
STATION( TECHNICAL BULLETIN )6L DECEMBER 1951

The Improvement of
An Alkali Soil

By Treatment With
Manure and Chemical

Amendments
Owyhee Irrigation Project, Oregon

C. A. BOWER

L. R. SWARNER

A. W. MARSH

F. M. TILESTON

A gricultural Experiment Station
Lu S. Department of the Interior

and the
U. S. Department of Agriculture

cooperating

Oregon State College
('nrva Ilic

3 1952



Foreword

Cooperative investigations relative to irrigation, infiltra-
tion and salinity on the Owyhee Irrigation Project, Oregon,
were undertaken by the Oregon Agricultural Experiment
Station, the Bureau of Plant Industry, Soils, and Agricul-
tural Engineering, the Soil Conservation Service (Research)
and the Bureau of Reclamation under a memorandum of
understanding dated January 1, 1946.

As stated in the memorandum of understanding, the
objective of these cooperative investigations was to make an
intensive study of infiltration and salinity conditions on the
Owyhee Federal Reclamation Project. This study was to
determine the cause of low infiltration rates and to find
methods of improving them so that a reduction in excessive
water use could be effected. Thus, the productivity of the
area could be maintained or improved.

For purposes of publication the results of the cooper-
ative investigations made during the past five years have
been separated into two phases : (1) irrigation management
studies and (2) improvement of alkali soil. This bulletin is
concerned with the latter phase of the investigations. Ore-
gon Agricultural Experiment Station Technical Bulletin No.
23 entitled "Irrigation Management Investigations on Non-
saline Soils, Owyhee Project, Oregon" presents the results
of the former studies.

Dean and Director
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View of experimental plots on alkali soil showing differences in plant
growth and apparatus for measuring soil moisture tension and infiltra-
tion rate.
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The Improvement of an Alkali Soil
By Treatment With Manure
and Chemical Amendments

OWYHEE IRRIGATION PROJECT, OREGON

C. A. BOWER, L. R. SWARNER, A. W. MARSH, and
F. M. TILESTON1

UMEROUS irregular areas of alkali soils having distinctly
developed profiles occur throughout certain of the lands in the

north half of the Owyhee Irrigation Project in eastern Oregon. The
size of individual areas ranges from a few hundredths to several
tenths of an acre. In cultivated fields the areas of alkali soil are
readily identified by the poor or no plant growth, by their failure
to wet adequately when irrigated, and often by the dispersed, struc-
tureless appearance of the soil surface. Locally, the areas of alkali
soil are known as "slick spots." From the standpoints of irrigation
and crop production, these areas constitute a serious problem for
several reasons. They materially reduce the yields of crops from
otherwise productive fields and attempts to irrigate them adequately
result in excessive water application and surface run-off. Moreover,
the cost of tillage, seed, and fertilizer applied to the unproductive
areas constitutes an additional loss to the farmer.

In 1946, a field plot experiment was initiated on areas of alkali
soil located in the Owyhee Irrigation Project. The experiment was
continued during 1947 and 1948 and concluded in November 1949.
The purpose of this experiment was to evaluate the use of manure
and various chemical amendments as treatments for the amelioration
of the soil. Treatments were evaluated by means of plant growth,
water infiltration rate measurements, and physical and chemical analy-
sis of soil samples taken before treatment and at intervals thereafter.

Principles Involved in Improving Alkali Soils
The amelioration of alkali soils is an old problem and has re-

ceived considerable study (7, 8, 9, 12, 16, 17, 19, 20, 23, 33, 39, 42) .2
Largely as a result of the work of Gedroiz (15), de Sigmond (10)
and Kelley (22), many of the underlying principles involved in the
improvement of alkali soils are now known. They include : (a) the

'Senior Soil Scientist, U. S. Salinity Laboratory: Agricultural Engineer, Bureau of
Reclamation; Associate Soil Scientist, Oregon State College; and Associate Agricultural En-
gineer, Soil Conservation Service (Research) and Assistant Agricultural Engineer, Oregon
State College, respectively.

'Figures in parentheses refer to Literature Cited, page 35.
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establishment of drainage if a high water table exists, (b) the re-
placement of sodium adsorbed on the soil exchange complex by
calcium or other divalent cation, (c) the removal of excess salts by
leaching, and (d) the rearrangement and aggregation of soil particles
so as to improve soil structure. The latter principle has been
stressed especially by Gardner (13, 14).

Drainage may be accomplished by the construction of deep
ditches, by the installation of tile or by pumping from wells, provid-
ing suitable aquifers are present in the substrata. To leach effectively
drainage must be established, and the soil must be reasonably per-
meable. Usually the replacement of exchangeable sodium and leach-
ing are interdependent and progress concurrently. Soluble calcium
for the replacement of adsorbed sodium may be supplied by the irri-
gation water or by calcium carbonate,or gypsum if present in the
soil. Except for the case of gypsum, which is moderately soluble,
the amounts of soluble calcium supplied by these sources are usually
insufficient to permit more than a slow rate of replacement. Gen-
erally, it is necessary to supply soluble calcium by the addition of
chemical amendments such as gypsum and sulfur.' If the soil con-
tains exchangeable hydrogen, calcium carbonate can usually be em-
ployed advantageously as a source of calcium. It has been reported
that large areas of alkali soil in Hungary having an acid reaction
were readily ameliorated by the applications of calcium carbonate (9).
The arrangement of soil particles so as to improve structure is gen-
erally thought to be facilitated by alternate wetting and drying (2),
by alternate freezing and thawing (14, 21), and by the action of
plant roots (37). The beneficial effect of organic matter additions
on the structure of alkali soils has long been recognized. It appears
that organic matter improves soil structure by its interaction with the
inorganic cation exchange material in a manner which tends to pre-
vent swelling and dispersion (11, 30) and by serving as energy ma-
terial for microorganisms which promote the stable aggregation of
soil particles (27, 29).

Characteristics of the Soil Studied
The soil studied is located in the NW-I of section 30, T. 18 S,

R. 47 W, at the Malheur Experimental Area near Ontario, Oregon.
According to Leighty2 the soil occurs on a high terrace which is un-
derlain by lake-laid calcareous, laminated silt, and very fine sandy
loams. The upper part of the soil may be influenced by loess. The
slope of the soil surface is about 2 per cent. The underlying lami-

'Sulfur does not supply soluble calcium directly, but if applied to a soil containing
calcium carbonate the reaction brings some of the calcium into solution.

2Personal communication from W. J. Leighty, Soil Correlator, U. S. Department of
Agriculture.
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plot 7 in the fall of 1946 while samples for the other determinations
were taken 4 feet west of plot 2A in April 1950.

The results of particle size analyses are given in Table 1. These
data show the soil to be extremely high in silt. Two-thirds or more
of the soil throughout the profile consists of this particle-size frac-

THE IMPROVEMENT OF AN ALKALI SOIL

hated materials apparently have given rise to conditions which have
promoted development of a complex association of soils. The domi-
nant soil in this association has been tentatively designated as- Mal-
heur silt loam.' The size and distribution of the alkali soil areas in
the association are extremely variable. Malheur silt loam is described
as a well-developed soil having a light-colored noncalcareous silt loam
A horizon and a brown or pale-brown noncalcareous columnar or
prismatic silty clay loam or silty clay Bz horizon which grades into a
gray highly calcareous nodular laminated silt loam at a depth of 16
to 24 inches. The soil has developed under a semiarid climate with
microthermal variations in relation to relief. The average annual
precipitation is about 8 inches, the summers are warm and dry, and
the average annual temperature is about 490 F.

Table 1. PARTICLE SIZE DISTRIBUTION DATA FOR THE SOIL STUDIED.

Soil separate

USDA system
Fine gravel ........--.
Coarse sand .---.-.....
Medium sand
Fine sand --

Very fine sand
Silt

Size Sampling depth
range
(diam- 0 to 5 5 to 12 12 to 22 22 to 30
eters) inches inches inches inches

Milli- Per Per Per Per
meters cent cent cent cent

2-1
1-.5
.5-25

25-.1
.1-05

.05-.002
Clay --------- -------- 002-0

Atterberg system
I . ------------ 2-.2

II ... ................ .2-.02
III ----------------------------------- ---------- 02-.002
IV ---------------------------------------------- -002-0

01 00 0.0 0.1

03 0.4 0.2 0.3

02 0.3 0.1 02
1.6 2.0 1.0 0.6

8.0 86 3.4 38
67.4 74.6 71.8 83.7
22.4 14.1 236 11.2

10 1.1 0.5 0.8
36.9 35.6 24.1 37.4
398 492 51.8 50.6
22.4 14.1 23.6 11.2

For characterization of the soil with respect to physical and
chemical properties disturbed and undisturbed profile samples were
taken from sites within the experimental area which received no
treatment. Samples for the determination of moisture retention
characteristics were taken 6 feet west of the southwest corner of

1Personal communication from W. J. Leighty, Soil C&relator, U. S. Department of
Agriculture.
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Figure 1. Moisture retention characteristics for three layers of the soil studied.
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tion. Clay is the next most abundant soil separate, the amounts
present in the various layers varying from 11.2 to 23.6 per cent.
None of the layers contain more than 10.2 per cent of sand, and most
of that present is very fine.

The percentages of moisture retained at various tensions by
undisturbed soil in cores taken from three horizons in the profile
are given in Figure 1. Each datum point is the average of values
obtained for duplicate cores. As would be expected for soil contain-
ing very high percentages of silt plus clay, the fifteen-atmosphere-
percentages are relatively high. This is especially true for the B
and C horizons. Likewise, the percentages of moisture retained at
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o to 1 inches -.-------- _---------------------
6 to 7 inches ......... -------------------------- ..

13 to 144 inches -------- ............................
22 to 23E inches -_._............_.._........ ..__.

Initial
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low tensions are high. The relatively small percentages of moisture
released over the tension range 0.1 to 15 atmospheres by the B hori-
zon indicate that a large fraction of the pores present in this layer
are of very small size.

Information on the permeability rates of the soil at various
depths in the profile is given in Table 2. The reported rates were
obtained on undisturbed cores taken with a Lutz sampler (25), and
each is the average value obtained for five determinations. The data
show the permeability of the soil to be very low throughout the
profile.

The results of various chemical determinations made on samples
representing different layers of the profile are given in Table 3.
These data show the soil to be about neutral in reaction and noncal-
careous to a depth of 12 inches. Below this depth the pH value is
8.3 to 8.5. Calcium carbonate is present. The soil contains no gyp-
sum and is low in organic matter. As would be expected on the basis
of the particle-size analyses, the soil has a high cation exchange
capacity throughout the profile. The cation exchange capacity is
satisfied, largely by calcium and magnesium, but the exchangeable-
sodium-percentage is abnormally high at depths below 5 inches. As
shown by the data on the composition of saturation extracts of sam-
ples, sodium sulfate and sodium bicarbonate are the principal salts
present in the soil.

Procedure
Plot preparation and experimental design

The larger areas of alkali soil occurring in the experimental field
were mapped by means of a plane table in the spring of 1946. After
some minor smoothing operations, 46 plots (12 feet by 12 feet) were
laid out within the areas of alkali soil as shown in Figure 2. Where
space permitted, plots were laid out in rectangular blocks with 3-foot

Table 2. PERMEABILITY RATES OF UNDISTURBED SOIL CORES TAKEN
AT VARIOUS DEPTHS FROM THE SOIL STUDIED.

Sampling depth

Permeability rates

After passage
of i" water

Inches/hour Inches/hour
.017 .014
.038 .035
.023 .020
.032 030



o to 1 inches ._...-.
to 12 Inches ........

12 to 22 inches .......
22 to 30 inches ........

7.0
7.1
8.3*
8.5*

Sodium Calcium
Magne-

Slllln

7

14 ll

18 0

32 0

5

Table 3. CHEMICAL CHARACTERISTICS OF THE SOIL STUDIED

Soil determinations

Exchangeable-cation-percentages

Satura- pH of Organic Cation Hydro-
tion per- saturated Gypsum matter exchange Potas- gen

Sampling depth centage soil content content capacity sium (by diff.)
me/ Per cent me/

100 gm 100 gm
44.8 0 0 0 64 332 6 45 38
48.5 0 0 0 62 378 5 38 45
58.8 0 0 0 58 33 4 3 .... ____

493 00 029 277 4 .... ....

Indicates sample is calcareous

Saturation extract determinations

Electri- Cations Anions
cal con-
ductivity Potas- Magne- Bicarbo-

Sampling depth at 25° C Sodium sium Calcium sium Chloride Sulfate nate Nitrate Boron

milli- me/l me/1 me/l me/l me/l me/l me/l me/l ppm
mhos/cm

0 to 5 inches ........ 0.81 5.12 0.88 1.43 126 0.82 137 4.70 0.04 02
5 to 12 inches ........ 0.94 9.50 0.53 0.70 0 76 0.80 1 57 7.80 0.05 0 3

12 to 22 inches -------- 1.74 15.6 0.42 1.10 142 2.86 848 6.51 0.08 10
22 to 30 inches ........ 1.90 18.4 0.92 1.35 101 1.49 7 41 10.8 0.07 21
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alleyways between rows of plots and 11-foot alleyways between plots
in the rows. To permit the impounding of irrigation water, small
dikes having a height of about 6 inches were constructed around each
plot after application of treatments.

The experiment consisted of eight treatments replicated five
times. The forty plots thought to be most uniform were divided
into five groups of eight plots each.' Treatments were placed at ran-
dom within each group of eight plots. As all plots in each group
were not contiguous, it was not possible to consider the replications
as blocks for purposes of analysis of variance.

Treatments
The treatments applied in July 1946 immediately following

preparation of the plots were as follows :
a. Check
b. Lime (calcium carbonate)-10 tons per acre
c. Sulfur - 3 tons per acre
d. Gypsum -16 tons per acre
e. Manure -50 tons per acre
f. Manure plus lime -50 and 10 tons per acre
g. Manure plus sulfur -50 and 3 tons per acre
h. Manure plus gypsum -50 and 16 tons per acre

The applications of lime, sulfur, and gypsum were approximately
equivalent on a chemical basis. All amendments were incorporated
into the soil by disking and spading. The sulfur and gypsum were
obtained from commercial sources, while the lime employed was a
byproduct from a sugar refinery.

Cropping and fertilization
The plots were seeded on July 31, 1946, with a grass-legume

mixture consisting of ladino clover (Trifolium repens var. latum),
alta fescue (Festuca elatior var. arundinacea), smooth brome (Bro-
mus inermis), and orchard (Dactylio glomerata) grasses. Prior to
seeding, all unmanured plots were fertilized with ammonium nitrate
and treble superphosphate at rates of 350 and 250 pounds per acre,
respectively, to compensate partially for the nutrients applied to the
other plots in the manure. Subsequently, all plots were fertilized with
nitrogen as the need became apparent. This resulted in the applica-
tion of ammonium nitrate at the rate of 100 pounds per acre three
times each during the growing seasons of 1948 and 1949.

Clipping of the plots commenced in 1947, the harvest area within
each plot being 36 square feet. The number of clippings per grow-

'Shortly after the experiment was initiated, it was found by observation and soil
analysis that three of the 40 plots had been placed on nonalkali soil. These were relocated
in September 1946 on three of the extra plots which had been laid out for such a con-
tingency.
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TREATMENTS

o U'cF
® Gypsum
® Susu,
® Lm.
® Manure
® urs S, GYpyum
® MpnY,. S Sulfur
® MO,.VIY S Lim.

Figure 2. Diagram showing plot layout and placement of treatments.

ing season was four in 1947 and 1948 but only three in 1949. Yields
of hay were determined on an air-dry basis but corrected for air-dry
moisture contents which were determined on subsamples.

Irrigation
The water used for irrigation was from the Owyhee reservoir,

while that employed for making infiltration determinations was taken
from the Malheur Experimental Area well in order that a supply
would be available during the periods of infiltration determinations.
The compositions of the reservoir and well water are given in
Table 4. The data show that both waters are of good quality (41)
but that the salt concentration of the well water is about ten times as
high as that of the reservoir water.

Irrigation of the plots was accomplished by means of a portable
sprinkler system. Several irrigations were applied during August
and September, 1946, while the clover and grasses were becoming
established. No records were kept of the amounts of water applied.
Beginning in 1947, the amounts of water applied to each plot during
each irrigation were determined by measuring the depth of water
collected in five cans placed in the corners and center of the plot.
Approximately the same amounts of water were applied to each plot.
The number of irrigations and the approximate amounts of water
applied to the plots during the 1947, 1948, and 1949 growing seasons



Soluble ions

Sill- Chlor-

Sample fate ide Boron

li Micro- 'T)iCl
Mhos/

cm
142 .60 .32 .54 .10 0 34.6

.... 1,240 4.79 .05 0 30.8

Table 4. COMPOSITIONS OF WATERS FROM THE MALHEUR EXPERIMENTAL AREA WELL AND FROM THE OWYHEE RESERVOIR

Electri-
cal Sodium

conduc- Cal- Mag- Potas- Carbon- Bicar- percent-
Date collected tivity cium nesium Sodium sium ate bonate age

me/l me/l me/l me/l me/l me/l me/l hhm

Owhyee reservoir .. July 11, 1946 105 .23 11 .04

Malheur Experimental
Area well ______________ April, 1948 6 65 4 07 4 86 6 79 4.11 .10



were as follows: 1947-30 inches in 12 irrigations, 1948-32 inches
in 7 irrigations, and 1949-36 inches in 9 irrigations. The amounts
of rainfall during the growing seasons of 1947, 1948, and 1949 were
5.43, 3.76, and 2.63 inches, respectively. Other climatological data
for the growing seasons are given in Table 8.

tension at this depth frequently exceeded the operating range of
tensiometers (0.7 to 0.8 of an atmosphere). Tensiometer readings
were made at intervals of 2 to 4 days. In general, the readings of
the 18-inch tensiometers were in the 400 to 600 cm of water range
when it was deemed advisable to irrigate. Upon irrigation, the read-
ings of most 18-inch tensiometers (lid not decrease below 200 cm of

14 STATION TECHNICAL BULLETIN 22

The moisture status of the soil under various treatments was fol-
lowed during the 1947, 1948, and 1949 growing seasons by means of
tensiometers. During the 1947 season, tensiometers were maintained
at depths of 9 and 18 inches in one replication of the experiment.
During the 1948 and 1949 seasons, tensiometers were employed at a
depth of 18 inches in two of the replications. After 1947, tensiom-
eters were not maintained at the 9-inch depth, because soil moisture

water. By referring to Figure 1, it will be noted that only a small
part of the available soil moisture at the 18-inch depth had been re-
moved when irrigations were applied. Supplementary data on mois-
ture extraction from the soil between irrigation periods are given in
the appendix.

Infiltration determinations
The relative infiltration rates of the soil in each plot were deter-

mined during the springs (April) and falls (October-November) of
1947, 1948, and 1949. The measurements were made with sheet-
iron cylinders, 6 inches in diameter, driven approximately 4 inches
into the soil. To decrease lateral movement of applied water, guard
cylinders 18 inches in diameter were placed around each 6-inch cylin-
der, and water was maintained at the same level in the outer com-
partment of the installation as well as the inner compartment while
making measurements. Supplementary data on the use of buffer
compartments in making infiltration determinations are given in the
appendix. The height of water in the compartments during the de-
terminations varied from about 1 to 6 inches. Measurements were
replicated four times within each plot and both "dry" and "wet runs"
were made. The "dry run" consisted of an initial period of 24 hours
during which time the water was moving into soil having a moisture
content considerably less than field capacity in the upper layers. At
the conclusion of the "dry run" the excess water in the cylinder was
siphoned off. One day later, the "wet run" which was also of 24
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hours duration was made. During the "wet run" the soil was pre-
sumably near the field capacity moisture content.

Soil sampling and analysis
To determine the changes in pH value, salinity, and exchange-

able sodium status of the soil with time as a result of treatment, each
plot was sampled at 1-foot intervals to a depth of 2 feet prior to
treatment in July 1946 and after treatment in November 1947 and
in October 1948. At the initial sampling, only one large disturbed
core was taken from the center of each plot. Subsequent samples
were the composite of five small disturbed cores taken from the cor-
ners and centers of each plot. The determinations made on each
sample were (a) pH of saturated soil, (b) electrical conductivity of
saturation extract, and (c) exchangeable sodium content. To permit
estimation of exchangeable-sodium-percentages the cation exchange
capacity of composite samples taken from four plots in April 1947
was also determined.

Disturbed and undisturbed soil samples for determining the
effect of the various treatments on soil structure were taken in April
1949 at the time infiltration measurements were made. Using Lutz's
sampling technique (25), undisturbed soil cores were taken within
each plot at the sites where infiltration rates were measured. Thus,
four cores were obtained from each plot, the sampling depth being
0 to 14 inches. Disturbed soil samples from the 0- to 2-inch layer
were taken adjacent to undisturbed soil sampling sites and composited
by plots. Undisturbed cores were used for moisture release and
bulk density measurements, while disturbed bulk samples were em-
ployed for aggregate analysis.

Results

Hay yields
Although there was considerable weed growth on the plots for

some time following seeding, satisfactory stands of grasses and clover
were obtained initially on all plots except those receiving sulfur
and manure plus sulfur. During the course of the experiment re-
peated attempts were made to establish a full stand of the grasses
and clover on the latter plots by hand seeding. The stand of grasses
was reasonably good on these plots at the conclusion of the experi-
ment but there was very little clover present.

The bar graph given in Figure 3 summarizes the yield data
obtained during the 1947, 1948, and 1949 growing seasons. The
average annual yields for the three-year period and the least signifi-
cant differences between values are also given in this graph. In
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Figure 3. Yield of hay as influenced by various treatments.

general, the annual yields for each treatment increased progressively
with time. Yields for the 1949 growing season were markedly
higher than for previous years. The higher yields of the sulfur
and manure-plus-sulfur treated soil during the 1949 season are par-
ticularly noteworthy. With regard to the average annual yield
for the three-year period, the data show that sulfur has tended to
lower yield, that manure has improved yield, and that lime and gyp-
sum have had relatively little effect upon plant growth.

Infiltration rates
The data obtained during the conduct of the experiment on in-

filtration rates of soil receiving various treatments are summarized
by dates of measurement in the bar graphs presented in Figures 4
and 5. The average rates for all dates of measurement and the least
significant differences between values are also shown in the graphs.
Figure 4 shows the rates obtained during the initial 24-hour period
of measurement ("dry run"), while Figure 5 shows the rates ob-
tained during the subsequent 24-hour period ("wet run"). Inas-
much as measurements were made at four sites within each plot and
there were five replications in the experiment, each individual rate
reported is the average of 20 determinations.

Inspection of the graphs shows that the infiltration rates of soil
receiving a given treatment varied markedly between different dates
of measurement. This was especially true for rates obtained during
the "wet run." Moreover, the least significant differences between
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treatment means are of a high order of magnitude. The latter is due
to the high variability of the alkali soil, but no straightforward ex-
planation for the marked differences in rates obtained at various
dates of measurement is evident. For the various dates of measure-
ment, the relative infiltration rates of soil receiving different treat-
ments tended to be the same. For example, soil receiving no treat-
ment always had the lowest infiltration rate, and soil receiving ma-

;-OCT 1947 5-APR 1949
21947 6-OCT 1949

3-APR 1946 ?-AVE FOR
4-OCT. 1949 ALL DATES

DATE

Figure 4. Infiltration rates of soil as influenced by various treatments ("dry run" data).

I-APR 1947 5-APR 1949
2-OCT 1947 6-OCT 1949
3-APR 1948 7-AVE FOR
4-OCT 1948 ALL DATES

DATE

Figure 5. Infiltration rates of soil as influenced by various treatments ("wet run" data).
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nure plus gypsum treatment usually had one of the highest rates at
any given date of measurement. Using the average infiltration rates
for all dates of measurement as a means of evaluating the treat-
ments, the data show on both "dry" and "wet run" bases that all
treatments except lime increased the infiltration rate of the soil sig-
nificantly. The measured increase for treatment with lime closely
approaches significance. With respect to their beneficial effect upon
soil infiltration rate as determined on both "dry" and "wet run"
bases, the treatments rank as follows: manure plus gypsum>manure
plus lime> manure> gypsum> sulfur> manure plus sulfur > lime.
For the four most effective treatments, the average infiltration rates
as determined on the "wet run" basis are somewhat higher than
those obtained on the "dry run" basis ; whereas the reverse is true
for the four least effective treatments. Thus, the range in rates
obtained for various treatments on a "wet run" basis was greater
than that obtained on the "dry run" basis. Owing to the lower mois-
ture content of the soil, the infiltration rates obtained on the "dry
run" basis should be most closely related to the rates that would be
obtained under normal irrigation practice. Rates obtained on a "wet
run" basis should permit more valid comparison of treatments,
because the moisture content of the soil in the plots was more uni-
form at the time of measurement.

Effect of various treatments on the pH value and salinity
and exchangeable sodium status of the soil

The pH values and salinity and exchangeable sodium status of
the 0- to 12-inch and 12- to 24-inch layers of soil receiving various
treatments at the time of the initial sampling (July 1946) and at
intervals of 16 and 27 months thereafter are summarized graphically
in Figures 6, 7, and 8. Each value reported is the average obtained
for the five replicated plots. As shown in Figure 6, the average pH
values of the soil in each group of plots receiving the same treatment
were rather uniform before treatment (varying from 7.4 to 7.7 in
the 0- to 12-inch layer and from 8.1 to 8.3 in the 12- to 24-inch
layer). Comparison of the values obtained at the three dates of
sampling indicates that application of lime increased the pH value
of the 0- to 12-inch layer of soil slightly and that gypsum lowered the
pH value of this layer slightly. Application of sulfur markedly
lowered the pH value of the 0- to 12-inch layer but none of the
amendments appears to have influenced significantly the pH values
of the 12- to 24-inch soil layer.

The data on electrical conductivity of saturation extracts of soil
presented in Figure 7 show that the average salinity of plots receiv-
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ing the various treatments was somewhat variable initially. As indi-
cated by the fact that the electrical conductivity values for the 0- to
12-inch layers were mostly less than 4 millimhos per cm, it is appar-
ent that salinity was not excessive in this layer during the experi-
ment (40). However, all of the 12- to 24-inch layers of the plots
initially contained sufficient quantities of soluble salts to affect ad-
versely plant growth. In some cases this was true for the duration
of the experiment. Owing to the replacement of exchangeable
sodium, the salinity of the 0- to 12-inch layer of plots treated with
sulfur, manure plus sulfur, gypsum, and manure plus gypsum
increased somewhat following application of these amendments.
Otherwise, the salt content of both layers of all plots decreased as
the experiment progressed. The decreases in salt contents with time
show that sufficient irrigation water was being applied during the
experiment to permit some degree of leaching.

By reference to Figure 8, it is seen that the average initial ex-
changeable sodium content of the 0- to 12-inch and 12- to 24-inch
layers of the plots receiving the various treatments did not differ
greatly. As would be expected, treatments involving sulfur and
gypsum caused the greatest decreases in the exchangeable sodium
contents of the soil during the duration of the experiment. In fact,
manure plus lime was the only treatment, other than those involving
sulfur and gypsum, which caused an appreciable decrease in ex-
changeable sodium content. This occurred only in the 0- to 12-inch
layer of soil. Treatments involving sulfur and gypsum replaced
considerably more exchangeable sodium in the 0- to 12-inch soil
layer than in the 12- to 24-inch layer.

Cation exchange capacity values obtained for the 0- to 12-inch
layer of four plots selected at random varied from 28.8 to 35.0 me
per 100 gm, while those for the 12- to 24-inch layer varied from 28.1
to 30.9 me per 100 gm. The average values for the 0- to 12- and
12- to 24-inch layers were 32.3 and 30.0 me per 100 gm respectively.
These average cation exchange capacity values together with the ex-
changeable sodium contents given in Figure 8 may be used to esti-
mate exchangeable-sodium-percentages.

Effect of various treatments on soil aggregation and
moisture retention

Determination of the distribution of pore sizes in undisturbed
soil samples has been proposed as a measure of soil structure (6, 26,
38). The distribution of pore sizes may be calculated from data on
the percentages of water retained by the sample at various tensions
and its bulk density. Data on percentages of moisture retained at



I-JULY 1946 NOV. 1947 3-OCT. 1948

MANURE MANURE
LIME GYPSUM + +

LIME GYPSUM
MANURE

CHECK SULFUR MANURE t
SULFUR

p O.12" LAYER

4

Y

r

0

12'-24 LAYER

P

III I III 11/11/11 II IriI
IYS IYS 125 IYS 195 1Y5 123 125

DATE

14r

E
LE

C
 C

O
N

D
U

C
T

IV
IT

Y
, M

IL
LI

M
H

O
S

 P
E

R
 C

M
. A

T
 2

5°
C



%-JULY 1946

LIME

MANURE
CHECK SULFUR MANURE +

SULFUR

0-12" LAYER

L.S.D.
(05)

4

LOS) F

1 1 1 1i It! Itt Itt Itt It I t It

LSD

2-NOV. 1947 3-OCT. 1948

GYPSUM
MANURE MA + RE

LIME GYPSUM

12*-24' LAYER

DATE
Figure 8. Exchangeable sodium contents of soil before treatment and at intervals thereafter.



1280

640

32 0

160

80

40

5

28 30
I

I

THE IMPROVEMENT OF AN ALKALI SOIL 23

z
0
NZ
W
F
W

H
N_

0

2

CHECK
GYPSUM
SULFUR
LIME

24 6 2

PERCENT WATER
Figure 9 Moisture release curves for the 0- to 1k-inch layers of soil receiving

various treatments.

various tensions by soil cores taken at a depth of 0 to 14 inches from
the plots in April 1949 are summarized graphically in Figures 9
and 10. Inasmuch as four cores were taken from each of the five
replicated plots, each value plotted is the average of 20 determina-
tions. There appear to be no significant differences in the shapes of
the various moisture release curves with the exception of that for
the untreated soil. Over the tension range 5 to 40 cm of water, very
little water is released by the untreated soil, indicating that large size
pores are practically absent. In view of the small differences in the
moisture release curves for soil receiving the various treatments, the
distribution of pore sizes was not calculated. The average bulk
density values of cores used for moisture release determinations
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Figure 10. Moisture release curves for the 0- to 11-inch layers of soil receiving
various treatments.

varied only from 1.30 gm per cc for sulfur and gypsum treated soil
to 1.39 gm per cc for untreated soil. None of the average values
obtained for the different treatments differed significantly.

The results of aggregate analyses made on soil representing the
0- to 2-inch layer of the plots are summarized in Figure 11. None
of the differences in percentages of aggregates having a diameter
smaller than 1 mm is significant, but differences of 9.5 per cent
are significant in the case of aggregates larger than 1 mm diameter.
Hence, the data show that applications of gypsum, manure, manure
plus lime, and manure plus gypsum resulted in significant increases
in the percentage of aggregates larger than 1 mm diameter.
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Discussion

As shown in Figure 3, the average annual yield of hay grown
on check plots was 2.6 tons per acre. This value shows that fair
plant growth can be obtained on the untreated alkali soil, providing
nitrogen and phosphorus fertilizer is applied and a supply of avail-
able moisture is maintained. In conducting this experiment, irriga-
tion water was impounded and allowed to remain on the untreated
soil until the root zone was wetted. Whereas under normal irrigation
practice, the root zone would not be wetted adequately because of
the low soil infiltration rate.

1->IMM 3-5-25MM.
2-I'.5MM 4-25- IMM.

MANURE MANURE MANURESULFUR GYPSUM MANURE + + +
LIME SULFUR GYPSUM

SIZE RANGE

Figure 11. Influence of various treatments upon the percentages of different size aggre.
gates present in the 0- to 2-inch soil layer.

Increases in hay yields amounting to about an additional ton
per acre per year were obtained by the application of large amounts
of manure. The reason for the response to manure cannot be defi-
nitely determined from the data at hand. The fact that other treat-
ments giving lower yields increased soil infiltration rates and aggre-
gation as much as the manure treatment suggests that the response
to manure was not due to improvement in soil structure. Moreover,
the response to manure cannot be attributed to decreases in exchange-
able sodium contents of the soil, because sulfur and gypsum treat-
ments, which replaced more exchangeable sodium than the manure
treatment, failed to increase yields significantly. The manure may
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have supplied limiting elements other than nitrogen and phosphorus,
or it may have served as a better source of nitrogen and phosphorus.

The influence of the various chemical amendments on the yield
responses obtained with manure were variable. Yields on manure-
plus-lime treated soil were quite similar to those on soil treated with
manure alone; but sulfur and gypsum, when used with manure,
had a depressive effect upon yield responses from the latter. In
fact, during the 1947 and 1948 growing seasons the depressive effect
of the relatively high application of sulfur on yields more than
offset the beneficial effect of manure. The depressive effect of the
sulfur when applied with manure as well as when applied alone is
thought to be associated with the soil acidity, which developed upon
application of the sulfur as shown in Figure 6. Because the
amendments were applied at the soil surface, the pH values of the
upper few inches of the sulfur and manure plus sulfur-treated
soil were in all probability considerably lower than that shown for
the 0- to 12-inch layers in Figure 6. The high acidity apparently
affected adversely the establishment and growth of the grasses and
the clover in particular. The higher yields obtained on the sulfur
and manure-plus-sulfur treated soil during the 1949 growing season
correlate with the fact that by the beginning of this season a fair
stand of plants had been obtained on the plots by hand-seeding
methods. It is also probable that a considerable part of the plant
root systems had become established in less acid soil at a greater depth
in the profile by 1949.

The fact that fair plant growth can be obtained on the alkali
soil, providing adequate supplies of available soil moisture and min-
eral nutrients are maintained, indicates that the low infiltration rate
of the soil is the principal cause of the unproductivity of the "slick
spot" areas. For this reason the influence of the various treatments
upon soil aggregation and infiltration rate is of particular interest.

Of the various chemical amendments applied alone, gypsum was
the most effective in improving soil infiltration rate and percentage
aggregation. Lime failed to increase the infiltration rate and per-
centage aggregation significantly. The difference in response of the
soil to the two amendments as regards infiltration rate is directly
related to the solubilities of the calcium which they contain and hence
to the amounts of exchangeable sodium replaced.

Sulfur was somewhat less effective than gypsum in improving
infiltration rate and had no significant effect upon percentage aggre-
gation. The smaller effect of sulfur upon infiltration rate cannot be
attributed to less replacement of exchangeable sodium, because, as
shown in Figure 8, more exchangeable sodium was removed from
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sulfur-treated than from gypsum-treated soil. A more probable
explanation for the differences obtained with sulfur and gypsum
treatments lies in the fact that different cations were involved in the
replacement of exchangeable sodium. Because the upper part of the
alkali soil is noncalcareous, replacement of exchangeable sodium in
sulfur-treated soil was largely by hydrogen, while in gypsum-
treated soil the replacing cation was calcium. Both calcium and
hydrogen flocculate soils, but their effect on soil aggregation and water
infiltration is presumably different, the calcium cation having a more
favorable effect. It is thought that the more favorable effect of
calcium on soil aggregation and water infiltration takes place indi-
rectly through its influence on the decomposition and synthesis of
organic matter (2, 5). The data obtained in the present study re-
garding the influence of the various chemical amendments on the
beneficial effect of manure lend credence to this viewpoint.

Although there were no significant differences in degree of ag-
gregation, the average infiltration rates of soil treated with manure
plus lime and manure plus gypsum were higher than that treated
with manure alone. This may be explained by the fact that the two
former treatments replaced more exchangeable sodium from the soil.
However, the average infiltration rate and percentage aggregation of
soil treated with manure plus sulfur was much lower than ob-
tained for soil treated with manure alone, indicating that the ex-
changeable hydrogen produced by the chemical reaction of the sul-
fur in the soil had a marked detrimental effect on the decomposition
of the manure and the formation of soil aggregates.

Although several of the treatments employed resulted in two-
to five-fold increases in the average infiltration rate of the soil over
a three-year period, consideration should be given to the permanency
of the various treatments in their evaluation. Improvements in in-
filtration rate which took place as a result of exchangeable sodium
replacement may be considered permanent, providing soil manage-
ment practices remain good. Improvements resulting from the ap-
plication of manure may be of a temporary nature and diminish with
time as the organic matter content of the soil decreases by microbial
oxidation. On the other hand, it is to be expected that the improve-
ments in infiltration rate obtained by application of manure will
facilitate the leaching of soluble salts and the replacement of ex-
changeable sodium by normal irrigation and cropping practices.
Practically complete reclamation may eventually be obtained without
application of chemical amendments. In any case, because of its
very high silt plus clay content, it seems probable that the soil will
have to be managed carefully at all times to maintain a sufficient in-
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filtration rate for economical crop production. In view of what has
been said regarding the permanency of the various treatments, it will
be of interest to ascertain the infiltration rates and the progress of
reclamation of the soil in plots receiving the different treatments at
intervals in the future. At the conclusion of the experiment, the
plots were marked by iron stakes in order to permit relocation.

Summary

During the period July 1946 to November 1949 a field plot ex-
periment was conducted on areas of unproductive alkali soil ("slick
spots") at the Malheur Experimental Area near Ontario, Oregon.
The soil studied was of a very silty nature and contained consider-
able amounts of exchangeable sodium and soluble salts in its subsur-
face layers. Calcium carbonate occurred only at depths below about
12 inches, the pH value above this depth being about 7 and that
below this depth about 8.5. Permeability was very low throughout
the profile, but no high water table condition existed.

The purpose of the experiment was to evaluate the use of ma-
nure and various chemical amendments for the amelioration of the
soil. Eight treatments were used. They consisted of (a) check,
(b) lime, 10 tons per acre, (c) sulfur, 3 tons per acre, (d) gypsum,
16 tons per ' acre, (e) manure, 50 tons per acre, (f) manure plus
lime, 50 and 10 tons per acre, (g) manure plus sulfur, 50 and 3
tons per acre, and (h) manure plus gypsum, 50 and 16 tons per acre.
Each treatment was repeated five times. The plots were 12 feet x 12
feet in size. All plots were seeded to a grass-legume mixture, and
irrigation was performed by means of a portable sprinkler system.
Treatments were evaluated by means of plant growth and water in-
filtration rate measurements and by physical and chemical analysis of
soil samples taken before treatment and at two intervals thereafter.

The experiment showed that fair plant growth could be obtained
on untreated soil, providing it was fertilized with nitrogen and phos-
phorus and a supply of available soil moisture maintained. Applica-
tion of lime and gypsum had no significant effect on the average
annual yield of hay, but application of sulfur lowered yields mark-
edlyedly during the first two growing seasons. A yield response,
amounting to about an additional ton of hay per acre per year, was
obtained on manure and manure plus lime-treated soil ; but increases
averaging only about a half a ton per acre per year were obtained
on manure plus gypsum-treated soil. The relatively high amount
of sulfur applied with or without manure had a marked depressive
effect on hay yield.
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All of the treatments except lime increased the infiltration rate
of the soil significantly, the increases varying from about two- to five-
fold. With respect to their beneficial effect upon soil infiltration rate
the treatments rank as follows: manure plus gypsum>manure plus
lime> manure> gypsum> sulfur> manure plus sulfur>lime. The
first four treatments of this series also resulted in increases in the
percentage aggregation of the soil.

Analysis of soil samples taken from the plots before treatment
and at intervals of 16 and 27 months thereafter showed that appli-
cation of lime increased the pH value of the 0- to 12-inch layer of
soil slightly while gypsum decreased the pH value of this layer
slightly. Application of sulfur lowered the pH value of the upper
foot of soil to approximately 5.5, but none of the treatments influ-
enced the pH value of the 12- to 24-inch layer of soil significantly.
The adverse effect of treatments involving sulfur on yield and the
relatively low response of the sulfur and manure plus sulfur-
treated soil as regards infiltration rate and aggregation are attributed
to the soil acidity which developed upon treatment.

As would be expected, replacement of exchangeable sodium took
place to the greatest extent in sulfur, manure plus sulfur, gypsum,
and manure plus gypsum-treated soil. In fact, manure plus lime was
the only other treatment which resulted in the replacement of signifi-
cant amounts of exchangeable sodium and this occurred only in the
0- to 12-inch layer of soil. Except for small initial increases follow-
ing the addition of chemical amendments, the salt contents of all plots
decreased with time, showing that sufficient water was applied to the
experimental area to permit some degree of leaching.
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Appendix

Methods employed for making physical and chemical
determinations on soil samples

For the most part the methods employed for the physical and
chemical analysis of soil samples are described elsewhere. These
methods along with citations to their place of publication are listed
below.

Determination Literature cited

Particle size distribution .......................................................... (24)
Permeability of undisturbed cores ---------------------------------------- (4)
Bulk density of undisturbed cores -------------------------------------- (40)

Saturation percentage (28)

pH ------------------------------------------------------------------------------------------------- (40)

Organic matter --------------- --------- :.................. -........................ -.... (32)
Gypsum ....................................... --------------------------------- ------------ (3)
Cation exchange capacity ----------------------------------------------------- (40)
Exchangeable cations -------------------------------------------------------------- (40)
Electrical conductivity ...................................... ...----- (28)
Cations (Na, K, Ca and Mg) ---------------------------------------------- (28)
Anions (Cl, SO., and HCO,) ------------------------------------------------ (28)
Nitrate --------------------------------------------------------------------------------------- (1)
Boron --_---------------------- ----------------------------------------------------- (18)

In determining the moisture retention characteristics of undis-
turbed soil samples, the exposed surfaces of the cores contained in
the sampling cans were covered with a piece of cheesecloth using a
rubber band to secure the cloth. The cores then were placed on
porous bricks submerged in water and allowed to absorb water by
capillary action until the weight of the core changed but little on
further standing. Retention at tensions of 1,280 cm of water and
less was determined by means of a porous plate apparatus (35, 36),
while at tensions greater than 1,280 cm of water it was determined
with a pressure-membrane apparatus (34, 36). Samples for aggre-
gate analysis were allowed to air-dry and then were passed through
a square-hole sieve having openings of 4.75 mm. The analyses were
made by a procedure similar to that suggested by Nijhawan and
Olmstead (31). This involved wetting the sample under vacuum
and sieving it under water. A 50-gm soil sample and four 5-inch
sieves having openings of 1.0, 0.5, and 0.25 and 0.1 mm were em-
ployed. Samples were sieved for 30 minutes at 30 cycles per min-
ute, the vertical displacement being 14 inches.
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Supplementary study on the use of buffer compartments
in making infiltration determinations

A disadvantage of the use of cylinders for the determination of
infiltration rate of soil arises from the fact that, depending upon soil
permeability, various fractions of the water absorbed by the soil
move laterally rather than vertically. To overcome this disadvantage
somewhat, two cylinders of different size are placed in the soil con-
centrically, the outer compartment serving as a buffer to decrease
lateral movement from beneath the inner compartment which is used
for measuring the infiltration rate. When infiltration measurements
were made on the plots in October 1947, the intake of water from
both the inner and outer compartments was determined and the in-
filtration rates from the two compartments calculated. The data ob-
tained, which are summarized by treatments in Table 5, show the

Table 5. COMPARISON OF INFILTRATION RATES OBTAINED BY MEAS-
URING THE INTAKE OF WATER FROM THE INNER AND OUTER

COMPARTMENTS OF DOUBLE-CYLINDER INFILTROMETERS.

"Dry run"

Infiltration rate

"Wet run"

Inner I

com- I

part- I

ment I

(A)

Inches/
hour

Outer
com-
part-
ment
(B)

Inches/
hour

(B)

(A)

Inner I

com- I

part- I

ment I

(A) 1

Inches/
hour

Outer
com-
part-
ment
(B)

Inches/
hour

Check .029 .068 2.3 .015 .035 2.3
Lime ______________________________ .037 .119 3.2 .020 .070 3.5
Sulfur .125 .229 1.8 .070 .144 2.1
Gypsum .081 .237 2.9 .040 .171 43
Manure ________________________ .082 .255 3.1 .029 .135 47
Manure plus lime ------ .095 .175 1.8 .038 .095 2.5
Manure plus sulfur _. .178 .399 22 .075 .197 2.6
Manure plus gypsum.. .118 .423 3.6 .080 .259 3.2

infiltration rates as determined by the outer compartments to be from
1.8 to 4.7 times as great as those obtained using the intake of water
from the inner compartments. This suggests that use of a buffer
compartment at least partially eliminates lateral movement of water
from beneath the inner compartment. Information on the extent to
which use of the 18-inch cylinder eliminates lateral movement from
beneath the 6-inch cylinder was obtained by comparing the intake of

Treatment

(B)
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water from the three compartments formed by placing cylinders 6,
18, and 30 inches in diameter concentrically in the soil. The data,
which were obtained for two sites within each of two plots in No-
vember 1949, are given in Table 6. The fact that the average infil-

Table 6. COMPARISON OF INFILTRATION RATES OBTAINED BY MEAS-
URING THE INTAKE OF WATER FROM THE INNER MIDDLE AND

OUTER COMPARTMENTS OF TRIPLE-CYLINDER INFILTROMETERS.

"Dry run

Infiltration rate

"Wet run"

Inner Middle Outer Inner Middle Outer
corn- corn- corn- com- corn- corn-
part- part- part- part- part- part-

Plot and site ment ment ment ment ment ment

Inches/ Inches/ Inches/ Inches/ Inches/ Inches/
hour hour hour hour hour hour

Plot 2A, site 2 ............ .35 .45 .40 .48 53 .77
Plot 2A, site 4 ............ .25 .27 .45 .46 .48 .54
Plot 37, site 2 ............ .20 .12 .42 .13 .07 .23
Plot 37, site 3 _........... .04 .15 .30 .06 .09 .17

Average .................. .21 .25 .39 .28 .29 .43

tration rates obtained by use of the inner and middle compartments
are similar and much lower than that obtained by use of the outer
compartments indicates that most of the water which moves laterally
during the infiltration measurement comes from the outer compart-
ment. Hence, it is probable that use of a buffer compartment largely
eliminates errors due to lateral movement in the measurement of the
infiltration rate of the soil studied.

Supplementary study on moisture extraction from the soil
As mentioned previously, soil moisture tension at the 9-inch

depth in the plots usually exceeded the operating range of tensiom-
eters between irrigations, while that at the 18-inch depth was gen-
erally in the 400 to 600 cm of water range when it was deemed ad-
visable to irrigate on the basis of plant appearance. Samples of
soil were taken and the average moisture contents of various layers
of four plots selected at random were determined just prior to irri-
gation three times during the 1949 growing season. The average
field capacity percentages of the various soil layers also were deter-
mined. These data together with the amounts of water applied and
the amounts of water required to wet the soil to the field capacity per-
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Table 7. MOISTURE EXTRACTION DATA FOR THREE IRRIGATION
PERIODS.

ampling date
and depth

Moisture
content
before

irrigation

Per cent

ield
capacity

Per cent

Moisture
required

for wetting
to field
capacity

Inches

Water
applied
during

irrigation

Inches
August 17, 1949

0 to 12 inches ........ 17.6 31.5 2 26
12 to 24 inches .___.._ 33.5 34.7 0.18
24 to 36 inches _.....- 30.9 32 3 0.22

Total .................... 2.66 4.28

September 6, 1949
0 to 12 inches ........ 18.4 31.5 2.12

12 to 24 inches -------- 30.9 34 7 0.64
24 to 36 inches ___.... 31 7 32 3 0.26

Total 3.02 4.65

September 26, 1949
0 to 12 inches ........ 185 31.5 2.11

12 to 24 inches .------- 29.8 34 7 .82
24 to 36 inches ........ 29.1 32.3 51

Total .................... 3.44 3.64

centage are given for each of the three irrigations in Table 7. The
data show that very little water had been extracted below the 12-inch
soil depth when it was considered desirable to irrigate. In agree-
ment with the findings regarding soluble salt removal (Figure 7),
the data also show that amounts of water applied during irrigation
were sufficient to permit some leaching of the soil. Failure of the
plants to extract appreciable amounts of water from the soil at depths
below 12 inches may have been due to the higher exchangeable
sodium and salt content of the soil below this depth.
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Table 8. CLIMATOLOGICAL DATA FOR THE GROWING SEASONS OF
1947, 1948, AND 1949.*

onth ean

°F

Temperatures

Mean
maxi-
mum

°F

Mean
mini-
mum

F

Precipi-
tation

Inches

Evapora-
tion

Inches
Year 1947

April ............................ 51.5 652 37.8 0.96
May .............................. 64.7 80.5 48.9 0.76
June ............................ 62.6 76.1 49.2 2.22
July ------------------------------ 76.0 93 5 58.5 0.0
August ------------------------ 72.0 89.0 54.9 0 01
September .................. 61.8 782 45.5 0.35
October ...................... 53.3 65.7 40.9 1.13

Total ------------------------ 5.43

Year 1948
April .......................... 48.2 60.8 35.6 1.21 4.37
May .............................. 57.8 71.3 44.2 1.33 6.24
June ............................ 69.8 84.0 55.7 0.36 8.07
July .............................. 72.5 88.7 56.3 0.25 11.76
August ........................ 708 87.5 54.0 0.05 8.12
September .................. 62.1 78.2 46.0 0.26 5.20
October ...................... 51.0 66.5 35.4 0.30 2.83

Total ........................ 3.76 46.59

Year 1949
April -------------- -------------- 542 70.1 38.2 .01 6 14
May ............................ 62.6 775 47.7 1.69 7.34
June ............................ 67.2 82.9 51.5 0 41 9 75
July .............................. 738 91.1 56:4 Tr. 10.52
August ------------------------ 73.3 89.9 56.6 0.02 8.73
September .................. 64.3 80.9 47.6 0 07 5.68
October ...................... 46.4 61.7 31.10.43 3 05

Total ...................... 2.63 51.21

*Data taken at the Weather Bureau Station, Malheur Experimental Area.
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