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DUTY OF WATER IN IRRIGATION
INTRODUCTION

The work herein reported is a phase of the Oregon Soil and Soil
Water Investigations conducted partly in cooperation with the U. S.
Dept. of Agriculture Bureaus of Plant Industry and of Rural Engineering.
This report is published as a phase of the work provided for by Chapter
350, General Laws of Oregon, 1919.

The U. S. Office of Irrigation Investigations has cooperated in certain
phases of the experiments, and the II. S. Bureau of Plant Industry in the
water requirement work reported herein.

Duty of water is perhaps the broadest problem with which irriga-
tionists have to deal. As large projects develop, values increase, and
more intensive methods become necessary, the demand for definite evi-
dence as to the amount of water needed for crops and soils becomes more
urgent. If the highest productive values are to be reached and the
greatest. production of the best quality of crops is to be maintained,
large projects require more efficient use of water. Duty of water data
are of value in the equitable apportionment of public water supplies,* in
the determination and settlement of water rights, in the determination
of capacity for irrigation structures, in the prevention of waste and
utilization of water resources, and in the control of soil moisture in
such a manner as to produce the maximum net profit from agricultural
operation. Considerable difference of opinion exists as to the proper duty.

A reasonable amount of water needs to be provided for each of the
chief soil types and for each important class of crops according to their
water requirements, average yields, and relative acreage on each project.
This is desirable rather than to lump one flat rate for a great valley or
project. The amount of water provided affects estimates and final cost,
determines the area it is possible to irrigate, and has its effect upon the
security of investment in irrigation and the ultimate agricultural and
financial success of a project. Without control and economic use of the
water resources, the fullest development and highest values will never
be realized in the irrigation sections. To secure economical use of water
on an irrigation project and avoid alkali and drainage problems, there
must be a good distribution system and each farmer must use water in-
telligently.

Too little water results in crop shortage, while excessive irrigation
may lessen the crop and injure the soil in places to the point of un-
profitable production. It is better economy to provide only a moderate
allowance of water with reasonably priced structures than to provide a
liberal supply at a great expense and invite additional drainage assess-
ments later on. The aim should be to get the highest practicable effi-
ciency out of every acre inch of rainfall and every supplementary inch
of irrigation water provided. The amount of water that will give the
greatest net profit an acre will generally represent the limit of preventa-
ble loss under present economic conditions in Oregon. As water be-
comes very valuable in places the net profit to the acre foot will become
of increasing importance.

*Fortier, S. Duty of Water in Irrigation.'' Address before International Engi-
neering Congress, San Francisco, Sept. 1S15.
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DEFINITIONS OF TERMS AND STANDARDS
In a discussion of duty of water in irrigation it is necessary to de-

fine terms and standards.
The duty of water is the relation between a given quantity of water

and the area which it serves. For purposes of this report this relation
will be expressed primarily as the number of acre inches used to the
acre. Where a few acre inches are used an acre, the duty is said to be
high, and where many acre inches an acre are used the duty is called low.

Economic duty as used herein refers to the quantity of water giving
the maximum net profit an acre, all costs such as land water, cost of pro-
duction, and crop value considered. Where water is very valuable, and
scarce in proportion to the irrigable acreage, the quantity required for
the maximum net profit will be little more than that required to give
the greatest returns an acre inch. Where land areas are valuable or
limited the maximum net profit an acre will be realized by using almost
as much water as would be required to produce the maximum yield art
acre. The quantity giving the maximum profit an acre may be greater
than the amount required for the maximum return an acre inch, and
less than that required for the maximum yield an acre; but like these
other factors, it will he subject to the law of diminishing returns as
greater quantities of water are applied per unit of land.

Water requirement, or water cost of dry matter, or evaporation trans-
piration, or absolute duty, refers to the number of units or pounds of
water passing through a plant, plus those lost by evaporation from the
soil belonging to the plant for each unit o dry matter produced, un-
avoidable percolation and subbing in the fields being disregarded. Ex-
pressing the quantity of water as the number of pounds required to pro-
duce one pound of dry matter gives an exact measure of the water con-
sumed by the crop. The water cost under field conditions obtained in
connection with those plots giving the maximum net profit an acre over
several years of time gives us a fairly reliable figure for the crop-pro-
ducing power of water and .for estimating the highest probable duty of
water.

Irrigation requirement refers to the portion of the total water used
by the crop which will need to be furnished by irrigation. To obtain
the economic duty, or irrigation requirement under the condition as
herein determined and presented, the number of inches of water asso-
ciated with the plot giving the maximum net profit each year has been
averaged.

Highest probable duty, or crop producing power of waters based on
the water cost, is used to refer to the least probable amount actually
required to be consumed by plants from soil, rain, and irrigation for
most profitable yields under modern methods of farming as determined
by several years of experiments. In sections where rain and soil water
are practically negligible in quantity, this figure should indicate the
least probable amount of irrigation per unit production. In other words,
if it requires six inches of water to produce a ton of alfalfa hay
containing 15 percent moisture, the duty In an arid section where a
good yield is three tons an acre is not likely to be less than eighteen
acre inches an acre for the season, or where the yield is six tons an acre,
it is not likely to be less than thirty-six acre inches an acre for the season.
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DUTY OF WATER INVESTIGATIONS
The duty of water work herein reported is an important phase of

the irrigation investigations conducted during the past twelve years at
the home station at Corvallis and is based on about six hundred seasonal
plot products and some thirty thousand soil-moisture determinations.
The economic duty based on the maximum net profit an acre as de-
termined under field conditions is herein presented, and the highest
probable duty of water based on the water cost under field conditions is
presented in a rather new light. It is believed that these results con-
sidered in connection with soil and climatic conditions are of real value
in estimating the crop-producing power of water, the highest probable
duty of water, and the economic duty of water in the irrigated sections
of the world.

Plans and Methods. The data presented constitute an important
phase of the irrigation experiments since 1907. The general conditions
and methods employed have been, described in considerable detail in a
previous bulletin.* The tables represent data collected from a series
of experiments carried on by growing staple field crops on duplicate
one-tenth acre plots under field conditions, on a brown silt loam soil of
good fertility, and applying measured quantities of irrigation water,
pumped from a creek. The tract is fully exposed to the weather. It
has a general slope which is favorable for irrigation and affords fair
drainage. The soil is representative of the gently rolling, brown silt
loam which occupies a large part of the Willamette Valley floor. It is
uniform both horizontally and vertically and has good water capacity.
It is slightly heavier than is desirable for irrigation.

Soil samples have been collected and moisture determinations made
at time of crop emergence and at harvest. Moisture in marketable and
unmarketable plant parts at harvest time has been determined. These
records together with irrigation, rainfall, and yield measurements have
made it possible to calculate the water cost of dry matter under field
conditions. The cost of production including irrigation has been calcu-
láted and the net profit to the acre in each case determined, using former
normal values. The profit at present prices would be about twice as
great as given herein.

Climate. The climate of Corvallis is mild. The summers are sunny
with low relative humidity and with stiff sea breezes the latter part of
the season. The winter season is rainy and has a mild temperature.
Weather records kept in connection with these experiments show some
variations from normal, but for the twelve-year period the departures
are very slight. Evaporation for the five month's growing season has
averaged approximately twenty-three inches. A summary of weather
conditions for this period will be found in Table I.

RESULTS OF TWELVE YEAR'S IRRIGATION EXPERIMENTS
(Table II)

The summary presented in Table II shows the chief crops employed
in the experiments, the number of years represented in the trial, and the
average depth of irrigation applied to each. There was usually but one

*POwers, W. L. Irrigation and Soil Moisture Investigations. Oregon Experiment
Station Bulletin No. 122 (1914).
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gated plots compared to it for each season.

TABLE 1.-SUMMARY CORVALLIS WEATHER DATA, 12 YEARS, 1906-1918

- 5-mo. Dept. Evapoi-a-
total fioni Evaporation tion

Aug. Sept. ave. normal May June July Aug. Sept. 5-mo.
Rainfall-inches

Year May rune
Temperature

july Aug. Sept.

5-mo.
total
ave.

Dept.
from

normal May
1907 57.1 61.1 05.8 64.3 01.01 61.8 +.8 1.27 1.11 .241 1.15 1.17 .99 - .22
1908
1909
1910
1911
1912
1913
1914
1915 - . -

1916 - . -

1917 - . -

1918 - . -

I
51.1
52.1
57.5
51.0
56.7
54.5
57.61
54.7
51.8
54.7
52.4

58.6
60.6
58 2
56.5
61.2
60.0
57.9
65.1
59.5
61.6
65.61

69.6
02.0
65.7
69.2
65.2
66.4
67.0
68.3
62.6
65.8
65.8

64.6,
62.9
62.7,
67.51
60.81
66.21
65.01
75.4
67.8
69.3
69.2

59.21
61.5
59.0
54.0,

56.1
61.01
61.41
59.7!
61.51
66.61

60 6
.59.860.4-
59.6
60.760.6-
61.7
64,9
60.3
62.6
63.9

-.4
-1.2

.6
-1.4- .3

.4
+ .7
+3.1-.7
+1.6
+8.3

2.89
1.39

.83
4.21
2.14
1.89
1.59
2.39
2.77
1.50
1.11

1.38
.30

1.73
1.05
1.48
2.88
2.15
0.54
1.45

.86

.00

.00,
1.101

J
.031
.171
.93
.001

1.091
2.341

.001

.451

1.00
.11
.01
.02

2.18
.37
.00
.00
.03
.01
43

.23
1.161

.85
4.27
1.94
2.34
3.84

.391

.601
2.19

.50

1.10
.81
.68

1.91
1.58
1.70
1.51

.88
1.44

.91

.51

---
+
+
+
+-
+--

.11

.40

.53'

.70

.37

.49

.30
.33
.23
.19
.68

3.56
2.36

5.52
3.41
4.08

4.20
4.20

3.32
6.46
3.91

5.32
7.15

6.08
6.51
4.761
4.77
7.31
4:08
5.24
6.66
7.13

6.23
6.09
4.54
3.60
3.95
5.50
5.80
7.47
6.17

3.60
4.54

3.43

4.35
3.75
3.49
4.45

23.67
23.70

23.00

17.84
24.22
26.35
29.00

60.11 - .03, 22.96Average
I

54.3 60.61 3 .1 06.7 61. I -4- .371 2.001 1.24 .53' .44 1.63!

TABLE TI. SUMMARY TWELVE YEARS EXPERIMENTS ON VALUE 01' IRRIGATION
(Ave. all comparisons) *

Gain in
net profit

Lbs. water per lbs. irriga-
Net profit dry matter whole tion

whole crop crop. over
No. Increase from irrigation

years Ave. Yield per acre Per $ $ per
in depth bushel or ton. Per acre per acre

Crop trial In i Dry Irrigation acre inch act-v inch Dry Irrigation Dry Irrigation dry.

Potatoes I
12 I

3.69 156.930 I 215.530 58.590
I

14.060 24.06 6.58 72.10 96.06 738 644
636

23.96
7.94

Clover 10 6.97 3.910 5.220 1.311
I

.307 9.26 1.41 30.11 38.05 676
9.16

Alfalfa 1 8 7.96 3.135 4.547 1.412 .225 10,33 1.39 21.20 30.36 961 739
.83

Cern 8 4.86 6.559 9.062 2.637 .074 ' 2.23 .51 12.18 13.06 794 831
12.19Beans I

7 3.66 12.529 17.600 5.356 1.706 11.88 4.04 22.60 34.79 2364 1761
2.38

Beets I 437 10.817 13.884 3.078
I

1,279 4.492 1.12 9.84 12.32 566 535
10.84Kale 3 4.33 10.611 13.952 3.273 .692 2.33 .85 4.48 15,2 945 937 .

°Nots: The averages are for all comparisons and are not w ighted a e ages.
irri-To secure a weighted average the yield of dry plots each season would need to he repeated the same as thsi gh there were
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pair of dry plots, waereas the average figures for yields, amount of irri-
gation, and other data given for the plots receiving water, are based on
all trials with water. One pair of plots was usually employed and given
a small amount of irrigation; a second pair, a, medium amount; and a
third pair, a fairly large amount of water. By a summary of all trials,
all crops gave an iticrease from the use of water. The value of this
increase is estimated by using normal, conservative values for the crops
produced. Net profit for the whole crop is arrived at by charging
maximum cost of $1.00 an acre inch for irrigation and making a slight
charge for harvesting the increase. In all cases the profits have been
substantially larger where the crop has been raised under irrigation.
Except for corn, the water cost of dry matter has been distinctly less
with irrigation, the difference being on the average 15 to 20 percent less.
The gain in net profit for the irrigation treatment over the dry treat-
ment ranges on the average from $0.87 with corn to $23.96 with potatoes.
There is likely to be a better return with long-season crops and crops
which have a large cash value an acre. The profit to the acre inch for
the increase is a measure of the returns for each unit of water and gives
a valuable standard where water is expensive, as is true, in the case of
pumped water.

The detailed data by crops are presented in Table III (a to e inclu-
sive), including the variation from year to year in the amount of water
applied to different crops and the returns realized from the treatment.

Alfalfa and other meadow crops require relatively large amounts of
water, and without irrigation under local conditions begin to be checked
in their growth in June. With proper irrigation such meadow crops can
be kept in a green and flourishing condition throughout the season. With
the aid of irrigation it is possible under our conditions to secure four
cuttings of meadow crops. If the season is a dry one, two irrigations
will do better, than one, the water being applied for the third and fourth
cuttings. Where a good head of water is obtainable the strip border
method of irrigation is adapted to this silt loam soil. With a smaller
head the corrugation method will need to be employed.

Potatoes, beans, and other cultivated crops require in this climate
only a moderate amount of supplemental irrigation. With beans, one
moderate soaking at the time they are coming into full bloom followed
by thorough cultivation is generally the most profitable. With potatoes,
a uniform moderate moisture content is the important factor in keeping
them growing at an even rate. This is best maintained by moderate
'irrigation when the potatoes are coming into bloom and further irrigation
when they have about finished blooming. Beets have been more profit-
able under irrigation than corn or kale. They make their growth late
in the season and are somewhat benefited by a second irrigation. It may
not be profitable, however, to apply late irrigation, or a second irriga-
tion, to beets, except in dry seasons.

lrain, when planted in the fall, as most of the crop should be under
our conditions, is not itself greatly benefited by irrigation, though sonle
increase in yield has been obtained. It is possible, however, to bring
on the new seeding of clover planted with the grain so that it will come
to bloom and yield a fair cutting in the fall of the same season that the
grain crop is removed. It is also possible to grow a second crop by



TABLE III. EFFECTS OF
A. Effect of 8

IRRIGATION ON VARIOUS CROPS
years irrigation on aifalfa

Irrig.
in

Year inches

Yield in tons
Irriga-

Dry lion

a from irrig ton
Gain Gain $ per

per per acre
acre acre in. net

$ per
acre

inch net

Net profit Lbs. H1 per lbs.
whole crop total product

Irriga'
Dry ticn Dry

D,M.

Irriga'
tion

1910 Green 10.42* 4975* 16.95 11.977* 1.15* 8440 1.31 12.90 47.42 1135 448
1911 Hay 7.83 3.475 4.680 1.205 .336 16.64 2.32 27.41 31.39

I
814 635

1912 Green 8.33* 4.508* 7779* 3.27* 453* 5.86 .66 10.95 14.76
I

1207 950
1913 Hay 6. 2.150 4.083 1.933 .34 12.83 2.32 14.50 27.33 1111 808
1914 8.33 2.125 2.436 .311 .034 5.29 .66 14.25 8.96 1785 1649
1916 6. 2.828 4.562 1.734 .309 10.91 2.01 21.28 32.19 815 601
1917 7.6 3.76 4.951 1.191 .157 4.01 .52 30.60 34.61 473 416
1918 12.0 4,475 .578 2.098 175 8.48 .71 37.75 46.21 347 406
Average 7.96 3.135 4.5 47 1.412 .225 10.33 1.39 21.20 30.36 961 739

B. Effect of 9 years irrigation on clover
1909 Hay 5.070 6.4 66 1.390
1910 Green 9.91 4.323* 10 .202 * 5 .879 * 59* 12.14 1.23 11.29 23.40 1068 741
1911 Hay 7.5 2.700 4.969 2.267 .33 14.69 1.23 21.00 35.69 742 648
1912 Green 5.2 10 .4 50 * 16.3 16* 5. 86 6 * 1.46* 17.66 4.34 35.80 53,24 517 388
1913 1 yr. Hay 6. 5.000 5.5 12 0.515 .85 -1.00 -.17 44.00 43.00 447 512
1914 5.5 3.07 3.22 0.15 -.049 -5.49 -.661 24,75 19.26 1073 1005
1915 Mix, clover 6.66 9.82* 14.99 1* 5 .171* .976* 16.22 2.883 39.86 46.16 761 732
1916 6.0 8.765 4.49 7 .732 .126 1.44 .35 81.65 32.75 394 648
1917 9. 8.85 6.68 2.81 .281 18.40 2.04 32.50 50.90 406 411
Average 6.97 I 3.91 5.22 I 1.311 .307 9.26 1.405

I
30.11 38.05 676 636

C. Effect of 4 years Irrigation on grass
1916 8. I 4.88 5.81 .93 .12 1.05 .13

I
42.80 43.85 621 578

1917 12. 2.20 4,14 1.94 .16 6.90 .58 16.00 22.90 687 676
1918 18. 3.90 4.55 .65 .036 -11.62 -.65

I
83.05 21.35 278 559

Average 9.33 3.66 3.97 I 1.17 .105 -3.67 .06 30.61 9,37
I

529__ 804
*lveighed green; not included in average.
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Year

'C

*weighed green; lint included in average.

D. Effect of 12 years irrigation on potatoes

Increase from irrigation Net profit bs. 1±21) per lbs. 1).M.
Irrig. Yield in tons (lain Gain $ per $ per whole crop total product

in Irriga- per per acre arre Irriga- Irriga-
inches Dry tion acre acre in net inch net TIny lion Dry tion

1907
1908

43.0
60.00

125.00
86.00

82.00
26.00

1909 15000 215.00 65.00 10.00
1910 3.35 55.90 310.00 81.10 15.70 14.17 033 I 799 4215 1797 985
1911 5.41 113510 246.00 111.50 20.60 47.04 9.03 47.55 94.59 1493 1114
1913 :3.00 205.10 243.60 38.50 12.80 14.88 0.37 82.57 97.62 884 833
1934 3.29 234.10 309.20 74.90 22.70 22.22 9.14 97.18 129.03 324 473
1915 2.511 201.00 239.10 18.10 15.20 15.48 5.06 80.55 95.93 345 406
1916 2.51) 317.60 365.10 47.50 7.06 20.00 8.08 138.80 158.37 268 355
1917 4.50 197.00 225.60 28.60 6.35 8...5 11.99 I 78.50 87.45 111 198
1918 3.00 127.20 175.60 48.10 16.10 19.71

-
6.57 43.65 63.36 I

680 788

Avers 6') leG 93 - 215 53 8 9 1 IOC 4 014 6 53 7210 1 718 1444

E. Effect of 3 years irrigation on kale*
1911 ) 30 40 10 131 1 8i9 In So 7 381 697 030 967
1912 5.00 16.700 19.275 2.175 .515 2.81 .56 27.45 I 527 549
1913 .3.00 9.861) 12.250 2.303 1.082 2.35 1.42 0.65

-
11.54

-.

1380 1295

Average - 1.33 I 10.611 13052 3.278 .692 2.11 .88 15.32 945 937

P. Effect of 7 years irrigation on beans
1911 8.00 9.039 17.2)3 8.22 luaU ae.8S ens 12.11 27.96
1913 3.16 14.920 17.18 4.560 1.398 9.71 3.05 29.76 89.47
1914 2.50 7.830 14.07 6.240 1.105 20.74 8.22 8.50 24.39 6593 4122
1915 2.66 8.230 9.98 1.350 .789 3.25 1.31 9.70 12.18 2736 1869
1916 3.33 20.410 26.80 6.390 2.120 15.91 5.32 46.30 63.08 I 798 1055
1917 2.51) 8.830 13.61

I

4.780 1.910 11.70 4.68 11.49 23.16 779 1261
1918 1.51) 18.430 24.01) 3.550 1.590 12.98 3.71 40.35 53.33 733 495

Average 3.1)6 121) 17.00 5.156 :106 32.88 4.0 22.60 34.79 2364 1761



G. Effect of 8 years irrigation on corn

Year
2907
1908

Irrig.
in

inches

Yield

Dry
2.820
3.640

Increase trom irrigation Net proit Lbs. 1120 per
in tons Gain Gain . $ per $ per whole crop total

Irriga- per per acre acre Irriga-
tion acre acre in. net ineh net Dry tie 7 y

4.831) 2.010
4.820 1.180

lbs. _.M.
product

Irriga-
tion

1909 7.80 4.505 6.970 2,465 .360 -.21
1910 5.35 2.5 73 4.309 1.73 6 .320 --1.51 3.57 --5.08 840 856
1911 5.1)0 9.900 11.300 2.100 .280 ----I.13 14.70 12.90
1912 3.00 9.050 12.070 3.020 1.010 3.80 1.2 16.43 380 307
1913 4.00 11. 19 0 17.180 5.990 .1.500 9,55 2.36 17.95 27,40 528 438
1914 4.00 9.000 11.300 2.300 .575 1.18 .29 12.50 13.68 130 1722
Average cli) 6.559 9.062 2,637 974 2.23 .51 I 12.18 1. 1 7 . 1

H. Effect of 8 years irrigation on beets
1903 - . 1.360 2.150 .790

I1911 6.50 10.192 16.120 5.928 .910 6.945 1.06 5.48 12,42 - 965 542
1912 3.80 16.075 18.195 2.030 .960 3.940 1,17 16.02 20.780 604 399
1914 3.33 19.970 20.723 .753 .272 3.600 -.38 29.95 24.940
1915 3.41 8.250 12.860 4.710 4,410 6.940 2.52 .64 .758 608 582
1916 2.59 11.947 14.495 2.548 .995 3.310 1.29 9.87 13.100 540 559
1917 4.00 I 7.325 9.987 2.662 .663 1.990 .50 -1.69 .300 475 551
1918 7,00 11.425 16.633 5.208 .744 4.720 .67 861 13.280 201 880
Averare 4 17 10.817 13,884 3.078 1.279 441)1) 1 12 I 9,84 12,220 566 531)



irrigation after winter grain is harvested. Spring grain, in dry seasons,
has been very substantially benefited by irrigation. During the past
two years the yield was eighteen bushels an acre without water, and
forty-eight bushels an acre with water. The meadow crop seeded in
with the grain was also greatly benefited by the treatment.

THE ECONOMIC DUTY OF WATER (Tables IV and V)
Table IV has been prepared by selecting for the first section the

plot of each crop each season giving the maximum returns to the unit
of water; for the second section of the table, the plot giving the maxi-
mum returns to the unit of land; and for the third section, the plot giv-
ing the maximum net profit to the acre, all costs considered. Data are
given by crops for the different years, the amount of irrigation, the yield,
and the water cost being presented in each case. It frequently happens

H1

-H4+I+I

ft

jtftflH- 1+I4 5

that the plot giving the greatest net profit an acre is also the one that
gives the best returns to the unit of land and unit of water, indicating
the best treatment as judged by all standards. The maximum net profit
an acre will in general be obtained with more than that amount of irri-
gation required to give the maximum returns to the unit of water with
a somewhat smaller amount than that required to give the maximum
yield to the unit of land, It will approach one or the other of these
standards according as one or the other is more valuable. The variation

C
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TABLE IV. QUANTITY OF IRRIGATION GIVING MOST PROFITABLE RETURNS

*W'eighedgr ecu not includes, in the average.-

Max. return to the unit Max. return to the unit Ma*. net profit
of water. of land . an acre.

Crop li-rig. Yield Water li-rig. Yield Water Irrig. 'lot. ...ield V aterend year (In.) (Tons) cost (Inrhes) (Tons) cost in. used cost
Alfalfa
1911 5 4.360 622 3x3 5.220 648 6 17.70 4.595 563
1912 10 10.375* 726 10 10.375' 726 10 16.30 10,375* 726
1913 4 3.800 716 6 4.225 843 6 25,19 2,225 848
1014 2x5 2.625 1657 2x5 2.625 1657 1x5 26.56 2.225 1685
1916 6 5.245 574 6 5.245 574 6 21,58 5.245 5741917 7% 5.31 416 10% 5.315 568 71/2 18.17 5.31 416
1918 R 5.78 565 12 7.310 366 12 18.96 7,310 866
Average 7.21 4.52 723 9,u 4.99 769 1.5 20.64 4.90 739

('lever
1911 5 4,794 554 2*5 5.144 745 1*5 17.35 4.794 554
8912 1*4 19.620k 303 1x4 19.620* 303 1x4 14.80 19.620 303
1913 2*4 5.700 538 2*4 5.700 538 1x4 19.16 5,325 509
1914 1x5 2.65 1*4% 3.75 1136 1x4% 26.57 3.750 1136
1935 1x4 15.90 725 1*4 15,90 725 1*4 21.51 15.900 725
1916 6 4.842 577 6 4,842 577 6 18.60 4.842 277
1917 1*5 7.84 295 1*5 7.84 295 5 17,35 7,84 295
Average .3.3 5.165 499 5,91 .435 617 4.64s 19,28 SIlo 543

I"olatoes
1911 2*1. 250.9 730 2x3 308.5 799 2x1 308,5 799
1913 1*3 213.3 806 1*2 342 655 1x2 15.69 142.0 655
1914 2*2 400.6 585 2x2 400 183 2*2 9,58 400.0 383
1915 3% 260.2 357 3% 260 357 3½ 7.92 260.0 357
1919 2% 346.5 396 3% 408.8 468.5 11/2 10.17 408.8 468
1917 2% 215.3 169 4% 229.1 192 4% 7.64 229.1 192
1913 2 166. 602 5 183. 777 3 10.16 183. 777
Average2,93 26. 492 3,78 304.5 510 1.78 10,19 304.5 519

B eets
1908 2.150 2.150 2.150
1911 2*2,5 16.648 447 2x2.5 16,648 4.17 2x2,5 12.54 16,648 447
0932 1x5 25,860 350 5*5 25.860 380 1*5 25.860 380
1914 2,'<2 22,935 2*2 22,935 2x2 22.935
1915 1*2 14.03 118 1*6 16.380 608 1*6 11.02 16,380 608
1916 1*3 16,60 354 1*1 16,60 554 1x3 13.73 16.60 554
1917 1 9.225 474 5 10.75 628 5 8.05 10,75 628
1918 9 21,125 5118 9 21.125 008 9 11 *0 21.121 505
Average 41 17.071 463 5.3 16.556 521 5.3 11.38 16.556 521

Beans
1911 2*4 17.26 2x4 17.26 2*4 17,26
1911 1*2 19,41 2*2 f2.7e 2*2% 22,78
1914 1*2 14.3 3905 1*4 19.77 2834 lxi 15,12 18.13 283.1
1915 0x21/ 11.7 i'192 5*2% 11.7 1492 1*2% 5.00 15.70 1492
1916 1x2% 23.50 885 1x4 28.80 1545 1x2% 9.49 28,50 885
1917 2% 12.5 1151 2% 12.5 1151 2% 8.80 12.5 1151

)18 3% 23.8 431 31y5 110,5 133 3% 4.60 21.8 433
Average 3.3 13.21 157 4,21 59,43 3411 4 5,60 22,09 1159

Grass
1916 8 5.81 578 8 5.81 578 8 23.80 6.81 078
11107 12 4.14 676 12 4.14 676 12 19.82 4.14 676
3918 18 4.55 552 18 4.55 559 18 20.22 4.53 559
3"erage 12.6 4,83 604 12.6 4.83 604 12.6 21.28 1.83 601
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TABLE V. AVERAGE QUANTITY OF WATER GIVING MOST
PROFITABLE RETURNS

TABLE VI. CROP-PRODUCING POWER OF WATER
Based on an average water cost of moot profitable plot records under field conditions,

showing least probable amount of water -(acre inches) likely to be needed for different
yields.

TABLE VII. ROTATION VS. NO ROTATION ON ECONOMICAL USE OF WATER

Yjd. Yiel -Profit -- Profit Water
Plot Irrig. per A. (bu.) per A. in. per A. in per A. cost.

Beans, 1915
41 continuous Dry 8.30 ... .. . $9.90- 2852
36 rotation Dry - 7.80 .. . -8.40 2823

Gain - -.50 ... .. 1.50 29
52 continuous . . . 2.5 8.80 3.52 -.50 8.40 2230
47 rotation 2.5 9.40 3.76 - .89 10.67 1887

Gain +.O +.24 ±1.39 +2.27 343
1918 -

41 continuous Dry 20.40 .. . .. 46.20 - 1370
83 rotation Dry 19.33 - 42.99 - 692

Gain -1.07 ... ... -3.21 678
52 continuous . 2.5 28.80 11.52 5.24 67.15 - - 114i
49 rotation 2.5 23.00 9.20 3.40 51.39 1133

Gain .. -5.dO -2.32 ---1.84 -15.76 7
1917

41 continuous Dry 7.16 - - . -- 6.48 - 942
40 rotation Dry 8.00 ... ... - 9.00 518

Gain . - .84 ... .. . 2.52 424
52 continuous -. . . 2.5 12.00 4.80 3,75 18.36 1675
51 rstation 2.5 12.50 5.00 4.32 18.99 1151

Gain .50 .20 .57 .63 521-
1918

41 continuous Dry 9.40 13.20 1413
36 rotation Dry 20.60 46.80 522

Gain - .. 11.20 ... .. . 33.60 891
52 continuous 2.5 6.80 2.72 3.23 - 1.90 2040
47 rotation 2.5 23.80 9.52 1.71 52.80 438

Gain .. - 17.00 680 4. - 50.90 1607

-
Yield
per A.

Alfalfa Clover
Acre in. Yield
required per A.

Acre in.
required

Yield
per.A.

Grass
Act-c in.

required

Beets
Acre in.

Yield required

Potatoes
Yield Acre in.

per A.. required
bushelstons tons tons tens

1 5.23 1 - 3.84 1 4.27 5 2.5 50 1.5
2 10.46 2 7.68 2 8.54 10 5.0 100 3.0
3 15.69 3 854 3 12.81 15 7.5 150 4.5
4 20.92 4 12.81 4 17.08 20 10.0 200 6.0
5 26.15 5 17.08 5 21.35 2-5 12.5 250 7.5
6 31.38 6 21.35 6 25.62 30 15.0 300 9.0
7 36.61 7 25.62 7 29.89 35 17.5

I
O0 12.0

Irrigation Total in. used Yield in bu. Water cost
Beets 5.30 11.38 16.556 521.0
Beans 4.00 8.60 22.090 1859.0
Grass 12.60 2128 4.830 12.6
Alfalfa 7.50 20.64 4.930 793.0
Clover 4.64. 19.28 5.290 543.0
Potatoes 3.78 10.12 30l 00 519.0.
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in irrigation requirement between wet and dry seasons at Corvallis is
considerable. This is illustrated by the figure on page Li.

The averages of plots giving the maximum net profit to the acre for
all 8easons are summarized by crops in Table V. The average numbers
of acre inches of water necessary to apply artificially in order to pro-
duce the maximum net profit an acre are shown. These numbers, where
they have been determined over several years may be regarded as the eco-
nomic net duty for these crops. The total water used, yield of crops,
and water cost are also presented. The total inches used includes soil
and rain as well as irrigation water, and the water cost is the average
for the most profitable plots under irrigation conditions during a period
of years, indicating, therefore, the crop-producing power of water. This
is used as a basis in preparing the data presented in Table VI.

THE HIGHEST CROP-PRODUCING POWER OF WATER (Table VI)
The highest probable duty has been obtained in Table VI by using

the water cost of the previous table, allowing 20 percent moisture for
meadow crops, 89 percent for beets, and 78 percent for potatoes. The
table indicates the least probable number of inches of water required
for different yields of these staple crops. It indicates the highest prob-
able duty of water where rainfall and soil water are negligible quantities.
This amount may be considered the least amount that will give the
greatest net returns, or greatest net profit and gain in yield in dry mat-
ter. Such returns can only be obtained through careful cultural prac-
tices and proper irrigation. It is necessary to see that no avoidable loss
in water results through percolation and run-off, while care must be
taken to keep loss by evaporation down to the minimum.

WATER COST VARIATIONS (Tables VII and VIII)
Effects of Rotation on Economical Use of Water. The data given

in this table have been selected for a period of only four years. The
results for this period, as shown, are variable. Without irrigation we
find a gain in water cost of 505 pounds, and an increase in net profit of
$31.41; while with irrigation, we have a gain in water cost of 620 pounds,
and an increase in net profit of $38.04a difference of $6.63 in favor of
the irrigated rotation. The check plot showed indications of being
slightly better at the beginning of the experiment, but fell off strikingly
during the closing days of the period. Rotation both with and without
irrigation resulted in an increase in yield and profit and a decrease in
water cost. With irrigation, increase in yield and profit was greater,
especially in the closing years of the period. The advantage of irriga-
tion in rotation is now becoming very apparent.

Determination of Economic Duty of Water Throughout Oregon. Dur-
ing the past five years these duty-of-water investigations in Oregon, in co-
operation with the U. S. Department of Agriculture, have been extended
to several of the leading irrigated sections of the State.* The experiments
are carried on under field conditions as far as possible, and include im-
portant irrigated valleys and chief soils and crops; the proportion of dif-
ferent crops and the type of agriculture suited to the project or valley are
considered, and the average yield and water cost determined. Wherever

*powers, W. L. xconomic Use of Waler in Irrigstion. Oregon Experiment Pta-
tion Bulletin No. 140 (1916).
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TABLE VIII. ROTATION VS.NO ROTATION ON ECONOMICAL USE OF WATER

Without Irrigation

With Irrigation

average
*Check best at start.
TABLE IX. WATER COST OF DRY MATTE1, DIFFERENT CROPS AND

CLIMATES, EVAPOTRANSPIRATT3N RATIO

xSouthern Oregon.
aTanlos.

King
Wisconsin

Widtsoe
Utah

Wollny Powers
Germany

Ave. lrri.
W. Ore.

loves.
BOre.

Wheat . ,
1017 . - . .. 871

Barley 464 801 774 514 623

Oats 504 871 665 - . . 680

Corn 270 552 233 548 x787
Clover 577 543
Alfalfa ' . .

. 1096 . . . 739 990

Peas 477 1118 416 . - 852

Beets - .
. 760

,

521 909
Kale
Marsh grass

- - .
. . .

. . .
937

. .
z1349

Grass mixture , . . . . . , .
604
500 .Carrots . 710

Beans . .
. 1375 . ,

1359 . . -

502
Potatoes . .

4413 519

Cabbage . ,
. 2993 . . -1116Timothy .

Clover
- . .

. . . . , .

. . .

. , ,

.

.

. 560

Year
Bushels
per acre

Bushels per
acre inch

Profit per
acre inch

Profit
per acre

Water
cost lbs.

1915* .6 .24 $1.39 ' $2.27 343
1916 5.8 2.32 1.84 .1576 7

1917 .5 .20 .57 .63 524
191- 17.0 6.80 4.94 50.90 1607

4 r. total 12.3 4.9 5.06 38.04 620

Year bushels per ac:
Summary

Pr lit per ce Water
Gains due to rotation

coat

1915 .30 $1.50 29
1016 --1.07 . 3.21 678
1017 .84 2.52 424
1918 11.20 33.60 891
4 yr. total average 10,47 31.41 505
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possible, the experiments are carried through a series of years and
through a rotation of crops with each crop represented each year of therotation. From an agricultural standpoint, we are primarily concerned
with the amount of water to be delivered to the field and farm, and
the gross duty is considered in only a general way. Everything possibleis being done to insure fair and impartial results. Such studies as depth,texture, capillarity, and water capacity of the chief soil types and their
fertility and topography are considered, as well as evaporation, rainfall,
growing seasons, the irrigation seasons, and time and frequency of irri-gation. The value of land, water, and crops, and the methods of dis-
tributing water are taken into account.

A plan of investigations which comprised the plot and the large
area was devised by Mr. Don H. Bark, and is being followed somewhat
in Oregon. This plan consists in dividing a typical crop field into threeparts. The owner applies to one part in one or more irrigations the
quantity of water which, in his judgment, will produce the largest yields.
A reliable field agent then assists in applying by the same method alarger amount to a second, and a smaller amount to a third part, the
amount of water applied and wasted being measured in each case. Thequantities used and yields thus obtained give fairly accurate information
as to the proper duty of water for that soil and crop. This field workis checked in many cases with small plot and tank experiments; in most
cases the water cost of dry matter under field conditions, or in the plotor tank experiments, is determined; and in a large part of the work the
cost of production under irrigation and the net profit are calculated.

Now, by locating such studies on the chief soil types and growing
the chief crops, and by securing mechanical analyses and determinations
of the usable water capacity under field conditions by the cylinder method
so as to learn the various moisture points for the soil, it is believed thatit is possible to apply the data in a general way to other valleys where
the soil and other conditions are similar. In this connection, weather
data are secured, and records are kept of the evaporation of water from
a free surface, for this gives the mean effect of all the drying influences
of various weather elements.

It may be of interest to review the factors encountered in this studyaffecting duty of water, and to illustrate some of the more import ufthese by data or observations at hand.

FACTORS AFFECTING ECONOMICAL USE AND DUTY OF
IRRIGATION WATER

The kind of ditches or distributaries, both large and small, affectsthe amount of water used. In a new country of moderate land values,earth and a little lumber may be all that the pioneer is justified in using
while he is bringing the land into profitable production. In the follow-ing decades, when large productive values are established and water
becomes more valuable, more permanent and impervious structures arejustified. Under general farm conditions at present, perhaps 10 to 20
percent of waste within the farm unit is allowable.

Careful prepar'atjon of land by thoroughly leveling to one or more
planes will save time, money, and water later on. Careful leveling should
be done before seeding down permanent crops.
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The method of applying water affects the water requirement.
The head and length of rims should be such that the plot irrigated can
be covered by the time the irrigation has wet up the root zone. A high
head forces rapidly over the land, and is necessary in flood irrigation
or in irrigating loose soils. A longer length of run gives more time for
soaking during irrigation on the heavier-textured soils. Longer runs
can be used on more sloping land, and shorter runs with a higher head
should be used on the flatter lands in order to cover the land without
waste. In many valleys the flooding system could be improved by the
introduction or extension of a strip-border method in flooding. 'On the
small farm and with a small head the furrow system will save water
better than the flooding system.

Climate, of course, affects duty of 'cctater in. different regions;
for irrigation is supplementary to rainfall, and the greater the rainfall
during or just before the growing season, the smaller is the irrigation
requirement.

Attitude is related to climate. With loam soil of Eastern Oregon.
if about 3 feet is needed up to 2000 feet elevation, 2 feet is reasonable
at about 3000 feet, and 11/2 feet for elevations above 400 feet.

Soil texture affects irrigation requirements. The coarser soils
require more water, and these soils generally have a low water
capacity and a comparatively low amount of surface area, pore space,
and Organic matter and are apt to be medium in fertility. The light,
frequent irrigations required on these soils involve more or less waste.
On the coarse sand area on the Ilermiston Project in 1916 with careful
distribution of the water, 13 acre feet an acre was used, whereas on the
fine-textured soils in the same district two or three acre feet was suffi-
cient. The texture and structure of the subsoil and the depth of soil
are of course very important for they affect the usable water capacity
of the soil.

The kind and variety of crops affect greatly the duty of water.
Alfalfa and other meadow crops require relatively large amounts of
water, grain and field peas a medium amount, and cultivated crops,
such as potatoes, still less. If low water cost of dry matter is to be
secured, it is necessary to use the best varieties of staple crops and
to have a perfect stand in proportion to fertility of the land. Modern
irrigation agriculture contemplates the use of well-bred domesticated
plants. About two-fifths of the irrigated land in Oregon is wild, flooded
native meadow. Perhaps three to four acre feet an acre is used on these
meadows, and the average yield is three-fourths of a ton of wild hay.
This hay is rather high in crude fiber and low in digestibility. We
have thoroughly demonstrated that on these same lands with partial
control of the water it is entirely possible and feasible to produce under
field conditions from two to three tons of alsike and timothy hay by
using from one to two acre feet of water to the acre; and we believe
that it is practicable to realize thereby a greater net profit.

The average yield under good modern methods of farming affects
the quantity of water needed to be consumed.

The kinds and amount of cultivation affect greatly the irrigation
requirements, and dry-farming methods should not be overlooked on the
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irrigated farm. A good portion of the farm should be in crops that will
permit cultivation and maintain an ideal soil mulch, and this area should
be re-mulched just as soon after irrigation as the soil is dry enough to
crumble. In many sections fall plowing with more use of winter grain

ill lessen the amount of irrigation needed.
The method of the delivery affects the use of water. The de-

livery methods should be made to conform as nearly as possible to the
plant needs. Distrjbutaries should be of a capacity to provide a proper
head, and as far as possible the farmer should be allowed to receive his
allowance as needed. It is desirable to practice a rotation in the use
of water and get a high head that will permit an even and rapid distri-
bution while the water is on the farm A higher duty may also be
obtained where the irrigator pays at least maintenance charge in pro-
portion to the actual amount of water used, for this is wise economy.

Skill and economy of the irrigator are important factors affect-
ing the economical use of irrigation water. Careless use of irrigation
water results in a great loss, whereas skillful management will almost
Wholly prevent loss. During irrigation, the irrigation farmer is worth
more in manipulating his irrigation and watching it than he is in any
other Work he might be doing on the farm. He is neededi for setting the
water, which requires several hours time to distribute itself.

The time of irrigation affects greatly the efficiency of the water
applied. Irrigation, like cultivation, is worth more when applied at justthe right time. In experiments at the Corvallis Station, irrigation was
applied according to the moisture content of the soil and the different
degrees of dryness. It was found that on the potato plots as much as
50 bushels an acre more could be secured by applying water just at the
right time, which for our own brown silt loam soil was when the mois-
ture content dropped to the 20 percent point. Clover was found to
give the best returns on this soil when the moisture content of the
first two feet had dropped to the, 14 percent point. These figures held
for both wet and dry years.

The amount applied each irrigation will affect the economical
use of irrigation water or irrigation requirements. If the amount applied
is in excess of the capacity of the soil strata within the reach of the
roots to retain it, deep percolation loss results. This has been one of
the chief sources of waste encountered in our investigations. Coarse-
textured soils or those with gravelly sub-strata should have a distribu-
tion system that will permit of a comparatively light and frequent appli-
cation which can be retained in the soil without percolation loss. The
amount the soil will retain should be determined or estimated and a
head of water turned on sufficient so that the water reservoir to the
depth of the root zone will be replenished by the time the entire surface
is covered. The amount of irrigation should not exceed the estimated
acre inches needed on the land. Proper distributaries and short runs
make it possible to spread a light irrigation with considerable uniformity.

Soil Fertility is one of the most important factors affecting
irrigation requirements. Where there is a good supply of available
plant food, the plant does not have to exert nearly as much energy in
growth or to use as much water to secure the nourishment required to
form a pound of dry matter. Frequently in our experiments application
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of a simple fertilizer has saved from a quarter to a half of the total irriga-
tion and has doubled the returns from each unit of water. This is espe-
cially true on the lighter types of soil. For example. on the Redmond
Demonstration Farm in 1912, $4 worth of potash as potassium sulfate was
applied to an acre of potatoes. This and an adjoining. untreated acre
received six inches depth of irrigation for the season. The yield of the
fertilized plot was 235 bushels or 39.1 bushels an acre inch, while the
unfertilized plot yielded 145 bushels or 24 bushels an acre inch. Also in
the Goose Lake Valley, $2 worth of sulfur an acre increased the yield
from 1 to 3 tons an acre and secured a return of one ton an acre foot
as against one-half ton an acre foot unfertilized. A greater net profit
and a lower water cost were secured in each case on the treated plot.
Manure experiments at Corvallis show a yield of 1/4 more to the unit
of water. One ton of manure may equal 100 tons of water in securing
returns.

15. Crop rotations are more important to the irrigation farmer than to
the rainfall farmer. With irrigation the crops removed are generally
large, and large amounts of refuse must be returned to the land; it is
entirely feasible to build up and keep up the soil to the highest state
of fertility. Rotation of crops permits plowing up the meadows and
marketing the nitrogen accumulated by the legume crops, while the
plowing increases usable water capacity and the humus both increases
the water capacity and liberates plant food.

On the Oregon Experiment Station plots, we are closing a second
four-year rotation and joining our other plots that have been continually
in meadow. Water-cost data obtained show a decrease in cost of about
one-fourth in favor of the proper irrigated rotations. The water cost has
decreased with rotated dry plots or check plots as compared to the con-
tinuously cropped plots. In the arid sections we have initiated more
recently similar experiments which promise even more marked results.

1. Crop Diversity. A diversity of crops, including some cultivated
cash crops which use but little water, generally gives larger cash returns
to the unit of water. Such a plan also involves distribution in the use
of water on irrigated farms, whereas in the one-crop country all the
lands are demanding water at one time.

Water Cost of Dry Matter is an important basis in determina-
tion of duty of water wherever it can be determined for the chief crops
as an average of tests continuing through several years. The water cost
for different crops and regions Is given in Table. VIII. Different investi
gators have found that the crop-producing power of water, or water cost,
varies somewhat with climate, season, crop, soil structure and texture,
cultivation, soil fertility, amount arid time of irrigation, crop rotation, and
stand of crop. Under good modern methods of farming, however, the
water cost for a good silt loam soil has been reasonably uniform for
representative trials. The seasonal variation with plots receiving proper
irrigation at Corvallis has shown a range of about 15 percent. The
water cost is regarded as of considerable value in duty of water work
and its value should increase as data accumulate.

Dollars Cost. In working out a reasonable duty of water, we
must take into consideration the value of land, water, labor, and crops
in the district. At present, in the Northwest, the largest profit an acre
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is perhaps the best basis for judging economical use of water. The
largest profit is secured with somewhat less water than would be used
to secure a maximum yield an acre and somewhat more than the amount
needed to give the maximum yield an acre inch. As water and other
things become very valuable the greatest profit an acre will be obtained
with little more than needed to produce the greatest profit an acre inch.
- The amount of irrigation required will vary somewhat with the sea-
son, and anything which affects the evaporation, percolation, or transpi-
ration of soil moisture will have an effect upon the irrigation refuire-
ment. Anything, in fact, that constitutes good farming tends toward
economical use of irrigation water.

Proper economical irrigation is necessary to permanent irrigation
agriculture. Irrigation should provide a favorable moisture content and
should aid in the liberation of plant food and its solution in the plant.
It should also increase the bacterial activity as well as the root and top
development of the plant. The effect of increasing root development
will be to offset any running together of the soil by irrigation. Wise
irrigation will insure larger yields and greater net profits without injury
to the quality of the produce. It is fundamentally important in irriga-
tion farming to practice a careful rotation of crops that will permit
growing clover or some other soil-building crop every few years and
frequent deep plowing so as to maintain a good state of tilth and humus
content. A good proportion of cultivated crops should be grown each year.
Such crops require less water. The use of clover and other soil-building
crops, together with the application of manure, maintains the water-hold-
ing capacity and fertility, maintains and builds up the soil, and lowers
the water cost of dry matter. Where irrigation is practiced, larger
amounts of manure can be used without making the soil too open. By
irrigation farming free working soil can be built up and kept in a high
state of fertility and productivity. Irrigation farming reaches its highest
development in connection with intensive farming. The highest values
are realized in sections where water is valuable and most economically
used.

Irrigation will become of increasing importance in the West on most
of the free working soils in connection with intensive agriculture.

If we can save 50 percent of the water used in many places, we can
practically double the crop-producing area. Furthering the economical
use of water will therefore help to establish highest productive values
and add permanently to the food output and wealth-producing area.

The problem of economic duty of water is admittedly complex, but all
the agricultural wealth developed and undeveloped in the arid West
will be favorably affected by its proper determination. The cost of
investigations would be returned many fold by sequrity gained from water
litigation. We must plan with the future in mind, each decade being
provided with a duty or allowance according to the times. The great
principle of beneficial use will permit us to make adjustments for each
decade, according to economic and other conditions, and provide a prac-
tical economic duty of water.


