essentially the same as that described in the preceding
section; in addition, the graphical derivation of the hypothetical
eurve for percolation ihon plants are growing is based on the same
assumption as was the mathematical derivation, that is, that pere
colation is a function of moisture content only. The assumption was
discussed at some length in the previous secticn. However, the
graphical analysis eliminates the need for the assumption that the
rate of consumptive use is constant and in fact, as will be shown,
gives a means of approximating consumptive use in terms of percent
moisture. The derivation which follows shows how the theoretical
considerations exemplified by the curves in figure 11 can be fitted
to the experimental eurves in figwre 12 to derive the hypothetical
curve for percolation of soil water when plants are growing. In the
derivation only the data for the top foot of soil in the 1955 experi~
ment are considered; the derivation serves as an example of the
technique. The results for the remaining depths for the two years
are presented in figures 16-22 in the appendix.

The first step is simply to plot the data for the covered plot
and the alfalfa plot to obtain the two experimental curves shown in
figure 13. The data plotted here are the averages for the three re-
plications for the 0 to 12-inch depth.

The next step involves plotting the data for the covered plot as
the logarithm of t * L (time in hours) versus percent moisture as
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Figure 13, Moisture-time curves for the alfalfa and covered plots and the calculated
curve for percolation under alfalfa (0 to 12-inch depth, 1955).
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shown in figure 1. The equation for the line is

m =4 In (t+h) (11)
where my is the change in moisture percentage at any time t represented
by the curve for percolation from the covered plot. The change of
lnbohﬁmntonlmude to facilitate the ease of calculations
by the elimination of the eonstant B in equation 1. The quantity
m is not equal to the quantity y; in the previous section on
mathematical considerations but is related by the equation m = yy - B,
Simothacmmtnlmdylwbatmwumlogm terms,

The constant A in equation (11) is evaluated troi the slope of
the line in figure 12, In this particular case A equals <1.65, where
the minus sign indicates the negative slope. Differentiating
equation (11) with respect to t,

A
% =3+ . (12)

Then at selected times as shown in table IV values for dm,/dt are
calculated. The value dmy/dt is the change in moisture content per'
hour due to percolation from the covered plot.



Table IV
Caleulated values of dmy/dt for a number of values of t.

duy/at
percent per hour

<1178
«0305
«0159
.0107
.0081
250 +0065
300 <0055
350 0047
hoo 00kl

§§§ssl§l*

Mdnttmlhmgraphieallyinﬁgunls. It was shown in the
mathematical derivation that

2l =1,

or simply that the slope of curve 1, figure 11 at %p is equal to the
slope of curve 2, figure 11 at %y, It follows that dm/dt = dmp/dt
at the corresponding %y and %3, The quantity mp is now the change in
moisture percentage up to time t. The temm mp bears the same
relationship to Yp as does my to yj3. In other words the percolation
rate, which is the slope associated with curve 3, figure 13, is the
same as the percolation rate represented by curve 1, figure 13 when
the moisture contents are the same. By choosing suitable times such
as in table IV, selecting these points on curve 1, figure 13, and
selecting the corresponding points on curve 3 where the moisture cone
tents are the same, the times when dmy/dt = dml/dt can be found.
These new times for dmp/dt are plotted directly opposite the
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corresponding points for dmy/dt, as shown in figure 15, giving the
‘eurve which is labeled daz/dt. Integration of the area under the
curve with a planimeter, over suitable time intervals, yields
successive changes of moisture percentage lost by percolation under
the crop fram the start of the experiment. The first integration
interval was taken from two to ten hours beczise the moisture cone
tent is not known with certainty at t = 0 but is known at t-2. The
uiomted changes in moisture percentage m, in percent moisture to-
gether with the time intervals are shown in table V. These
quantities are successively subtracted from the moisture percentage
at ¢t = 2 hours and the points plotied to yield curve 2 shom in
figure 13, This curve then, represents the percolation of soil water
under crop conditions. The curve is purely hypothetical and can
never be directly determined experimentally.

Table V
Changes in moisture percentage from percolation when alfalfa
is growing found by integration of the cuwrve dmp/dt over
various time intervals.

Changes in molsture

Time interval percentage (mp) found
hours by integration
2 -10 88

10 -« 20 72
20-= 30 il
30 bnal ho 022
4o - 50 olly
50 - & .10
60 - 70 <08
70 - 80 07
80 - 90 096
90 «100 05
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The difference between curve 2 and curve 3 in figure 13 re-
presents consumptive use. This is quite obvious because water is
lost from the soil by only two possible means, perecolation and cone
sﬁnptive use, which of course includes evaporation and transpiration.
The remaining moisture which is not lost is that still keld in the
soil at any particular time and is related to curve 3 in figure 13.
It follows that a table of consumptive use over any desired interval
or intervals can be made. A typical example of such a table is
shown in table VI. The consumptive use for all depths, each year,
is shown in table IX in the appendix.

Table VI

Consumptive use with time in terms of percent moisture as
determined from the curves in figure 13.

Accumulative
consumptive use as Rate of consumptive
Time in percent moisture use
hours Curve 2 « Curve 3 percent per hour
2 D e
20 1.50 0830
40 2430 0425
60 2.99 «0345
80 3.64 0325
100 h.28 «0320
120 k.85 .0285
140 5.36 0255
160 5.82 +0230
180 6.25 <0215
200 6.63 +0189
220 6.99 .0180
2o Te32 «0165
260 7463 0155
280 7.90 0135

300 8.17 .0135
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It is interesting to mote that the consumptive use rate is in-
deed not constant, at least until some 300 hours hed elapsed. This
would appear to support the conelusion, reached in the previous
section, that the assumption that consumptive use was a constant or
that £(t) = Ct was quite unjustified. The reader will rvemember that
this assumption was made before equation (5) of the mathematical
derivation was integrated.

Referring again to the assumption that percolation is a
function of moisture content only it can now be seen why considera-
tion of the rising tension in the alfalfa plot was not necessary.
The tension versus time curves in figures 10 and 11 show that the
tension did not rise appreciably until after 100 hours.’ Curve 2,
figure 13 shows that percolation under the alfalfa had practically
ceased before 100 hours. Therefore, the same arguments with respect
to tension gradients apply equally as well to the alfalfa plot as
to the covered plot,
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DISCUSSION OF THE INTERACTION BETWEEN PERCOLATION AND
CONSUMPTIVE USE

The following discussion is concerned with the practiecal
implications inveolved in considering the interaction between con-
sumptive use and percolation. The practical implieaticns apply to
studies of field capacity, available moisture and consumptive use
and are discussed in that order. The limitations and criticisms of
the analyses presented in the previous section are also being pointed

out.

Field Capacity

It will be recalled from the review of literature that quite a
number of workers support the view expressed by Veihmeyer and
Hendrickson (see page 5) that field capacity is not an equilibrium
value but a point on a time-drainage curve. This is undoubtedly
true, because in studies of soil moisture movement where no trans-
piration or evaporation losses occurred it was most often observed
that percolation did persist for meny days or even weeks without any
sudden decrease in percolation rate. Curve 1, figure 13 is a typical
illustration of this behavior. Selection, from such a curve, of a

single point to represent field capacity is purely arbitrary.
| Veilmeyer and Hendrickson also made the very pertinent ob-
servation that plants extract moisture rapidly enough to prevent
appreciable percolation 2 to 3 days after the application of water
(see page 5). When the interaction between percolation and con~
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sumptive use is considered, perceclation can be shown to decrease much
more rapldly and beccme negligible much socner than when the inter-
action is not teken into account, This is illustrated by curves 1 and
2 in figure 13. Curve 2 indicates that percolation does become

very small on about the third day after irrigation when plants ave
growing., The time required for the percelztiosn rate to become small
appears to be nearly independent of depth and crop as long as cone
sumptive use is large for that depth (see appendix figures 16-22).
The third day, of course, appliss to the soil wunder study, but be-
cause of the extreme effect of consumptive use encountered, this
length of time may have fairly general application to other light
fextured soils., Evidently, when consumptive use is very slight or
absent, as sppeared to be the case in the third foot in the barley
plot, percclation is very similar to that from a covered plot even
though plants are withdrawing meisture from the soil immediately
above. The shallow rooting habit of the barley probsbly accounts
for this,

Although percolation becomes small in 2 to 3 days the choice of
the time for sampling for field capacity is still quite critical,.
This is because sampling at any particular time will not yield the
moisture percentage repmunﬁd by curve 2 (figure 13) but will
yield the moisture percentage represented by curve 3. This latter
curve is still changing quite rapidly 2 to 3 days after the
irrigation. For example, at 48 hours curve 2 shows 18.7% moisture
and curve 3 shows 16.1% moisture while at 72 hours curve 2 shows
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18.4% and curve 3 shows 15%. Curve 2, then, indicates a difference
of only 0.3% moisture while curve 3 indicates a difference of 1.1%
over a 2l hour period. The field capacity determination would there-
fore differ by l.1%, depending upon whether the sample was taken atb
2 days or at 3 days., Whether this difference is important or not
depends on the precision desired but the fact thal there is a
noticeable difference emphasizes the importance of considering the
drainage characteristics of a soil and relahing these to consumptive
use of any particular crop before deciding when to sample for field
capacity in the field.

It is difficult %o make a definite recommendation as to a time
of sampling for fleld capacity even for the soil where this experie
ment was conducted. Sampling at either two or three days would
apparently satisfy the present definition of field capacity because
percolation is small by the second day and still smaller by the
third day. The question still remains, how small should percclation
be when the sample ‘i.a taken? In either case the result describes
enly the moisture content at whichever day the soil is sampled. The
result does not represent the upper limit of avallable moisture.
This is discussed in the following section.

Availabie iioisture

Availsble moisture is almost wniversally described a2s the
amount of moisture between field capacity and the wilting percentage
held in the soil for plant use. The wilting percentage, or lower



limit of the available moisture range, is ordinarily readily ob=-
tainable as it is a relatively fixed quantity as far as plant
species are concerned on any particular soil. The field capacity as
ordinarily defined, that is, the moisture content in the soil 2 to
3 days after an irrigation, is most often considered the upper
limit of the available moisture range. However, the nature of
curves 2 and 3, figure 13 reveals that & soil with particular
drainage characteristics cannot drain any further under crop than
to some moisture value above field ezpacity as ordinarily defined, a
value fixed by the consumptive use of the crop. This value can be
thought of as field capacity plus consumptive use up to the time
for field capacity to be reached. Therefore, this new value is
really the upper limit of the available moisture. It is especially
noteworthy that this limit differs very little from the second day
to the third as compared with field capacity over the same period.
These arguments again emphasize the necessity of knowing the draine
age or percolation characteristics of the soil and relating them

to the consumptive use of the crop before estimating field capacity
or the available moisture range. It is again very difficult to say
how much difference there would be, with regard to various soil
types, in available moisture studies but the indications are that
perhaps present estimates are too low. Even on the very sandy soil
studied in these experiments, if available moisture is estimated
from the noiat&o—-tmnion curves (figure 9) between one third atmos=
phere and 15 atmospheres (field capacity to wilting percentage) the



result is about 6 percent available moisture in the top foot, as
campared with 11 te 12 percent if the estimate is made from the
upper limit of available moisture from the cwrves in figure 13.

The one-tenth atmosphere percentage which is sometimes used to
determine field ecapacity appears to be a better estimate of the
upper limit of available meisture since the estimate in this case is
about 10 percent available moisture.

Consumptive Use

Perhaps the most significant outeome of this study with regard
to consumptive use is the evidence that consumptive use is not
constant; at least for a considerable time after an irrigation. It
has long been assumed that consumptive use was relatively constant
and that an average consumptive use value over some period between
irrigations could apply to the entire period between the irrigations.
It will be recalled from the review of literature that Robins et al.
reported marked increases in consumptive use at all depths of the
root zone immediately following an irrigation (see pagelO). The
results reported in this thesis sppear to support the above clainms.
Consumptive use of water may be considerably higher than it is
ordinarily thought to be.

The other important result of this study with respect to con-
sumptive use is, of course, the technique for estimating consumptive
use itself. The technique in using the experimental curves for
this purpose has already been adequately discussed but it is worth
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while to point out here that the procedure may be a useful tool for
obtaining more accurate estimates of consumptive use.

Limitations and Criticisms

It is fully realized that there are definite limitations to
the procedure presented in this study, not the least of which is
the actual physical problem of soil sampling to obtain the experi-
mental curves. Considerable work is required, although within a
relatively short time, and conditions must be controlled rather
carefully. On the other hand, once the curve characterizing the
percolation of water in any particular soil is obtained it can be
related to the corresponding curve for any crop on the same soil.
The amount of information which can be obtained this way is perhaps
ample compensation for the amount of work involved.

The technique is limited to the accuracy with which the soil
can be sampled. Considerable sampling variation is frequently
encountered in the moisture sampling in the field, variation which
makes it very difficult to estimate the mean moisture content with
a desired accuracy wnless an almost prohibitive number of samples
are taken from a large number of replications, This entire study
can be eriticized on this basis, but the fact remains that,
regardless of the amount of variation, the data at hand are the
best estimates obtainable under the experimental conditions. The
claims that are made may appear to be of doubtful importance in a
practical way but in the interests of a more thorough understanding
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of soil-water-plant relationships the study is believed to be a
worthwhile eontribution, A more thorough understanding of these
relationships may assist in sclving some of the more practical
problems now confronting soil scientists.



SUMMARY AND CONCLUSIONS

A field sampling technique was used to cbiain data with which
to make comparisons among evaporation, transpiration and perccla-
tion losses of scil moisture. Three treatments with which to make
the compariscns were (1) a cropped plot (barley in 1954 and glfalfa
in 1955), (2) a bare plot and (3) a covered plot. The soil under
each of these ireatments was sampled &t predetermined time inter
vals starting at two hours after a thorough irrigation. The
meisture percentage in the solil samples at the various times was
plotted against time to produce & mumber of moisture-time curves
representing the loss of moisture from each trestment at depths of
0=12, 12-2) and 24=36 inches azs well as all three depths together.
These curves were then compared.

Comparisons between the curves for the barley and alfalfa plots
and the curves for the covered plots indicated that percolation of
soil water and consumptive use were related, or more specifically,
that the latter had 2 very marked influence on the former. By means
of a graphical technique it was shown that percolation and con-
sumptive use could be related gquantitatively and from this relation
more precise estimates made of consumptive use and available
moisture than were previously possible.

The following conclusions were made from this study:

l. Percolation and consumptive use are relaied.

2. Percolation can be gquantitatively related to consumptive
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use by the technique described.

Consumptive use slows up percolation so drastically that
the latter is negligible within three days, at least for
light textured soils. '

Field capacity as ordinarily defined is exactly what the
definition says - the moisture content in the soil 2 or 3
days after the spplication of water. It does not define
the upper limit of available moisture.

The wpper limit of available moisture is above field
capacity, as ordinarily defined, by an amount equal to the
consumptive use up to the time referred to in the de-
finition of field capacity.

The consumptive use rate was highest immediately after the
irrigation and gradually decreased at all depths as the
soil dried out.

The fact that percolation and consumptive use can be
related quantitatively may provide a new tool for the

evaluation of consumptive use, the available -~ moisture

range and field capacity.
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Table VII. Hoisture percentsge at various times after time
zero for the barley, bare and covered plots. Average
of three replicates. 19¢

Depth Plot® Time in Hours
Inches Ho, 2 N 8 2 36 LB T2 Ly 216

0-12 1 21.5 20.3 19.2 17.7 17.0 16.2 15,1 12,3 10,2
2 21,0 20.4 18.7 18.1 17.5 1646 15.9 1he1 13.2
3 20,9 20.2 19.0 18.1 17.6 17.1 16.3 147 142

12"2'4 1 20.2 19.5 19oh 1805 1?.6 16.9 1603 mo6 1202
2 20.5 20.3 19.5 18,1 17.1 17.5 17.h 16.2 15.8
3 20.4 19.9 19.5 18.9 17.7 17.1 17.h 15.h 15.8

2)"'36 1 23.3 23-8 22.3 20.8 2001 19.8 1908 1801 170h
2 2he9 2he2 23.2 22,0 20.6 21.2 21.0 19.7 18.9
3 23.4 2h.0 22,9 21,5 20.8 20,1 19.9 18.2 17.7

Ave, 1 21.7 21,2 20.3 19.0 18,2 17.6 17.1 15.0 13.2
Depths
3 21.6 21,3 20.4 19.5 18,7 18,1 17.9 16.1 15.9

* Plot 1 - Barley; Plot 2 - Bare; Plot 3 - Covered



Table VIII. Moisture percentage at various times after time
zero for the alfalfa, bare and covered plots.

Average of three replicates. 1955.

Depth  Plot® Time in Hours

Inches No, 2 6 24 30 48 72 ik 220 L0

0-12 1 20,8 19.1 17.8 16.7 16,6 15,2 12.7 1l1.1 8.4
2 20,1 19.7 18.3 17.1 16,6 15.1 13.8 12.9 11.3
3 21.1 20,1 18.3 18,0 17.6 17.0 16.0 15.3 13.9

12-24 4 19.9 19.0 17.8 17.1 16,6 15.9 1h.6 13.3 10.5
2 19.5 18.9 16.9 16,6 16.7 1h.8 15,1 14.3 13.8
3 19,6 19.0 17.5 17.5 17.1 16.2 15.7 15.2 1kl

2h-36 1 22,8 22,0 20.4 20.h 19,7 19.0 18.5 15.8 13.3
2 23.0 21.3 19.7 19.3 19.1 17.h 17.0 17.5 16.5
3 22,6 22.6 20.8 20.8 20.1 19.9 19.2 18.6 17.6

Ave, 1 21.2 20.0 1807 laol 1706 16.7 1503 Boh 1007

of

m 2 20,9 20.0 18.3 17.7 17.5 15.7 15.3 14.9 13.9
3 21,1 20.6 18.9 18.8 18.3 17.6 17.0 16.4 15.2

* Plot 1 - Alfalfa;

Plot 2 - Barej

Plot 3 - Covered
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Figure 16, Moisture-time curves for the barley and covered plots and the calculated
curve for percolation under barley (0 to 12-inch depth, 195k).
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Figure 17. Moisture-time curves for the barley and covered plots and the calculated
curve for percolation under barley (12 to 2l4-inch depth, 195L).
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Figure 18, Moisture-time curves for the barley and covered plots and the
calculated curve for percolation under barley (24 to 36-inch depth, 195L).
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Figure 19. Moisture-time curves for the barley and covered plots and the calculated
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curve for percolation under barley (0 to 36-inch depth, 1954).
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Figure 20, Moisture-time curves for the alfalfa and covered plots and the
calculated curve for percolation under alfalfa (12 to 2l-inch depth, 1955).
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Figure 21, Moisture-time curves for the alfalfa and covered plots and the calculated
curve for percolation under alfalfa (24 to 36-inch depth, 1955). @



PERCENT MOISTURE

TIME ( HOURS )

Figure 22, Moisture-time curves for the alfalfa and covered plots and the
calculated curve for percolation under alfalfa (0 to 36-inch depth, 1955).
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Table IX, Rate of consumptive use in temms of percent moisture per hour for
all depths in 1954 and 1955,

Time 1954 1955

Hours 0-12% 12-2L% 2li~36" 0-36" 0-12% 12-24" 2l-36" 0-36%
0

20 «0275 »0265 0035 +0333 «0830 .0028 0140 +0500
Lo <0225 0195 +0090 02446 0l25 011l 0200 .0185
60 «0300 .0205 -0090 0243 .0345 «0210 L0175 +0210
8o .0305 «0200 .0050 «0200 0325 0120 ,0155 .0195
100 «0295 0175 «00l45 .0208 «0320 0140 .0165 .0190
120 0310 .0180 .0025 «0208 «0280 +0170 .0170 .0190
140 0295 <0185 «0010 <0195 «0255 0165 0165 .0185
160 «0285 «0200 0177 <0230 0140 0160 0170
180 0275 0235 .0180 .0215 .0155 <0170 0175
200 +0285 .0215 0168 .0189 <0145 +0170 0165
220 +0300 <0215 <0167 .0180 .0150 0170 0170
2Lo 0295 «0210 0155 «0165 <0140 +0160 0165
260 +0260 «0205 <0148 .0155 +0130 «0150 .0170
280 0250 .0205 .0137 «0135 »0120 +0155 +0160
300 .0138 <0135 0125 0155 .0150
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Table X. Hygrothermograph records of temperature and relstive
humidity near the experimental site in 1955.
Date Temperature Relative humidity
Degrees in Fahrenheit Percent
maximum minism maximum minimum

July 19 90 : 30
20 89 50 100 32

21 90 51 100 29

22 92 Sk 100 30

23 92 52 100 28

24 85 k9 100 . 30

25 80 Lo 100 30

26 76 k2 100 42

27 76 L3 100 38

268 78 L7 100 30

29 85 L3 100 34

30 - 89 L7 . 100 30

31 90 L9 100 31
August 1 90 48 100 2k
2 86 L7 100 3

3 85 50 92 26

L 91 56 83 26

5 92 51 100 26

6 96 55 98 26

7 87 61 100 33

8 89 51 100 25

9 91 51 100 28

10 93 50 100 25

1 9k 52 100 21

12 87 L7 100 18

13 87 L6 96 2l

1 89 bl 100 2L

15 90 L5 100 22

16 88 LS 100 21

17 91 L9 100 22

18 92 L6 100 19

19 89 L7 100 25

20 89 53 98 21



