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Willamette silty clay, and Wapato clay. The trials with each
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assigned to a different moisture range representing a different
level within the available capacity between the field capacity
and permanent wilting percentage of that particular soil. Mois
ture determinations and growth rates wsre determined daily and
recorded.

Graphic summaries are given of the data. From these data it
it apparfflit that thee rate of growth of flax is affected when
the moisture content drops below 35 P®r cent of -tiie availayb
capacity of Neirtierg fine sand, 55 P«r cent of the available

capacity of Willamette silty clay, and 5U P®*" oent of the
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Field trials on the E3q)eriment Station on Willamette silty clay
with flax further support these results. One irrigation of
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talling 7«2 inches gave 1.1+8 tons increasej and three irrigations
totalling 9*i4^ inches gave 1.71 tons increase. The increased values
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the plot receiving none are approximately $1)0.00, #65.00, and $75«00,
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From the data presented it can be concluded 'tiiat for maxiimim flax
yield and highest quality it is necessary to maintain the average
well above the peimanent wilting percentage. The rate of growth
of flax is definitely retarded before the permanent wilting per
centage is reached.
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GROWTH RAIE OF FLAX A3 AFFECTED
BY SOIL MOISTURE LEVELS . . ,

latroduetioa

Investigations regarding the rate of plant
growth in relation to the soil moisture levels have re
sulted in very divergent views.

Some of these investi

gations have lead to the conclusion that moisture is as
readily available to the plant near the permanent wilt
ing percentage as it is near the field capacity.

On the

other hand, other investigations have indicated that the
normal functions of a plant may be retarded seriously
while the soil moisture is still above the recognized
wilting percentftge.
The seriousness of these discrepancies lies in
the fact that important irrigation practices are recom

mended on the basis of these investigations.

The time

and frequency of irrigations, as well as the amount of

water applied are extremely important to the irrigator
both in obtaining maximum yields and in making the most
economical use of the water applied.

On soils with limited root zones, or low mois

ture holding capacities, or with shallow-rooted crops,

light applications of water eliminate unnecessary losses
that might occur by deep percolation.

However, if these

light applications are not repeated frequently, serious
damage to the growing crop may occur.

In a like manner

water-logging or a temporary drought might cause perma
nent injury to more expensive orchards on deeper soil as
well as result in decreased yield and poorer quality.

The question herein investigated, then, la
whether the optimum soil moisture level is the entire

range between the permanent wilting percentage and the
field capacity or whether it is a limited portion thereof

Historical Review

Very comprehensive reviews of the literature

in relation to soil moisture investigation are given by
Veihmyer (80) and in a later paper by Lewis (17).

Work

and Lewis (25), and Aldrich, Lewis, and Work (1) reviewed
the work of investigators concerned directly with the

problem of the availability to plants of soil moisture

above the permanent wilting percentage.

Only those ref

erences having a direct bearing on the problem to be
discussed will be cited herein.

Wid.taoe (23) recognized a lento-capillary
point, a point above which "the film water is held so

loosely that it moves freely from soil particle to soil
particle imder the influence of the forces in the soil."

The water above this point is readily available to plants
and constitutes the main supply of water for plants under

irrigated conditions.

This point is above the wilting

coefficient.

There is no significant difference in the in

terpretation of the terminology as used by the investi
gators to describe the limits of usable water.

Hendrici:-

Bon and Veihmeyer (12) define the field capacity as "the
amomit of water retained after the excess has drained
away and after the rate of downward movement has materi

ally decreased.

This moisture condition prevails in per

vious soils two or three days after a rain or an irriga

tion." According to these workers the permanent wilting
percentage is that "soil moisture content at which plants
wilt and do not recover unless water is added to the

soia."

The amoimt of water retained against a centrif

ugal force approximately 1000 times gravity is the mois
ture equivalent (21).

Work and lewis (24) define more "broadly the
permanent wilting perxjentage as the "quantity of water
which will remain in the soil when plants have withdrawn

all they can without permanently wilting;" and the field
capacity as "the quantity of water stored in the soil
from an application of irrigation water."

While the

latter investigators refer to the difference between
the field capacity and the permanent wilting percentage
as the "available capacity."

Veihmeyer and Hendrickson

refer to this difference as the "readily available mois.
txire."

Hereafter in this discussion i t will be referred

to as the available moisture.

Yeihisyer and Hendrickson ^21) have reached the
conclusion that water may be used by plants with equal
facility throughout the entire range of soil moisture
contents between the field capacity and approximately

the permanent wilting percentage.

In their work (10),

they have emphasized that growing plants either have

available soil moistiire or they have not.

Field exper

iments on the rate of use of water with peach trees on

Hadera and Gridley loam and Fresno sandy loam (9), with

prunes on Yolo loam (12), with pears on clay adobe soil
(13), and with grapes on Fresno sandy loam (11) are the

"basis for these conclusions.

They refer to experiments

in Russia (15) with buolcwheat, beans, and simflowers to
substantiate these.

The work of other investigators in California

also support this theory.

Beckett, Blaney, and Taylor

(4), while working with citrus and avocados, found that
if the soil moisture is above the wilting point, the
moisture content has no meaisurable effect on the rate
of moistiire extracted.

Hutchison (14) ss^s tomatoes take all available
water from 7 feet of Yolo clay loam before there is a

noticeable difference in growth.

He reports further that

deciduous fruit trees and vines grow normally until the

soil which contains the greater part of the roots has
been reduced to the permanent wilting percentage.
The work of other investigators, however, does

not bear out this theory.

Work and Lewis (25), when

working with pears on Meyer clay adobe with more than 5036
clay, found that "wilting and partial defoliation occurred
while the average moisture content of each foot depth was
well above the permanent wilting percentage.

The fruit

growth was affected by differences in soil moistures well

above the wilting percentage (2)."

More specifically,

lewis, Work, and Aldrich (18) report data that indicate
that growth of the fruit of pear trees on this heavy soil
is reduced whenever the soil moisture in the major por

tion of the root zone is reduced below 70^ of the avail
able capacity.

Aldrich and Work (3) present evidence that the
root system is the limiting factor in the supply of mois

ture to the pear tree during periods of high transpira
tion even when the moisture in the soil is well above the

wilting percentage.

Purr and Degman (7) from work with apple trees
present data which indicate that the relative amount of
available soil moisture has a measxirable influence on

fruit growth and a marked influence on stomatal behaviour
while the soil moisture is several per cent above the

wilting percentage.

Furr and Magness (8) found quite a

difference in the daily period of stomatal opening and
the rate of growth of apples between irrigated and nonirrigated plots when "on the basis of the average condi

tion of the soil moisture the dry plot was appreciably
above the wilting percentage."

Lewis (16) found that the rate of transpiration
of sunflowers begins to decrease when approximately one-

Ixalf of the available moisture is used in Medford fine

sandy loam, and when three-fourths of the available sup
ply is used on a loany sand.

According to Powers (19), potatoes gave best
response when watered at 21 per cent in Willamette silty
clay having a moisture equivalent of 28 per cent and a

wilting percentage of 14.

"Had irrigation been delayed

until the wilting percentage was reached the season would

have ended before water was required, yet fine returns

were secured from irrigation at 21 per cent."

He sug

gests further that supplemental irrigation aids nitri
fication and the solution of nutrients.

Experimental Procedure

Soils were selected to represent light, medium,
and heavy textures.

The three types employed in this

study have been classified as Hewberg fine sand, Willamette silty clay, and Wapato clay.

!Phe Newberg is a re

cent, alluvial, first bottom soil, characterized by a sub.

soil coarser than the surface soil.

She Willamette rep

resents a soil from the old valley fillings on the main
Willamette valley floor.

The Willamette is a well drained

soil, while the Wapato, a recent alluvial soil, has im
peded internal drainage.

The work was done with soil taken from the field

to a depth of 6 inches.

The Bouyoucous method (6) of me

chanical analysis was used.

The permanent wilting per

centages of these soils were determined by the sunflower
method described by Work and Lewis (23).

Three or four

pairs of leaves were allowed to form and when all except
the apical leaves were permanently wilted the wilting
percentage was determined.

For the field capacities,

moisture determinations were made on samples taken from
the field thirty-six hours after extensive rains had

thoroughly saturated the solum.
The results of the determinations described

above are given in table 1.

Mechanical analysis deter

minations were aarried out in triplicate.

Each permanent

wilting percentage value in the table is the average of

ten determinations, and each field capacity value is the
average of three soil moisture determinations.
Flax was selected as the indicator plant as its

rate of growth could best be determined by a single linear
measurement.

The Triumph variety of fiber flax was used.

Samples of equal weight as taken from the field
were placed in one-gallon valsparred cans.

On an ovea.

dry basis the following amounts of soil wore usedi

Table 1.

Mechanical analysis, permanent wilting percentages,
and field capacities of soils used.

Sand

Silt
0.05-

Soils

Inche 3

Clay
0.005-

,

Permanent

1^0.05 , 0.005 . 0.00
Wilting
Field
mm
mm
mm
. Percentage . Capacity
per cent per cent per cent
per cent
per cent

Newberg

0

-

6

78.5

12.1

9.4

7.0

18.4

Willamette

0

-

6

14.6

50.0

35.3

14.4

31.9

Wapato

0

-

6

31.1

32.0

36.9

15.9

36.4

Hewberg, 3705 grams; Willamette, 2739 grams; Wapato, 2535
grams.

Forty-eight cans in all were prepared.

Twenty-

five flax seeds were planted in each of these cans.

Water

was added until the total weight indicated that the field

capacity had been reached.

Each day until the seedlings

were well established the cans were brought back to field

capacity.

At the end of this period, approximately two

weeks, the flax was thinned to fifteen plants and the cans

of each soil were divided into four equal groups.
Each of these groups was assigned to a different
moisture range representing a different level within the

available capacity between the field capacity nnii perma
nent wilting percentage of that particular soil.

In all

groups the upper limit of the designated range was the

field capacity but the lower limit varied throughout the
availability range.

The arrangements of these groups is

given in table 2.

An extra group of four samples was carried in
I

the upper level of the Hewberg series.

Individual cans

of this group were broken down at intervals to determine

the weight of the growing plants and to observe the root

development.

The weight of the plants was not signifi

cant and no correction was made.

Root development through

Cable 2.

'Soil

lewberg

Willamette

Wapato

Arrangement of samples within moisture ranges.

Group

Moisture Ranges
Limits in per cent

Samples
by can number

I

18.4 -

16.0

1

2

3

II

18.4 -

14.0

5

6

7

III

18.4 -

12.0

11

12

13

14

IV

18.4 -

9.0

19

20

21

22

I

31.9 -

30.0

16

23

24

4

II

31.9-24.0

28

29

30

25

III

31.9 -

20.0

49

50

51

26

IV

31.9 -

16.0

52

53

55

56

I

36.4-31.0

32

54

57

II

36.4 -

26.0

58

59

60

III

36.4 -

21.0

61

62

63

IV

36.4 -

16.0

64

65

66

10
8

this volume of soil was very rapid.

Samples 4 and 56 ia

the Willamette series were destroyed before the experiment
had been completed.

Every can was weighed daily and when it reached
the lower limit of its designated range, or if any other

•m&ple within its group reached the lower limit of the

range, enough water was added to bring it baclc up to its
field capacity.

All cans in the first group of each se

ries were returned to the field capacity each day.

The fifteen plants in each can were measured

daily and the individual heights recorded.

No attempt

was made to identify individual plants from day to day.

Supports for these plants were made by using four ver
tical pieces of 8-gauge wire held together with 5-inch
horizon squares of -s-inch mesh wire.

The lower squares

were soldered on to the vertical wire but as the plants

grew other sq\iares were added and held in place with rub
ber bands.

The horizon squares were useful as bases for

daily measurements.

Details of these supports are shown

in figvires 1,2, and 3.

Measuring and watering continued until the

plants were considered mature and ready for harvest.

The

Hewberg series were harvested the 118th day from planting,

Fig. 1 — Representative cans
from groups I, II, III, and 17
in the Hewberg series 88 days
from planting.

n?

OauB from groups I, II, III, and Iv
38 days fiom planting

IIHI .i f

Cans from groups Iv, III, II, and I
72 days from planting
— Representative cans from the Willamette series

the Willamette on the 113th day, and the Wapato on the
109th day.

Four one-tenth acre flax plots on the central

Experiment Station at Corvallis were treated in a manner
Bimilar to those trials carried on in the greenhouse.

Ihese plots were on Willamette silty clay, one of the
soil types used in the greenhouse experiments.

The me

chanical analysis, permanent wilting percentage, and

field capacity of this soil is given in table 1.

Mois

ture determinations were made on soil samples taken to

a depth of three feet and an effort was made to irrigate
one plot when the average moisture content approached 30

per cent, one plot when the average moisture content ap
proached 24 per cent, one plot when the average moisture
content approached 20 per cent, and one plot when the

average moisture content approached 16 per cent.
These plots were crossed with fertilizer triads,

however, so that each irrigation plot included the fol
lowing fertilizer sub-plotsi

untreated, muriate of pot

ash; muriate of potash and calcixun nitrate; and muriate

of potash, calcium nitrate, and treble phosphate.

Each

fertilizer material was applied at a rate of 100 poimds
per acre.

Experimental

Results and Discussion

The results of the greenhouse experiments with

Newberg, Willamette, and Wapato soils are given in fig
ures 4, 6, and 6, respectively.

These figures give a

graphic summary of the daily rates of growth correlated
with the soil moisture per cent from the 15th to 88th

days inclusive.

Each line in these figures representing

the daily rate of growth for a group are the result of

averaging the rate of growth of 60 plants in the Hewherg
and Willamette series and 45 plants in the Wapato series.

The line representing the soil moisture for

each group is the average of the 4 cans of the group dur.
img the preceding 24 hours.

Water was added to the cans

in the first group of each series each day and the moisture per cent was brought back to or slightly above the

field capacity.

While the average of this group in the

three series was not actually a straight line as shown in

the graph, the fluctuation was not great enough to ever
cause it to drop below 75. per cent of the available cap.

acity.

This fluctuation would not affect the discussion,

of this investigation.

By adding enough water each time to every can
in a group to bring the entire weight of the soil back to

the field capacity, a layering effect of the moisture was

avoided.

IFhe roots quickly extended through the entire

volume of soil and in doing so minimized any effect of

the available water not in reach of the root causing the
average soil moisture to he well above that directly in
contact with the roots.

By correlating the rate of growth and moisture

content of the groups it is apparent that the growth rate
is consistently affected when the moisture content in the

Kewberg aeries drops below approximately 11 per cent; in

the Willamette series when the moisture content drops be
low 24 per cent; and in the Wapato series when the mois
ture content drops below 27 per cent.

!Ehe soil moisture

per cent in the terms of per cent of the available cap

acity for the Newberg series is approximately 35 per cent,
for the Willamette series is 55 per cent, and for the Wa
pato series is 54 per cent.

While it is possible that

the soil moisture content at the contact of the root may

be below the average as indicated by the graph, the wilt
ing percentage as determined by the sxinflower method (23)
was such axL average.

It is with the wilting percentage

so determined, and higher moisture levels, up to the field
capacity, that this investigation is concerned.

No prac-

tloal method for determining the soil moisture in the

minute region surrounding the roots has been reported.

The lighter textured Hewberg soil with larger,
and fewer, soil particles and less surface cureas allows
greater freedom of movement of air and water as well as

greater root deyelopment.

0?he adhesion of the moisture

to colloidal surfaces and cohesion of water surfaces

would not he as great or the films as tight and thin as

those of the heavier Willamette and Wapato soils.

It is

to be expected, as is apparent in figure 4, that the
available moisture is removed from this type of soil
with a greater ease than from the other soil.

The growth curves resulting from this experi.
ment are summarized in figures 7,8, and 9.

These curves

indicate that the differences are more significant during
the early stages of development.

However, in the Willam

ette and Wapato series these differences carry over and
are significant at the time of harvest.

To maintain the

first group in the ITewberg series above the lower limit

of this range it was necessary during the period of maxi

mum growth to bring them well above the field capacity.
In this soil this caused a temporary "drowniBg" effect
during the time when most of the air was excluded.

The
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ill effects of this procediire axe apparent in the results.
The heights at time of harvest and required significances
are given in table 3.
A sunmary table showing the final results in

height, weight, and use of water are given in table 4.
The results of the field experiment with water
variation and fertilizer trials on flax are sumnarized
in table 5.

The field trials correlate very closely with

the results obtained in the greenhouse experiments.

The

flax from plots I, 11, and 111 was over thirty inches in
height, which made it first-grade flax, while that from

plot IV was second-grade flax.

The market value of plot

IV would be a great deal less, therefore, not only due to

a lower yield, but also to inferior length and quality.
In addition to the experimental data shown here-

in, it has been demonstrated in the Willamette Valley, as
well as in many other areas, that several other crops can

be grown successfully to maturity without supplemental
irrigation.

At no time during the growth of these crops

does the soil moisture throughout the root zone reach the

permanent wilting percentage, nor do the crops appear

wilted during normal stasons.

However, one irrigation

Table 3.

Height in mm of flax in three soils and at four moisture
levels and differences required for significance.*
Average for

Moisture
I

Cans

1
2
3
4

Average
1
2
3
4

Average

Newberg

978
982
908
956

782

873
927
918

972
967
939
921
950

801

880

899
903

2
3
4

952
860
980
924

1
2
3
4

Average

Wapato

908
880
940
923
913

1

Average

V/illaraette

809
879
885
839
853

loisture Range

770
778
797
. . . .

882
903
818
916
880
779
789
797
—

800
704

768
717
753
784

751
726
776
684

_

788

729

755
Difference required for significance in comparison of moisture ranges
in individual soils, 10.2; of moisture ranges in all the soil, 5.6;
of the three soils. 4.8.
Standard deviation, 4.56.
ils

897

896

Table 4.

Final height, yield., and water coats of the flax

Ave.

Ave. dry wt.
Series

Group

Ave.

ht.

mm

Newberg

Willamette

Wapato

per can
grams

water

applied
per

can
cc

I

913

10.3

8701

844

II

900

9.8

7979

814

III

924

10.0

7804

780

IV

853

9.6

6586

685

I

956

13.5

8692

644

II

950

10.2

8031

787

III

880

8.8

7467

849

IV

788

7.7

6145

798

I

782

7.7

8865

1151

II

768

6.4

8124

1269

III

751

6.4

7012

1096

IV

729

6.2

5418

874

Table 5.

Plot

No.

Flax yield and water coats on irrigation and fertilizer plots.*

Moisture

Rang'e»

per cent
I

32-30

Irri

gations
number
3

Amount

Applied

Fertilizer
Treatment

ac.-in.

9.4

Untreated
K
N-K
N-P-K

Average
II

32 -

24

2

7.2

Untreated
K
N-K
N-P-K

Average
III

32 -

20

1

4.6

Untreated
K
N-K

IV

32 © 16

0

0.0

2.37
2.45
2.62
3.14
2.65

.15
.18
.19
.20
.18

2.18
2.18
2.40
2.92
2.42

.17
.20

1.71
1.60

.16
.18
.18
.24
.19

1,82

Average
seeded or1 Vi/lllamette

tons

Average

N-K
N-P-K

harvested July 11, 1940.

Irrigation

tons

1.63
2.34

Untreated

Yield
Per Inch

Per Acre

N-P-K

K

•JtPlots

Yield

.96
.77
.80
1.24
.94

silty clay, April 13, 1940;

.22
.23
.20

applied to these same crops may

yield.

much as double the

Two, three, or more irrigations may give sub

stantial increases over those resulting from fewer
irrigations*

Sujaomary aad Conclusions
An investigation was made to determine whether

the optimum soil moisture level is the entire range be
tween the permanent wilting range and the field capacity
or whether it is a limited range therein.

A series of trials were set up in the greenhouse
with fla3c as the indicator plant.

Three soils were used:

Newberg fine sane, Willamette silty clay, and Wapato clay.
The trials with each soil were divided into four groups.
E^h of these groups was assigned to a different moisture
range representing a different level within the available

capacity between the field capacity and permanent wilting
percentage of that particular soil.

Moisture determina

tions and growth rates were determined daily.and recorded.
Graphic sunonaries are given of the data.

From

these data it is apparent that the rate of growth of flax

is affected when the moisture content drops below 35 per

cent of the available capacity of Newberg fine sand, 55

per cent of the available capacity of Willamette silty
clay, and 54 per cent of the available cajoacity of Wapato
clay.

Statistical analysis of the final results is pre

sented.

Field trials on the Experiment Station on Wil

lamette silty clay with flax further support these re
sults.

One irrigation of 4.5 acre inches gave .88 ton

increase per acre; two irrigations totalling 7.2 inches

gave 1.48 tons increase; and three irrigations totalling
9.4 inches gave 1.71 tons increase.

The increased values

of the flax from the plots receiving 1, 2, and 3 irriga
tions over the plot receiving none are approximtely

#40.00, |65.00, and #75.00, respectively.
From the data presented it can be concluded

that for maximum flax yield and highest quality it is
necessary to na^intajji the average moisture content of
the root zone in a range well above the permanent wilt

ing percentage.

The rate of growth of £Lax is definitely

retarded before the permanent wilting percentage is
reached.
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