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ABSTRACT

ECONOMIC ANALYSIS OF WATER USE IN ILLINOIS AGRICULTURE

Approximately 28,000 acres of field and specialty crops were irrigated
in Illinois in 1966. Supplemental irrigation of corn accounted for
over one half of this acreage. Important elements in the decision to
invest in irrigation equipment for corn include the expected effect of
irrigation on year-to-year fluctuations in income and on average income.
Regression models were used to estimate the influence of moisture
variables on corn yield. Moisture deficits were calculated using the

‘season with the highest yield as a base. Although these models indi-

cated a reduction in income variance as a result of removing moisture
deficits by irrigation, they did not uniformly indicate an increase in
average net income under irrigation. One of the regression models was
then used as a basis for a dynamic programming analysis. A moderate
gain in expected income from corn was obtained by employing the irri-
gation policy dictated by dynamic programming rather than the policy
from a moisture-deficit model. The dynamic programming results were
also superior to & cammonly used rule of thumb for supplemental irri-
gation. In - addition to the economic analysis of the irrigation of
corn viewed as a single crop, it was necessary to examine its role in
the context of the total fam business. The competitive position of

" ‘corn in the rotation was evaluated and it was found that corn remained

as an important crop after introduction of irrigation and consider-
ation of the crop alternatives of snapbeans and cucumbers. . ILaebor
distribution was an important factor in determining an optimal crop-
ping pattern. G@General rules were developed for adjusting leases on
rented farms to provide economic incentives for both landlord and
tenant to adopt supplemental irrigation. The results of all of the
analyses would have been substantially improved with crop-response
data from experiments in which the range of variation of water and
complementary cultural practlces included economically optimal levels
of these inputs.
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I. INTRODUCTION AND PROJECT OBJECTIVES

Crop production in Illinois, as everywhere else in the world,
depends on water. Although precipitafion is the primary source of
moisture for plant growth, soil characteristiés play a prominent
role in determining thé amount of moisture available for plant growth;

During the crop growing season (April through September) the average

'precipitation in Tllinois is about 22 inches, ranging from about 25

~inches in the southern tip of Illinois to about 19 inches in certain

areas of the northern part of the state. However, the loss of water

from runoff is higher in the southern part of the state, thus making

the amounts of moisture available for plant growth approximately
equivalent throughout the state.

. The most important crop in the state, corn, transpires about

10 to 1k inches of water for a 100-bushel crop. Evaporation from

the soil requires an approximately equal amount of water. Given the
state average of about 22 inches of precipitation during the growing
season, there is.adequate moisture, on the average, provided that the
distribution_of rainfall within the season is favorable and that

runoff is not excessive. If below nonhal amounts of summer rainfall
occur in combination with having less than a full recharge of soii
moisture at planting tiﬁe, serious reducfions in corn yield may result.
The frequency of such seasons is an important factor in determining the
economic returns fromrsupplemental»ifrigation of cérn and other crops.
Further, the adoption of new crop production téchnigues that increase
yields and that are complementary with the water input tend to increase

the water requirement for an economically optimal level of crop production.



The general objective of the research conducted under this project
was to investigate methods for developing and interpreting information
for making decisions, at the individual-farm level, regarding the use
of water for the irrigation of crops in Illinois. The analysis of the
results of a survey gave perspective and orientation to the other
aspects of the project which dealt with analytical methods and their
application to fann-level decisions, primarily with respect to the
supplemental irrigation 6f corn.

Because supplemental irrigation may be viewed as a form of
insurance, an important cbjective of the project was to estimate the
effect of adoption of irrigation on the year-to-year variatioﬂ in
income as well as its -effect on average income. Supplemental
irrigation may prove attractive to some farmers if it provides a moreb
stable income, even if the average income is reduced.

Investment in an irrigation system may have implications for the
optimal cropping system, thus reqUirihg an analysis of such investment
within the context of the total farm business. The determination of the
impact of irrigation on the competitive position of corn with respect
to other crops, both irrigated and non-irrigated, was an impoftant
project objective.

Much of the farm land in Illinois is leased by the farm operator.
If a new practice, such as irrigation, is to be adopted, the.lease
provisions must provide adequate économic incentives for both the
landlord and the tenant. The fipal’objectivé of the project was to

develop appropriate lease provisions for cost-sharing on irrigated farms.



The six chapters which immediately follow represent, in general, -
the essential elements of one or more of the publications listed in

Chapter IX of this report.
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II. EXTENT OF IRRIGATION IN ILLINOIS

To determine the extent of irrigation in Illinois, a survey was

conducted in the fall of 1966. County Extension Advisers in Agriculture

sent questionnaires to every known irrigetor in each county of Illinois.

The response to the sufvey was not complete, but it does provide an .
indication of the trends of irrigation in the state. Of 162 question-

naireg returned, 148 provided complete data.

Crops and Irrigation Methods

An estimated 28,000 acres of field and specialty crops were
irrigated in 1966. . Irrigators responding to the survey accounted
for 21,44l acres. In Table 1 results of the 1966 survey are compared :
with results of a survey made in 1956. Corn, a favorite crop in both.

years, showed the greatest increase in acreage during the 10 years.

.Specialized crops (snap beans, other vegetables, sod, nursery items,

flowers, and fruit) accounted for about 33 percent of the crops irri-

gated in 1956; 37 percent in 1966.

‘Table 1l.--Illinois Crops Irrigated in 1956 and 1966;
Acreages and Percent That Each Acreage Is of Total

1956 1966

Crop Acres Pct. of Acres Pet. of
irrigated total irrigated = total

COIMevveecocnososonanosans 2,823 h2 12,335 58
Snap beans.....oeeeeeees .. -0 0 3,961 18
Other vegetablesS.......... 1,111 16 1,827 9
SOQceeveoososcerrannans ceo o 0 1,757 8
SOybeans....ccceeeeceocanss 629 9 826 L
Hay and pasture........... 740 11 ' 317 1
Nursery and flowers....... 726 11 1L 1
Fruit..eeeeeeocaseocncoess 394 6 207 1
Other..eeveeaseasnsssosnes 343 5 --- -—-

Totals..... tetsicsecsseess 6,766 100 21,&&& 100
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Table 2 shows the acreages of vgrious crops irrigated by different
types of systems. 'The mechanized systems account for 52 percent of the
acreage irrigated and the hand-move systems account for about 37 percent,
leaving 11 percent divided between subsurface, surface, and solid-set
systems. Qf the 343 irrigation systems accounted‘for in the survey,

187 systems, or 55 percent, were hand-move; 140 systems, or 41 percent,
were mechanized. The crops with the largest number of hand-move

systems were corn and vegatables. Average acres per system were almost

‘twice as much for the mechanized systems as for the hand-move systems.

Table 2.~~Crop Acreages Irrigated by Each Type of System

Crop Acres irrigated by each systema Pet.
Hand~ Mechan-~ Sub- Solid
move ized surface Surface set Total
(0725« WU ceees 3,264 7,071 1,500 500 0 12,335 58
Snap beans......... 695 3,186 0 0 80 3,961 18
Other vegetables... 1,560 262 0 5 0 1,827 9
Sod.viercencnns eeee 1,317 25 0 0 415 1,757 8
Soybeans....oeeeees koo Lok 0 0 0 826 L
Hay and pasture.... 222 95 0 0] 0 317 1
Nursery & flowers.. 200 10 0 0 4 214 1
Fruit............ .e 197 0 0 10 0 207 1
Total.eeeeeeeees 7,877 11,053 1,500 515 4og 21,444 100
Percent........ . 37 52 R 2 2 100

& In hand-move systems, the pipes from which sprinklers operate must be

moved by hand. Mechanized systems are all those with some type of self-
propulsion across or around the field, including tractor-drawn tow-line

systems. 1In subsurface systems, water permeates into the soil from buried
tile line or small open ditches. Surface systems provide water by flood=-
ing and gravity flow down or between rows. A solid set system has enough

portable laterals that they don't have to be moved. The laterals are ’
placed in the field early in the season and remain until the last irri-
gation, The mains and submains may be either buried or portable.

Mechanization appears to be increasing in those areas of the state

where labor is particularly hard to find, even though the initial cost



of a mechanized system is higher than for a hand-move system. Almost
two-thirds of the irrigators using hand-move systems with high labor
requirements began irrigation before 1958; over 80 percent of the
irrigators using a mechanized system began irrigation after 1958

(Table 3).

Table 3.--Irrigation Systems vs. Year Irrigation Began, 148 Irrigatorsa

 ———— e g
) ¥ear Hand-move  Mechanized Surface Sub=~-surface Total
irrigation '

began No. Pct. No. Pct. No. Pct. No. Pct. No. Pct.
Before 1954.,. 22 14.9 3 2.0 0O 0 1 0.7 26 17.6
1954-58...... 2k  16.2 10 6.8 L 2.7 0O O 38 25.7
1959-63...... 10 6.8 17 11.5 2 1.3 0O ©° 29 19.6
1964, ........ 5 3.4 b 2.7 1 0.7 1 0.6 11 7.4
1965, 0 00evnnn 9 6.1 7 b,7 0O ©° 0O © 16 10.8
1966..00enn. 2 - 1.3 26 17.6 0O ©° 0O ©° 28 18.9

Total..... 72 48.7 67 45.3 7 4.7 2 1.3 148 100

used by each irrigator was considered for this table.

Power Source

Internal combustion engines other than farm tractors accounted for
about 65 percent of® the total number of power units used. Farm tractor
accounted for 23 percent; electric motors, 10 percent; and others, 2
percent.

Nearly half (49 percent) of the power units were gasoline engines,
including automotive, industrial, and farm tractors; 21 percent were
powered by LP-gas; 18 percent by diésel oil; énd 10 percent by electri-
city. A poséible reason why gasoline engines were the predominant

source of power is that the irrigators best know how to operate and

2 Some irrigators had more than one system, but only the predominant system

S
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maintain such units. Also gasoline engines have a lower initial cost, -

although fuel costs are higher then for diesel engines.

Water Source

A total of 162 irrigators furnished data #bout their source of
water. Wells provided the water for 17,527 acres, or 78.4 percent of
the totél irrigated acreage. With 174 wells in use, an average of
100.7 acres was irrigated per well. Natural streams provided the
water for 7.2 percent of the acreage; constructed ponds and dugouts,

6.9 percent; drainage ditches, 6.hvpercent; and other sources, including
natural lakes and ponds, springs, and miscellaneous sources, l.l1 percent.
More than half (54 percent) of the wells were between 80 and 119

feet deep. One was less than 4O feet, énd 12 were deeper than 220

feet. 'The diameter of 73 of the wells (42 percent) was 18 inches;

13 were greater than 18 inches in diameter; and the rest, 6 to 18

inches.
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III. USE OF MOISTURE-DEFICIT MODELS TO ESTIMATE MFAN AND
VARIANCE OF INCOME FROM SUPPLEMENTAL IRRIGATION OF CORN

Supplemental irrigation may benefit a farmer in two different ways--
it may increase his average income and it may decrease the variability
of his income over a period of years. Giveﬂ a utiiity function which
contains  the arithmetic mean and the variance of income, a farmer
contemplating investment in irrigation equipment should consider the
effect of supplemental irrigation on both of these characteristics of
the income probability distribution. Estimates of the values of these
parameters will enable the farmer to evaluate the contribution of
supplemental irrigation to his farming enterprise. The researéh re-
ported in this chapter deals with a method of meking these estimates’
and illustrates the results of using this method on data from experi-

ments on the University of Illinois Agronomy South Farm combined with

historical weather data.

Procedure

The procedure used is as follows:

1. Regression equations were fitted £o estimate relationships
between corn yield and various inputs, iﬁcluding, in Model I, available
soil moisture and, in Model II, rainfall. These relationships were
subsequently used to predict yields in a series of years, with and
without irrigation.

2. The soil moisture level or rainfall pattern in the year with
the highest predicted yield was désignated as ideal. Assuming that the
predicted maximum yield could have been obtained in any of the other

years, had the corresponding level of moisture prevailed, a moisture



deficit was calculated for each year by subtracting the actual soil
moisture or rainfall in that year from the rainfall in the "ideal"
year. The moisture deficit is thus the difference between the actual
moisture or'rainfail in a year and a designated "ideal" moisture or
rainfall level. |

3. Yields were predicted under the assumption that the supple-
mental irrigation removed the moisture deficits. Thus, it is expected
that the supplemental irfigation will result in yields as high as those
of the best year. Moisture surpluses were allowed to have their effect
on yield.

L. 1Input costs and corn prices were used to calculate thé mean
and variation of net income before and after irrigation. The "net
income" is defined as the return above the cost of irrigation and,

in the case of Model I, of the increased level of practices accompany-

ing it.

Model I

The variables influencing corn yield investigated in this model
are plant population, plant available soil moisture in a 17-day
critical period including tasseling, and nitrogen applied. Basic data
pertaining to corn yield and other inputs were provided by experiments
conducted in 1958 and 1959 on Flanagan silt loam soil at the Agronomy
South Farm at Urbana.

The following relationship was estimated:
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Y = 47,2424 + 3.8874 X. - 1,7055 X,
(3.2362) (.6426)
2

-0.3479 X5 - 0.2951 X, + 0.2831 X.X,

(0.3934) ° (0.1332) (0.0493)
5 _

+0.0030 X; + 0.0513 X X_ - 0.0005 X X 2

(0.0022) (0.0591) 1 3 (0.0002) 1 3
2

-0.0013 X_“X_ + 0.0115 X X

(0.0023) L 3 (0.004k) 2 3

2

R = 73.9

Standard error of estimate = 8.99 bushels,
N = 192.
Y is the bushels of corn per acre,

Xl is the plant population (thousands per acre),

X2 is the plant available soil moisture in the 17-day critical period
(7 days before to 10 days after bloom stage), and

i X3 is the pounds of nitrogen applied per acre.

Keeping nitrogen and plant population constant at 75 pounds per
acre and 16,600 plants per acre, yields for the period 1905 through
1962 were predicted. This required the estimation of planf available
soil moisture (X2) on May 1 for each of these years. Estimates were
based on the total precipitation in the preceding seven months:

Y = 3.38 + 0.49X (Y £ 11 inches)
where Y is the inches of available soil moisture on May 1, and X is
the inches of precipitation in the preceding seven months. |

Yields, after supplemental irrigation, were predicted by holding
the plant available soil moisturé (X2) constant at the ideal level of
the year (1958) in which the highest yield occurred. The levels of

nitrogen (x3) and plant population (Xl) were elevated to 100 pounds
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per acre and 20,000 plants per acre, to accompany the higher and more
certain soil moisturé levels under supplemental irrigation.

The predicted yields with an ideal available soil moisture of 10.67
inches were lll.3'bushels per acre throughout the period 1905 to 1962.
This constant yield was obtained because all the three independent
variables in our regression equation (Xl, X2, and X3) were held at
constant levels. However, the amount of irrigation water varied from
year to year, depending on the moisture deficit.

Although the adoption of supplemental irrigation substantially
reduced the year to year variance under this model (Table 1), the mean
income actually deqlined. Higher levels of nitrogen and plant popu-
lation to accompany the added moisture under the supplemental irri-
gation regime might have shown an increase in income. However, the
experimental design did not permit increases of these inputs above

the 100 pounds of nitrogen and 20,000 plant population.

Table 1. The Mean and Variance of Income Uhder_Model I

Before Irrigation After Irrigation

(dollars) . (dollars)
Mean ' 92.90 90.06
Variance 152.20 18.35

Model II

The corn yield data used ih this model are from an experiment on
the Agronomy;South Farm at Urbana in which a corn-corn-oats-~clover
rotation was followed from 1903 through 1956. Open pollinated corn

was grown during the period 1903 through 1939, followed by hybrid corn.
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In order to study corn yields for the period 1903-56, it was necessary
to convert yields of the two kinds of corn to a comparable basis. Such
a conversion was made by estimating the relation between the yields of
open polliﬁated and hybrid corn in Illinois Corn Performance Tests and
using this relation to convert open pollinatéd corn yields to their
hybrid equivalent.

The tasseling date was chosen gs the center of a 45-day period of
analysis of the yield-moisture relationship. Five nine-day periods
were considered. The tasseling date was calculated by accumulating
degrees of maximum temperature above 56 degrees starting from the
planting date until 1839 degree days were accumulated. This date was
designated as the tasseling date and constitutes the middle day of
the third period.

The following equation was fitted:

Y = -680.32 + 0.08319Tl + o.o757uT2
(0.11393)" (0.16068)

-O.22612T3L+ O.59380T3H + 0.19568T),
(0.14345)° (0.21099) (0.104k42)

-0.026k17, + 14.71818P, + 1.01832P,
(0.12038)°  (10.20433)1 (10.6639k)

+20.66392P_ + 3.53213p) + 14 .55468p
(11.20710)3  (7.60041)* (11.00943)

-1.75266P12 + 2.34162P22 - 2.496771>32
(3.54165) (2.51043) (3.09646)

5 = 0.272561,
(k.140k0)”  (0.16349)

5

-o.9ouuupu2 - 5.22919P
(1.84962)

+0.12749I_ - 0.31403I_ - o.768801u
(0.24957)% (0.18680)3 (0.kokks2)

+0.122931
(0.30008)°
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R2 = 0.657,

Standard error of estimate = 15.66 bushels,
N = 5k,

Y is the estimated bushels of corn per acre,

T T2, Th and T. are the sum of daily maximum temperature for the

1 5

corresponding 9-day periods.

T3H is the temperature high for the tasseling interval; i.e., degree

days of daily maximum temperature above 900.

L
T3 is the temperature low for the tasseling interval; i.e. the

degree days of daily maximum temperature less than 900.

Pl,..., P5 are the amounts of total.precipitation for the corresponding
periods.

Plz, veay P52 are total precipitation terms squared for the corresponding
periods. |

Il, ceey 15 are the interaction terms for the corresponding periods.

The interaction term is defined es:

I, = [VB ] [ 1% ] forallt,

Yields were predicted for each year in the period 1903 through
1956 by inserting the actual values of the explanatory variables into
the equation, The highest predicted crop yield of 109.8'buehels
occurred in 1948.

The moisture deficits for each period in each year other than
1948 were then calculated and these deficits were then assumed to be
supplied by supplemental irrigation; Returnsland costs were calcu-

lated for each year for both the'non-irrigation and the irrigation

system of corn production. These calculations were carried out in
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the same manner as for Model I except that Model II has no variables
representing cultural practices. The results (Table 2) indicate an
improvement in the average income and a decrease in variance as a

shift is made from a non~irrigation to an irrigation system.

Table 2. The Mean and Variance of Income Under Model II

Before Irrigation After Irrigation
(dollars) (dollars)
Mean 78.94 106.32
Variance 355.78 317.99

Sumary
The results of Model I and Model II offer a sharp contrast.

Model I has a marked reduction in variance because the year with the
highest yield also had maximum available soil moisture in the 17-day
critical period. This meant that there was no year-to-year variance
in yield after the moisture deficit had been met. 1In contrast, the
optimal rainfall levels in the five nine-day periods in Model II
were frequently exceeded by natural rainfall. Thus, there remained
a substantial variance.in yield and also in income under irrigation.
The level of cultural practices in quel I was not high enough
to capture all of the gains from irrigation. Even though cultural
practices were omitted from Model II, there were net gains from
irrigation. Apparently the responsé to rainfall when disaggregated
into several periods and the consideration of the temperature-precipi-
tation interaction more than offset the failure to take the comple-

mentarity of cuitural practices with water into account. These mixed



results indicate the need for experiments specifically designed to
estimate the corn yield-water relationship along with estimates of

the relevant interactions with cultural practices.

15
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IV. A BREAK-EVEN ANALYSIS OF SUPPLEMENTAL IRRIGATION

OF CORN ON A PIATT COUNTY FARM

A L70-acre cash-grain farm in east-central Illinois (Piatt éounty)
was selected for the analysis. Each of three irrigation equipment |
suppliers was asked to design an irrigation system under the assumption
that the entire farm would be in corn. The cost estimates>from the
ﬁhree suppliers were then used to develop estimates of the incfeases
in income necessary to justify supplemental irrigation.

Presently only a limited amount of information is available con-
cerning the yield response of corn to supplemental irrigation, espec-
ially on heavy soils. Accordingly, specific recommendations cannot be
made cdncerning the profitabiiity of supplemental irrigation. Howevér,
estimates of the income increases necessary to pay for the investment
- and operation of a supplemental irrigation system should improve the

basis for decisions on whether to irrigate corn.

Farm Description

The soils on this farm are predominantly Flanagan silt loam and
Drummer silty clay loam. These soils were developed primarily from
loess. They are dark cblored, moderately permeable, with very good
drouth resistance. When necessary, excess water can berremoved by
tile.

Because of the low-lying nature of the soils ahd their internal
drainage characteristics, the possibility eXiéts that in certain years
with irrigation, yields would.actually be reduced because of excess

water, unless adequate tile drainage is provided. The tile system on
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the study farm is adequate to handle normal spring rains. Since sup-
plemental irrigation will normally be used during the drier months of
summer (July and August), it is assumed that this tile system will be
adequate to remove excess water before crop damage occurs, should a

heavy rain follow an irrigation cycle.

Method of Analysis

The analysis usés partial budgeting. This method cpnsidefs bnly
those items that change with a change in production technique. It is
assumed that the entire farm will be in continuous corn both before
and after adoption of supplemental irrigation. The added -costs of
certain changes in cultural practices in corn production are considered
in the cost calculations.

The added costs directly associated with the addition of irri-
gation are presented in three categories--water source or well costs,
pumping_coéts, and water distribution costs. Although costs for three
different types of distribution systems are presented, the same well
and pumping equipment are assumed to be used in each of the three
systems.

Total added costs per acre are equéted with the additional corn
vield (at various prices) required to meet the cost of irrigation..

The land area that must 5e taken out of preoduction in order to operate
the irrigation system is also considered, The break-even yield increase

is thus adjusted for the loss in land acreage.

Cultural Practices

The only changes in cultural practices to be considered are in-

creased plant population and fertilizer application. It is assumed
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that all other cultural practices are the same for both irrigated and
nonirrigated corn., The increases in cost of weed control under irri-
gation were considered to be small enough to be ignored.

The present planting rate of corn is approximately 24,000 kernels
per acre. This will be increased to 28,000 kernels per acre with irri-
gétion. The extra cost is estimated to be $1.LO per acre.

Fertilizer application presently averages 150 pounds of nitrogen
(W), 80 pounds of phosphorous (P205), and 90 pounds of potassium (K20)
per acre. ©Soil tests indicate a moderately high soil supply of both
phosphorous and potassium. With the addition of irrigation, it is
assumed that nitrogen application will be increased 50 pounds per acre,
phosphorous (P205) 20 pounds per acre, and potassium (KZO) 30 pounds
per acre. The added cost of this additional fertilizer is estimated

to be $5.80 per acre.

I

Water Source and Cost of Well

Whether irrigation develops in a given area depends to a great
extent on the availability of a large supply of water. The only
source of water currently available for this farmlis the ground water
in theé thick deposits of sand and gravel‘in the buried Mahomet bedrock
valley which underlies the farm. The Illinois State Water Survey has
indicated that a large capacity well approximately 300 feet deep could
produce as much as 2,500 gallons per minute of water of a chemical
quality that should be‘excellent for:irrigation.

The cost of such a well is estimated to be $12,000. The estimate
was obtained from a drilling contractor for a well 300 feet deep and

capable of pumping 2,450 gallons per minute. The well is assumed to
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have a useful life of 50 years.

The estimated investment cost of the required pumping equipment is:

Double-drive PUMP...v.eveeeveernns. $ 6,908
Concrete base and installation.... Léo
Industrial engines, two , 220 BHP.....3,300
Pump connections and fittings..... 149

Total.ovvvnn. et .. $10,897

This is priced as designed by one of the irrigation companies. This
company is a dealer for this equipment and also provides installation.
Since this pumping equipment is part of the system that requires the
highest pumping rate} it is assumed the equipment is adequate for the
other two systems. The pumping equipment is assumed to have a useful

life of 15 years, with a lO-percent salvage value.

JMWater Distribution System

Several assumptions are made in regard to the fixed costs of the

water diétribution_field equipment for all three systems:

1. The purchase price includes installation or assembly.

2. A 5-percent sales tﬁx is included.

3. The equipment has a useful life of.15 years with a salvage value
of 10 percent of new cost.

L. Depreciation is figured by the straight-line method.

5, Interest is charged at the rate of 7 peréent of average investment.
6. - Insurance cost is>assumed to be $0.60 per $100 of average value.
7. Personal property tax is computed using a 3.5-percent tax rate

for 55 percent ,of average value.

8. No housing costs are included.
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- Variable costs assoclated with the actual irrigating operation include
labor, fuel and oil for pumping, repaif and maintenance, and any other
variable cost necessary for operation. The labor requirements, hours of
operation, and fuel costs are based on designers' estimates. Labor is
charged at $2.00 per hour, fuel and oil for pumping at $3.50 per hour
of actual operation. Repairs are charged at a fixed rate per acre~inch
of water applied, with the rate depending on the type of equipment used.
Tractor power is charged at $1.00 per hour of operation, which is the
estimated variable cost of operation only.

Variable costs are approximate; exact figures depend on operator
efficiency and organization. Variable costs per acre-inch of water
applied also dépend on the amount of water applied per irrigation cycle.
For example, the total labor and tractor poWer required to move equip-
ment would be approximately the same for a 2-inch application as for
‘half that amount. Thus, with a 2-inch application the same labor and
tractor costs are divided by twice as many acre-inches of water applied,
and these costs per acre-inch are reduced by 50 percent.

System A. System A uses the “tow-line" principle. Normal in-
stallations of this type utilize a main line located in the cehter of
the field. Long laterals run at right angles to the main, ahd are
moved from setting to setting b, disconnecting them from the main and
using tractor power to tow the entire lateral across the main to a'new
setting on the opposite side of the field. Since the entire lateral
is moved as a unit, moving time is reduced in.comparison with the com-
pletely hand-moved system. Ne#ertheless, this system requires the most
operational labor of the three systems. Sprinkler heads, positioned

on high risers for irrigating tall crops such as corn, are located at
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regular intervals on the lateral. Stabilizers on the laterals keep the
risers in a vertical position.

The system designed for the studyrfarm consists of six %960—foot
lateral lines and six 1,280-foot lateral lines. The sprinklers are
spaced at hQ-foot intervals on the tow-lines. The distance between
lateral settings is 60 feet. The system is designed to apply 2 inches
of water to LO6 acres in approximately seven and one-half calendar days.

Design capacity of System A is the highest of the three systems
considered. It is designed to provide all the necessary water for the
growing crop and as such is probably over-designed for supplemental
irrigation in east-central Illinois. Because of the high water-holding
capacity of soils in this area and the relatively large amount of rain-
fall during the growing season, a lower design capacity would probably
be sufficient. This would reduce investment cost and consequently
“vearly fixed costs; while having little effect on the operational costs
per acre-inch of water applied.

An estimated 60 hours of labor and 45 hours of tractor use are
required per irrigation cycle. Eighty héurs of pump operation are
required to apply 1 inch of water to L06 acres and 160 hours to apply
2 inches.

System B. System B is a semi-automated system. A single, large-
capacity sprinkler is mounted on a wheeled.vehicle. The vehicle is
positioned at one end of the field and a cable is run to the dpposite
end and anchored. An engine-winch on the vehicle winds in the cable
and pulls the sprinkler slowly’ac?oss the field. A plastic hose con-
nects the‘sprinkler to the main which is located in the center of the

field at a right angle to the direction of travel of the sprinkler
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vehicle, Size of sprinkler and speed of travel determine the rate of .
water application. Tractor power is required to move the vehicle
between startingkpositions.

The system designed for the study farm consists of four individual
units., It is designed to apply one inch of water to 460 acres in
approximately 95 hours of actual pumping time. Successive lateral
movements are 330 feet, which reduces the amount of land lost from
production when compared with System A. However, distribution may be
poorer, especially on windy days.

An estimated L1 hours of labor are required for a l-inch application.
An additional l hours of supervision time are included for a 2-inch appli-
cation:. Operational times for the pump are 95 and 190 hours, respect-
ively, for the two levels of application.

System C. This system combines two types of eqﬁipment and is the
fmost automated of the three systems. It consists of one large, self- -
propelled unit and two units similar ﬁo those of System B. The self-
propelled unit involves a single, long lateral pipe supported by a
series of wheels and tpwers. The entire assembly revolves slowly
around a pivot point located in the center of the area to be irrigated.
Water pressure is used fo power the support wheels, which in turn
rotate the system. Sprinklers are located at regular intervals on the
lateral and vary in size according to the area of the circle that they
must cover. The desired amount of water is applied in one revolution
of the system. Rotational speed;is.variable éo that application rates
can be cqntrolled. One disadvantage of the self-propelled system is

that square corners cannot be irrigated.
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he system designed for this farm includes a single, 1,673-foot self-
propelled unit and two units of the Syétem B type. The system as
designed will apply 1 inch of water to 4o acres in approximately 70
hours of actual pumping time. Labor requirements are estimated at 22

hours per cycle for a l-inch application and 26 hours for a 2-inch

application.
Table 1.~-Costs of the Three Systems
Costs
Sys- Sys- Sys-
tem tem tem
a A B C

Investment per acre”.. $189.09 $171.93 $169.87
Fixed cost per acre?.. 19.84 18.08 17.79

Variable cost per

acre-inch, l-inch

application...... e 1.19 1.05 1.03
Variable cost per

acre-inch, 2-inch

application......... 0.99 0.96 0.98

& Includes well, pumping equipment, and distribution
system.

Costs of the Three Systems

Investment per acre and costs per acre for each system are presented
in Table 1., One of theAfirst things noticed when comparing ﬁhe three
systems was the similarity of investment cpsts, especially between
Systems B and C. System A has the highest capital requirement, even
though it is the most labor-intensive system. While this might appear
as a discrepancy, it should be remembered tha£ A has the highest design
capacity which results in higher initial cost. System A is designed to

meet all the necessary water reQuirements for the crop. This would
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only be necessary in a severe drought. System C is the most automated,
but has the lowest initial cost. However, C utilizes an extremely
large self-propelled unit (irrigating approximately 220 acres) which
tends to reduce initial cost on a per-acre basis. If two smaller unifs
were used in place of the single large unit, for the same number of
acres, investment cost per acre would increase because of duplication
of equipment.

Table 1 also illustrates an important point in regard to variable
costs. For the l-inch application, variable costs decrease slightly
with increasing automation. However, with the 2-inch application
most of this difference disappears. This fact is due largely to the
effect of increased watér application on labor and tractor costs per
unit. In terms of total amount per irrigation cycle, these two costs
are approximately the same for both rates of application. As the
‘application rate per irrigation cycle is increased, the most labor-
intensive system receives the greatest benefit in reduction of these

costs on an acre-inch basis.

Break=-Even Yield Increase

Because the costs of applying_watef are quite similar for all
three systems, the average costs of the three systems are used in the
break-even analysis. These averages are $18.57 fixed cost per acre,
$1.09 variable cost per acre-inch for a l-inch application, and
$0.98 per acre-inch for a 2-inch application. The added variable

costs for seed and fertilizer aré also included.
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The operation of most irrigation equipment requires land for turn

strips, operational strips, or involves same crop damage. It is esti-

[

mated that an average of 6 percent of the farmland is lost from pro-
duction. Thus, the necessary extra production, or per-acre yield
increase, must come from 0.94 of an acre.

Supplemental water added per acre is assumed to average 4 inches,
applied in two l-inch applications and one 2-inch application. For
total water applications above or below 4 inches, only the variable
cost of operation need be considered. For example, if an additional
inch is applied, $1.09 is added to the total cost.

Table 2 summarizes the estimated additional costs that would be
incurred if irrigation were added to this farm. Note that approxi-
mately two-thirds of the total costs are fixed costs and that the

investment, once made, has a salvage value considerably below origi=-

nal cost. Table 3 gives the required yield increase necessary to

break even at various prices of corn.

Table 2.--Per-Acre Cost of Irrigation,
Assuming 4 Inches of Added Water

Annual fixed cost of added equipment..... $18.57
Variable cost for two l-inch water
applications..cc.eeeerercnvincanioceeass 2.18
Variable cogt for one 2-inch water
application...veeececeecrecneococanseas 1.96
Added fertilizer COSt.eeveeereeeeenennens 5.80
Added S€€d COSt.veeeeeeevavanncanenannsss L.UO
Total.seereeeaaacanesosecons cesetesesenns $29.9l
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Table 3.~~Yield Increases Necessary to Break Even
at Various Corn Prices

Yield increase

Price of corn, needed to

dollars per break even,
bushel bushels
0.t teeeeasas feenee 35.4
O cesesenen 31.8
1.10...00inncieennes sesescanssan 28.9
1.15....... teseessieses seessns . 7.7
1.20......... ceecsssenas feeesnaas 26.5
1.2 . iienereneeeesasasosossasannn 25.5
1.300eieeecnnns . . ceesee 2l.5
140 .eeeiininnnna.. teresseeans 22.7

& Assumes 6-percent field area loss, two l-inch
applications, and one 2-inch application.

Conclusion

The question of a realiétic yield response to supplemental irri-
Zation is complicated by the fact that there are few field experiments,
combining irrigation and up-to-date cultural practices, currently
being conducted in the Corn Belt. Most of those being conducted are
on the more drouthy soils and lack direct applicgbility to the more
drouth-resistant soils. Because of this lack of information on yield
response, specific recommendations cannét be made from our analysis.
However, the size of the needed yield increase gives some basis for
making a judgment in specific farm situations.

During the seven-year period, 1961-1967, corn yields on this
farm averaged 127 bushels per acre, ranging from 109.5 to 136.5
bushels per acre. This means that with corn at one dollar per

bushel yields would need to be about 160 bushels per acre to break
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even under an irrigation program with I inches of water applied.
Although such yields are reported in years with favorable weather,
they reflect a high level of management in the form of timely appli~-
cation of carefully selected inputs. Such management is a critical
factor in determining the success of an irrigation program.
Another factor entering irrigation decisions is the reduction
of year-to-year variations in yields that should occur under irri=-
gation, Some farmers may feel that this reduction is important
enough to justify investment in irrigation even though there is loss
in returns, on the average, under irrigation. In Section III of
this report it was indicated that a decrease in year-to-year variations
of net income may be expected with supplemental irrigation of corm.
Specialty crops such as green beans and cucumbers, in general,
give higher returns than corn to investment in irrigation equipment.
'Where markets for these crops exist and appropriate soils are present,
consideration should be given to including them in an analysis of the

cropping system to determine the profitability of irrigation.
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V. A LINEAR PROGRAMMING ANALYSIS OF IRRIGATION FARMING IN MASON COUNTY

In recent years there has been a marked increase in the area of
irrigated land in the western half of Mason County. In 1959, 462 acres.
were irrigated on 9 farms. In 1969, 21,300 acres were irrigated on
114 farms. This adoption of irrigation is due to a number of reasons.
The soils in the western section of Mason County are predominantly
sandy, with a low water-holding capacity. This has caused very low
crop yields in years of less than average rainfall; e.g., the average
yvield of corn in Mason County for 1966 was 69 bushels whereas the
average yield for corn over the 1lO=-year period 1959-1968 was 78.4
bushels.

Some farmers who started irrigating in the late 1950's and early

1960's found that irrigation could cause substantial increases in crop

,yields (especially corn) in most years. They found that irrigated corn

could usually yield at least 110 bushels per acre, and, in years like
1966, irrigation could help to avert an economic loss.

Further, it was recognized that this part of Mason County possessed
an almost unlimited supply of ground water at anlaverage depth of 100
feet. This adequate supply of ground wéter, coupled with the develop-
ment of autcmated irrigation equipment and its subsequent use as in
Nebraska and the Dakotas, gave the physical means of delivering water
to crops that would respond. Development of automated equipment is
especially important in an area which has a restricted supply of labor.
Another factor influencing the adoption of irrigation was the avail-
ability of contracts with canning companies for irrigators to grow

vegetable crops (e.g., snap beans and cucumbers) which offered high,
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if somewhat variable, returns per acre. vA successful double crop of
snap beans would return $175 per acre net of variable costs.

It is obvious fram the extent thet it has been adopted in Mason
County that irrigation is economically feasible and, in many cases,
guite profitable. But there are still questions concerning the
proportion of the farm to be irrigated and the best combination of
crops. Because the answers to these questions depend on such factors
as the yields and prices of crops, vegetable contracts available
fram canning campanies, and the amount of labor available on the famm,
the technique of linear programming is well suited to studying the
economic conseqQuences of alternative plans. Linear programming is a
form of budgeting well adapted for use on coamputers so that a very
large number of farm situations can be budgeted provided that the
characteristics of the farm can be expressed mathematically.

In this study linear programming was used for a hypothetical farm
in Mason County to determine the most profitable combination of crops
for varying proportions of the farm irrigated, and, as a consequence,
to measure the profitability of different sizes of irrigation equip-
ment. The informationrupon which the characferistics of the famm
depend was gathered from interviews with four irrigators and the
extension advisor in Maéon County. The results of several farm manage-
ment studies performed by the bepartment Qf Agricultural Economics,

University of Illinois also provided information.

The Model Farm

A hypotheticel farm situation was developed which fepresented the

important elements for decisions regarding crop combinations on irrigated



Four basic situations are considered:
(a) no irrigationm;
(b) irrigated area of 150 acres;
(c¢) irrigated area of 287 acres;
(d) irrigated area of 437 acres (using both large and small
systems).

The labor available on the farm is one full-time operator plus one
full-time hired man for all or a part of the year. The hours of labor
available from this supply are put at 480 per month except for May to
August when they are put at 130 per week, with the proviso that the
average should not exceed 120 hours per week for more than two con-
secutive weeks. This allows for peak periods during times of intensive

cultivation.

Linear Programming Results

Using the above information and the linear programming procedure,
farm plans which give the highest returns, net of variable costs, were
determined for each irrigation situation. The plans consist of the
acreage of each crop grown and the amount of labor used in each period
(Table 2).

As irrigation equipment is increased, so the highest-return crop-
ping plan changes. The first change (in géing from the non~irrigated
situation) is the introduction of high-value crops, snap beans and
cucumbers. Because the net returns from cucumbers is slightly higher
than snap beans, the maximum acréage'(so acres) of cucumbers permitted

by the contract is grown in all plans with irrigation (Table 2).
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farms in Mason County. This farm consisted of 470 acres of uniform
land. The crops which could be chosen are given in Table 1 along
with their planting and harvesting dates and quantities of water
applied by irrigation., Livestock and pasture enterprises are not
considered in order to simplify the study and also because irrigators.
indicated that decisions regarding irrigation do not affect livestock
choices.

The crops are subject to rotational restrictions so as to mini=-
mize insect build-up. Because contracts for the vegetable crops are
restricted, the maximum allowed in the model was 150 acres for snap
beans and 50 acres for cucumbers (with the acreage of first and second
crop being divided equally); this is in line with the size of current
contracts. Prices and yields assumed for the various crops are also
given in Table 1, along with variable costs (includes rumning costs
for farm and irrigation machinery, fertilizer, seeds, and sprays).

The irrigation equipment chosen was the 'Valley" typé, which is
the most automated available, However, the results are applicable
to other types of automated equipment. The two sizes of Valley equip=-
ment most frequently used in Mason County are the Y4O-acre size
(irrigates 37.5 acres) and the 160-acre size (irrigates 143.5 acres).

The 40-acre system can apply 1 acre-inch per week to a 1l60-acre
(effective irrigated area is then 150 acres) field by using it from
four watering points. Likewise, the 160-acre system can apply 1
acre~inch per week in two adjacent 160-acre fiélds (effective irri-

gated area is 287 acres).
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Table 1l.--Crops Grown on h70-Acr§ Model Farm, Mason County, Illinois

Irri- Soy-
Irri- gated beans Snap beans Cucumbers
Corn gated Soy- soy- second Wheat First Second First Second
corn beans beans Crop crop Crop crop crop
|
Planting datesS...ccveeevcccesconcsas May May May May July Oct. May July May Aug.
8-23 8-23 20-25 20-25 15=22 7=15 23-31 T=-15 1-8
Harvesting dates....cccevevnccencas Sep. 29 Sep. 29 Sep. 23 Sep. 23 Sep. 23 July July Sep. July Oct.
-Nov. 7 =-Nov. 7 =-Oct. 6 =QOct. 6 <-Oct. 6 7-11 7-15 23-30 7-15 1-8
Irrigation
June (inches) ......ceiveeeens - - - 1.0 - - 4.0 - 3.0 -
July (inches)..ceeeeeeeeeneenas - k.o - 1.0 0.5 - 1.0 - 1.0 -
August (inches)...cveveeecenns -- 4.0 -- 1.0 2.0 -- -- 2.0 - 2.0
September (inches)............ - -- - -- 0.5 - - 1.0 -- 1.0
Total (inches)....eceeeeecnnns -- 8.0 - 3.0 3.0 - 5.0 3.0 4.0 3.0
Yield (bushels per acre)........... 75 130 30 40 20 35  (a) (a) (a) (a)
Price (dollars per bushel)......... 1.00 1.00 2.40 2.40 2,40  1.40 (a) () (a) (2)
Gross returns (dollars per acre)... 75.00 130.00 72.00 96.00 48,00 49.00 100.00 100.00 100.00 100.00
Variable costs (dollars per acre).. 18.32 32.61 12.22 18.11 10.69 12.50 27.75 25.63 19.24 21.9
Net returns (dollars per acre)..... 56 .68 97.39 59.78 77.89 37.31  72.25 72.25 74,37 80.76 78.04
a

based on yield, quality and price of the crop.

Yields and prices are not used for these crops; the canning companies pay the farmer a return per acre

T¢
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As the acreage irrigated increased, irrigated corh beéame more
important, reaching a maximum of about one-half of the cropped area
when 437 acres are irrigated. At this level of irrigation, the only
dryland activity was wheat; the area of soybeans decreased from 131
acres, with no irrigation equipment, to 10 acres of full-season soy=-
beans being irrigated plus 55 acres of irrigated soybeans following
wheat,

It should be noted that the area of snap beans never reaches its
contract limit of 150 acres. Even if cucumbers were removed from the
cropping alternatives (there were no cucumber contracts in 1969) and
this acreage mede available for snap heans, the snap bean acreage
would still remain at less than its contract limit of 150 acres.

In general, vegetable crops with similar cultivation and return
characteristics to snap beans would occupy less than one-third of
the cultivated area. This indicates a somewhat stronger competitive
position for corn than might be expected.

What causes this limitation on vegetable crops? The answer is
not apparent in the presentation of figures for labor used (Table 2).
It will be remembered that labor available on the farm was specified
as 130 hours per week during the period of intensive cultivation,
with a proviso that the average should not exceed 120 hours in con-
secutive weeks. Behind the monthly totals in Table 2 are weekly
labor figures. For all irrigation situations, the limit of 130 hours
is reached in at least one week--e.g., for 437 acres irrigation,

130 hours are used in the second week of May and first week of June.
Thus, the shortage of labor in these periods prevents an increase in

the area of vegetable crops.
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Table 2.--Highest-Re£urn Farm Plans for Various Sizes of Irrigation
Equipment, 470-Acre Farm, Mason County, Illinois

Area irrigated (acres) 0 150 287 437

Net return” $2b4,518 $37,164 $u45,342 $L49,96L
Crops (acres)

Corn 214 135 - -
Irrigated corn : - 50 140 233
Soybeans : 131 111 113 --
Irrigated soybeans - - - 10
Soybeans (second crop) - -- -- (55)b
Wheat » 125 T4 70 88
Snap beans (first and second crops) - 50 97 89
Cucumbers (first and second crops) -- 50 50 50
Total 470 470 470 470

Labor used (hours)

January 53 54 58 64
February 53 54 58 69
March ‘ 200 20k 185 212
April . 184 284 337 369
May 332 455 452 Lok
June ‘ 232 313 344 324
July 236 281 328 396
August | 116 226 296 350
September - 171 200 192 17k
October 480 383 363 51
November 89 99 gl 124
December 24 34 38 4o

Total 2,170 2,587 2,745 2,987

a Gross returns minus variable costs.
b Not included in totdl because it is grown on land following wheat.
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Now it might be argued that.if the labor in the first, third, and
fourth weeks of May and the second week of June is not fully utilized,
some cultivation could be shifted fram the second week of May to the
first week of June; Careful examination of the weekly labor figures
shows the average amount of labor required for the six-week period,
late April to early June, is 120 hours per week, and this is the
maximum labor assumed to be available from two full-time men.

Some further comments are required on the labor figures. The
monthly distribution is very uneven with little labor used in January,
February, November, and December; this may appear as inefficient use
of labor. But idle labor in these months may be the price that has
to be paid if the men are expected to work a sixty-hour week for some
periods of the year. If the operator has an opportunity to hire
full-time labor for the period in which crops are grown, this is
“preferable to hiring a man for the entire year. It will be recalled

that livestock are not considered as a part of the farm dctivities.

The Effect of Changes in Yields or Prices

Because of uncertainty regarding the yields and market prices of
various crops, it is reasonable to ask to what extent do the highest-
return plans produced by linear programming remain optimal when un-
certainty is considered. To partially answer this, an examination
was made of the effect of changes in per-acre returns of the vegetable
crops. By further programming,_we can produce optimal farm plans for
the reasonably expected range of returns for snap beans and cucumber
crops. These plans are given in Table 3 for the situation of 287

acres of irrigated land.
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Table 3.=-~Highest-Return Farm Plans with Varying Snap Beans and Cucumber

36

Returns; 470-Acre Farm (287 Acres Irrigated) Mason County, Illinois

' a
Returns per acre, snap beans and cucumbers

$100  $120 $140°  $180°  $300
Net returns $34,994 $35,582 $36,719 $ho,k32 $62,057
Acres
Corn ‘-- - 35 - -
Corn (irrigated) 2Ll 236 145 140 Th
Soybeans 70 95 91 113 98 -
Soybeans (irrigated) 36 - -- -— L5
Soybeans (second crop) - 164 y4 -- -
Wheat 113 10k 61 70 85
Snap. beans 6 32 88 97 118
Cucumbers L 3 50 50 50
Total 470 - 470 470 470 470
Hours
Iabor used, total 2,438 2,575 2,773 2,750 2,779

a0 oD

Returns are for first plus second crop.

The plan for $160 is same as for $1LO.

Plans for $200 and $280 are the same as for $180
Not included in total.
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The farm plans in Table 2 assume gross returns of $200 per season
($100 per crop) for snap beans and cucumbers. The plan for the 287-acre
irrigation situation was optimal over a range of returns from $180 to
$280 per acre per season and was little different in terms of acreage
of vegetable crops from the plan which is optimal for $140 and $160.
That is, if the returns for vegetable crops are expected to fall mainly
in the range of $140 to $280 per acre, the optimal strategy is to
plant between 138 and 147 acres of these crops.

A similar analysis for varying gross returns per-acre from
irrigated corn revealed that the farm plans in Table 2 which assumed
gross returns of $;3O per acre (130 bushels per acre at $1.00 per
bushel) remained optimal over a range from just below $130 to just
below $170 per acre. Again, if returns are expected to fall mainly

within this range, then the best strategy is to grow 140 acres of

“irrigated corn.

Profitability of Irrigation Equipment

One method of measuring this is to compare the increased returns
due to irrigation with the capital cost of the irrigation equipment
used (Table 4). The first step was to compare each of the three irri-
gation situations with the no-irrigation situation; this showed that
investment in any of the three irrigation systems will yield more
than 30 percent return on capital. Of course, this assumed that the
prices and yields (Table 1) are actually experienced and that the
highest-return plans are followed.

The story is a little different if we consider thé profitability

of each irrigation situation in relation to the others (Table 4).



Table 4.--Analysis of Profitability of Irrigation Equipment

Acres irrigated

0 150 287 437
Capital cost of irrigation equipment®.... 0 $26,860 $34,260 $61,130
Annual overhead costb .................... 0 2,686 3,426 6,113
Net return for farm plaN......ceeeeevaess $24,518 37,16k b5, 342 49,964
Net return minus overhead......ceceveenn. 2k, 518 34,478 41,916 43,851
ctf. O irrigated acres
A. Increased investment........ cieseceerans 26,860 34,260 61,130
B. Increased net return...... Crenreereeaan . 9,960 17,398 19,333
B/A (percent)® 37 51 32
cf. 150 irrigated acres
C. Increased investment........oeoceuvs. ceressesenane $7,400  $3k,270
D. Increased net retlUIM......eeeeveeenns. ceeees e 7,&38 9,373
D/C (percent)®....c.vvnn.... e eeeereieeaa. Ceeens 100 27
cf. 287 irrigated acres
E. Increased investment......... e tesseseeaeresatsacanenennns $26,870
F. Increased net returﬁ ................ et eeseesceaassasassanns 1,935
F/E (percent)c 7

a This includes cost of well, pump, motor, irrigation machinery, pipes and all
installation.

b Bstimated at 10 percent of capital cost; 9 percent for depreciation and 1 percent
for taxes and insurance. ' :

¢ Rate of return on added investment.
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One can interpret the results in the following way. If a farmer is
considering introdﬁcing irrigation to his farm, and if there is no
limit on availability of funds at market interest rates, he would
increase returns by buying equipment to irrigate 287 acres rather
than 150 acres; if he were considering investing approximately
$27,000 in the smaller set of equipment, then by adding $7,000 more
of equipment he would be earning 100 percent on this added investment.

If he has decided to install equipment to irrigate at least
287 acres, should he add the 150-acre system and irrigate 437 acres?
This extra invesfment of approximately $27,000 is seen to yield a
return of only 7 percent, and the farmer may be somewhat doubtful,
given a 10-year depreciation period, of such an investment.

A word of warning about the interpretation of these figures.

If a farmer actually had 150-acre equipment and was considering
increasing his irrigated area, the only way he could do this (in terms
of this study and assuming the 150-acre equipment camnot be traded in
for 287-acre equipment) would be to buy 287-acre equipment to irrigate
437 acres. The return on this added investment is 27 percent.

The foregoing aﬂalysis assumes a two-man labor supply available
and that labor costs are the same for all situations. In specifying
the labor supply, we stated that a full-time operator plus a full-time
man were available for all or part of the year.

The hired man might be employed only for that part of the year
when his labor is required. This means six-month employment when
there is no irrigation and seven months for the three irrigation

situations (Table 2). Assuming that the hired man is paid $400 per
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month, this will lower the returns to irrigation investment by about
one percentage point for the three irrigation situations, compared
with no-irrigation situation. For the purposes of this analysis,
the increased labor required in going from one irrigation situation

to another can be thought of as being supplied by the operator.
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VI. A DYNAMIC PROGRAMMING ANALYSIS OF SUPPLEMENTAL IRRIGATION OF CORN

The previous analyses in this report have abstracted from two
important aspects of the decision-making process regarding irrigatiom,
During any given crop season decisions about the quantity of water to
be applied in each of the periods are made sequentially. That is, the
amount of water to be applied in any period within the growing season
depends on the condition of the crop and/or soil moisture at the be=-
ginning of that period. Further, the results of such an application
in terms of its effect on yield are probabilistic in the sense that
they depend on such climatic variables as the amount of natural rain-
fall and temperatures occurring during the period. The moisture-
deficit method used in Chapter III of this report does not view the
within-season decisions regarding irrigation as being sequential.
‘Rather, the amounts applied are those which make total water applied
(natural rainfall plus supplemental irrigation) identical with natural
rainfall in an "ideal" year. Although the year-to-year variance of
returns was estimated, the probabilistic nature of the yield outcomes
of various levels of irrigation in individual periods was not considered.
The linear programming analysis of Chapfer V considered a single within-
season pattern of the irrigation of corn for comparison with a
no-irrigation regime for corn and other crops, both irrigated and non-
irrigated. However, the.linear programming model is non-probabilistic
and thus does not take into account»én important feature of decisiouns
regarding supplemental irrigation of corn. The method of dynamic
programming views the decision-making process as both sequential and

probabilistic and thus provides a somewhat more realistic model.



Mgttt

&

Lo

In this chapter the results of the use of a dynamic programming model
are presented and compared with those of a moisture-deficit model and

a commonly used rule of thumb for supplemental irrigation.

The Method of Dynamic Programming: An Example

A hypothetical example will illustrate the basic features that
characterize the empirical application of dynamic programming to the
supplemental irrigation of corn. Assume that a particular initial
state (crop condition) at the beginning of June (period 1) is given.
An initial decision concerns the application of irrigation water
during the first period. Irrigation is assumed to cost $3.00 per
acre. Depending on this initial decision, a transition to any of the
three states, i.e., good crop, medium crop, or poor crop is possible
in July (period 2). These transitions are governed by a set of
‘probabilities (Table 1).

Table 1 Possible Irrigation Strategy in June (period 1) and
Resulting Transitions to July (period 2).

Transition Probabilities

Good Medium Poor
Alternative crop crop crop
in June in July in July in July
Irrigation 0.6 0.3 0.1
No Irrigation 0.3 0.h 0.3

The irrigator must also decide whether to irrigate in July (period 2).
At the time this decision is made, the state of the crop at the end of
period 1 (beginning of period 2) is known as well as the probability of
obtaining each specified terminal reward (end of period 2) under each

of the two irrigation alternatives. .
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Table 2 Transition Probabilities and Terminal Rewards in July (period 2).

L3

Returns net of harvest costs

State Alternative $60 $70 $80 $90 $100
Good crop 1 Irrigation 0.0 0.1 0.2 0k 0.3
2 No Irrigation 0.1 0.2 0.3 0.3 0.1
Medium crop 1 Irrigation 0.1 0.2 0.k 0.3 0.0
2 No Irrigation 0.2 0.3 0.3 0.2 0.0
Poor crop 1 Irrigation 0.2 0.3 0.k 0.1 0.0
2 No Irrigation 0.2 0.4 0.4 0.0 0.0

In order to maximize the total expected earnings, the irrigator

wishes to know whether to irrigate in each period. Using the backward

multistage problem-solving approach, our solution procedure begins in

period 2. Here we look at the states good crop, medium crop, and poor

crop in an attempt to determine an optimal strategy for irrigation

application in this period.

The maximum expected return for each of the three crop conditions

at the beginning of period 2 can be determined by a comparison of

expected returns with and without irrigation:

Good Crop

Irrigation: '[f(o)(6o)‘+ (0.1)(70) + (0.2)(80)
+ (0.4)(90) + (0.3)(100) -3 / = $86.00

No irrigation: / (0.1)(60) + (0.2)(70) + (0.3)(80)

+ (0.3)(90) + (0.1)(100) -0 7 = $81.00

Irrigation gives higher expected return.
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Medium Crop
Irrigation: Zf(o.l)(60) + {0.2)(70) + (0.4)(80) + (0.3)(90)
+ (0.0)(100) -3 7 = $76.00
No irrigation: / (0.2)(60) + (0.3)(70) + (0.3)(80)
+ (0.2)(90)_/ = $75.00
Irrigation gives higher expected return.
Poor Crop
Irrigation: / (0.2)(60) + (0.3)(70) + (0.4)(80) + (0.1)(90)
+ (0)(100) -3_/ = $71.00
No irrigation: / (0.2)(60) + (0.4)(70) + (0.4)(80)
+ (0)(90) + (0)(100) / = $72.00
No irrigation gives higher expected return.
The results are summarized in the following table:

Table 3 The Expected Net Returns and the Optimal Irrigation
Policies of the Sequential Problem in July (period 2).

Expected
State Policy Decision Net Returns
Good crop Irrigation $86.00
Medium crop‘ Irrigation $76.00
Poor crop No Irrigation $72.00

The procedure now moves back to the first period and considers
the following question. Assuming adoption of the optimal decision in
period 2, what is the most profitable irrigation alternative in period 17
Here again, we evaluate the expected return for each of the two policy
choices-~irrigation or no irrigation. However, since there is only a

single crop condition at the beginning of period 1, as contrasted to
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three crop conditions (étates) at the beginning of period 2, only two
expected returns need to be calculated. Note that the higher expected
return calculated above for each of the crop conditions at the beginning
of July is used: (Irrigation of good crop) $86.00 rather than $81.00,
(Irrigation of medium crop) $76.00 rather than $75.00, and (No irrigation
of poor crop) $72.00 rather than $71.00. The appropriate transition
probabilities are selected from Table 1.

Irrigation: / (0.6)(86) + (0.3)(76) + (0.1)(72) -3.7 = $718.60

No irrigation: / (0.3)(86) + (0.4)(76) + (0.3)(72) 7 = $77.80

The higher expected returns come from irrigation in period 1.
Thus, the optimal choice for June is irrigation, under the assumption
that an optimal policy is followed in July. At the beginning of July,
crop conditions are evaluated and the desirability of irrigation

(Table 3) depends on this evaluation and the transition probabilities

S

to the terminal reward.

Application of Dynamic Programming to Agronomy South Farm Data

The same basic procedure outlined above was used to evaluate within-
season supplemental irrigation policy for corn. The analysis used the
same set of data as that used for Model‘II of Chapter III. In order
to represent the "state" or crop condition at the beginning of each of
the periods as a value of a single variable and to thus make the dynamic
programming approach manageable, the composite variable, U, was formed
as follows:

U = i%i (atPt + btPt2 + CtIt)
where the variables have the same definitions as Model II in Chapter III,

It will be recalled that there are five 9-day periods with the center
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of the third period being the tasseling date. A non-linear least-
squares estimation procedure was used to estimate parameters in the
following function which contains the same variables as Model II of
Chapter III, but with the 15 terms indicated above appearing in U

2
and U :

2

Y = -689.23 + 1.2836U + 0.0010U° + 0.0838Tl

+ 0.0723T_ - 0,2287T L + 0,6034T H
2 3 3

+0.19987 + 0.0027T,
The definition of the last six terms, which are temperature variables,
are the same as in Model II of Chapter III. The standard errors of
the regression coefficients as well as the standard error of estimate
are higher in this equation than with the linear least-squares results
for Model II of Chapter III. The coefficient of U failed to be sig-
nificantly different from 1.0 and the coefficient of U2 did not differ
significantly from zero. Consequently, the analysis proceeded with
Model II of Chaptér IIT with the precipitation terms and the temper=-
ature-precipitation interaction terms being aggregated into the crop
condition variable, U, as defined above. Use of this simpler model

without the U2

term, implies that, in the absence of constraints on
water supply, optimization of the level of supplemental irrigation
in each of the five periods could be performed independently of the
irrigation levels in the other periods.

Five levels of supplemental irrigation were considered for each
period: 0.0, 0.5, 1.0, 1.5, and 2.6 acre-inches. Values for the crop

condition indicator, U, for each period were calculated for each of

these five levels. The number of state values considered differed
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for each period. At the beginning of the first period, only a single
crop condition was considered, while at the end of the fifth period,
76 values of the crop condition were considered. The probabilities
of transiting from a given state in a given time period to states

in the succeeding time period were estimated from historical weather

data.

Summary of Results With Comparisons

The optimal levels of supplemental irrigation indicated by the
dynamic programming analysis are presented in Table 4. Note that the
maximum level considered, 2.0 acre-inches, is optimal in all periods
except the third. This set of opfimal policies regquires a greater
quantity of water than policies derived by other methods. The

"actual moisture deficit" column in Table L refers to Model II of

Chapter III. Estimation of irrigation water applications under this

model assumed that any amount of water might be applied, ranging from
none to that amount which occurred as natural rainfall in that period
in the "ideal' year. The water applications reported in Table 4 for
the models other than dynamic programming are average applications
over the Sh-year period. In order to pfovide a more appropriate com~
parison with the dynamic programming results, an adjusted moisture
deficit model was used in which the same general procedure was followed
as with the actual moisture deficit model but considering the irri-
gation levels to be restricted to zero and the range from 0.5 to 2.0
acre-inches. This adjustment reduced the optimal level of water
application in the fourth period. Finally, the results of a rule of

thumb were calculated. This rule requires the application of an inch
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Table 4 Optimal Operating Policies for Corn Irrigation in East-Central

Illinois
Supplemental Water Added Under
Period in Dynanmic Actual Adjusted Rule
Period relation to Program- Moisture Moisture of
tasseling date ming Deficit  Deficit Thumb
(Acre Inches)
1 22 to 1k days 2.00 10.65 0.62 0.59

before tasseling

2 13 to 5 days 2.00 2.54 1.77 0.66
before tasseling )

3 4 days before to 1.5 0.89 0.83 0.70
4 days after
tasseling

L 5 days to 13 days 2.00 0.11 0.0L4 0.61

after tasseling

5 14 to 22 days 2.00 0.53 0.50 0.66
after tasseling

Total supplemental

irrigation during .5 L.72 3.76 3.24
the critical L5- 7

day period
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of water during each 9-day period in which lesé than an inch of rain
falls.

The economic results are presented in Table 5. These results
are based on a net corn price of $1.13 per bushel ,irrigation water
at $1.00 of variable cost per acre-inch, and $20.00 per acre of fixed
cost for irrigation equipment. ‘

Table 5 Effect of Supplemental Irrigation on Mean Income
' From Corn: A Comparison of Results

Model Mean Incame ($ per acre)
Before After

Irrigation Irrigation
Actual moisture deficit $78.94 $106.32
Adjusted moisture deficit 78.94 92.69
Dynamic programming 78.94 98.28
Rule of thumb 78.94 74,20

The actual moisture deficit model gives the highest return.
However, it should be noted that this model is not restricted to
applications of two inches or less. For the adjusted moisture deficit
model this limitation is imposed, along with the requirement that
irrigation must be at either zero, if the moisture deficit were less
than 0.5 inches, or any amount in the range from 0.5 to 2.0 acre-inches,
The results from this model indicate a lower return than with the
dynamic programming model. Thus, when comparable assumptions are

used, there is an improvement in returns by following the dynamic



——;

50
programming policy. TFurther, the information requirements of the
dynanic programming model are less than that of the moisture deficit
model and the rule-of-thumb model. The dynamic programming model
assumes knowledge of the condition of the crop at the beginning of
the period, and the transition probabilities that relate the crop
condition in'any given périod to its condition in the subsequent
period under a range of irrigation policies. 1In contrast, the
moisture deficit and rule-of -thumb models assume that the natural
rainfall occurring during the period is known exactly over the range
which would require application.

In summary, the dynamic programming results represent an improve-
ment over comparable models. 'The estimates of increases in income
from all models would probably have been increased with the use of a

production function with more accurately specified inputs at ranges

. which would include their important interaction effects with water.
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Although supplemental irrigation is being used primarily on land

owned by the operators, a significant number of farmers are irrigating

rented land. The survey mentioned in Chapter II indicated that twenty-

nine of the sample of 76 complete records were irrigating rented land.

Seventeen of these had rented land only.

cash rent, and one had a combination of cash and share rent.

Of these seventeen, three paid

Two farms

gave one-third of the crop as rent, four gave two-fifths, and seven gave

a half-share as rent. Data for the latter two groups of farms are shown

in Table 1.

Table 1.--Sharing Arrangéments for Irrigation Investments and Costs on Rented Land,
by Share of Crop Given as Rent.

Items

1/2 rent share

2/5 rent share

Number of farms
Acres irrigated

Acre-inches of water per crop acre

Investments per farm:
Water sources
Pump and motor
Distribution system
Total investment

Fixed costs per crop:
Depreciation
Interest
Property taxes

Total fixed cost

Operating costs per crop acre:

Fuel and electricity
Repairs and other
Labor

Total operating costs

Total annual costs per crop
Percent by each party

121
5.81
Tenant Landlord
$ -- $ 818
1,g35 1,&22
- 2,829 7,1
$k, 564 $9, 450
$ 2,42 $ 4,65
1.75 4,15
. .32 77
$ Lo 3§ 9.57
$ 3.37 1.17
HY an
3.36 -~
$. 7.542 $ 1,81
$ 11.91 $ 11.38
51% Lot

N
141
7.21
Tenant Landlord
$ -- $1,410
3,132 1,958
10,5 3,23
$13,696 $6,598
$ 6.05 $ 2.48
6.35 3.06
1,18 ST
$ 13.58 3 6.11
$ b9 ¢ .62
.13 --
1.86 -
$ 6.18 & .62
$ 19.76 $ 6.73
75% 25%

Given the conditions for a profitable investment in supplemental

irrigation on a total-farm basis, our question is, "How should irri-

gation costs_be shared between tenant and landlord on rented land"?
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A general principle in farm leasing is to share total inputs in the
same ratio as the crops produced are shared. Unless this is done,

one party will be receiving a lower return on his inputs than the other
party and he will therefore not cooperate in adopting a new practice
such as supplemental irrigation, or he will do so at an economic dis-

advantage.

Leasing Guidelines

Prevailing custom for rented farms in the areas where supplemental
irrigation is being adopted réquires that the landowner furnish or pay
for all items that are or will become a part of the real estate. This
means that the cost of a well, or reservoir, and the pump should be
the landlord's contribution. Further, it is customary that the labor
to operate the farm and the irrigation system is furnished, or paid,
by the tenant.

All other costs can then be shared in such a way as to achieve the
same share of total costs as each party receives of the crops grown.
This reduces to three basic questions:

(1) Who should furnish the capital investments in (a) the motor on

the pump, and (b) the distribution system?

(2) Who should pay fuel and electricity costs to operate the system?

(3) Who should pay for ordinary repairs?

The rule on repairs may well be to share them in the same way as
the crop is shared even though the item, such as the pﬁmp, is owned
entirely by the landlord. An exception to this rule would be repairs
on the motor. These should be the tenant's contribution. Then he is

free to choose between extensive repairs or replacing the motor.
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Sharing in repairs on the pump and distribution system will give the
tenant an incentive to be careful in the use of the landlord's property
where the landlord furnishes part or all of these items. If the land-
lord does not furnish any of these items, he should not share in the
répair costs,

Fuel and power costs are a flexible item. They may be shared
or they may be paid entirely by the operator. The incentive condition
in the latter case is no problem if both parties agree on when and how
much water to apply independently of who pays these operating costs.
This, then, leaves the guestion of who contributes what amount to the
investments in a motor, or power source, and the distribution system.

Because of its wvulnerability to careless management, the motor
may well be the tenant's sole responsibility. This not only puts the
incentive for proper care where it should be but it leaves the tenant
%ree to use his farm tractor as a power source if he so chooses.

The investment in the distribution system thus beccmes the
principal item for adjusting contributions between the two parties.
Possibilities range from the landlord furnishing total investment to
the tenant furnishing total investment. Depreciation interest and
property taxes are fixed costs which will be proportional to the

original investment by each party.

Application of Guidelines

A hypothetical situation may now be compared with the actual
experience reflected in the averages for the two groups of farms in
Table 1. The data in Table 2 are based on estimated values for a

self~propelled distribution system covering about 165 crop acres with
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approximately 6.5 inches of water each year. This table provides an
illustration of how contributions by each party may be estimated and
adjusted to fit the rent share rather than adhering to a rigid cost-
sharing pattern.

The analysis in Table 2 assumes that the landlord always furnishgs
the water source and pump and that the tenant always furnishes the
motor and all labor. All other costs and investments are shared the
same way as the crop is shared. The result is a total cost-sharing
as indicated on the bottom line of the table.

One important‘additional assumption must be noted in using Table 2
and the principles employed in it., This is the assumption that the
rent-share which was found acceptable before going to supplemental
irrigation will continue to be used after irrigation has been adopted.
It can be argued that, by increasing his contributions through invest-
ments in irrigation capital, a landlord may earn a larger share of the
crop as rent. For example, the one-third share landlord mey feel his
added contributions will now earn a two-fifths rent share, or a two-
fifths share landlord may feel his property is worth a one-half rent-
share under irrigation; Such increases in rent=-shares will be justi-
fied only if the landlord's irfigation contributions are large enough
to bring his total farm contributions up to the new level for all
crop costs. This condition is not likely to be met unless the land-
lord's relative irrigation contributions equal or exceed those‘ex-
pected from a one-half rent-share landlord. If is to be understood,
of course, that any shift to a higher rent-share automatically obli-
gates such a landlord to the samg higher share in such costs as

fertilizer, crop seeds, pesticides, and combining.



Table 2.--Models of Cost and Investment Sharing for Supplemental Irrigation by Share of

Crops Paid as Rent.

Hypothetical Bata Assuming a Self-Propelled Distribution System

Irrigating About 165 Crop Acres With About 6.5 Inches of Water Applied per Acre.

1/3 rent share

Total 1/2 rent share 2/5 rent share
Ttems : farm Tenant Landlord Tenant Landlord Tenant Landlord
Investments:
Water source $ 2,100 $ 0 $ 2,100 $ 0 $ 2,100 $ 0 $ 2,100
Pump 2,500 0 2,500 0 2,500 0 2,500
Motor 2,000 2,000 0 2,000 0 2,000 0
Distribution system 18,000 9,000 9,000 10,800 7,200 12,000 6,000
Totals £2k,600 $11,000 $13,600 $12,800 $11,800 $1%,000 $10,600
Fixed costs:
Depreciat}onf/ $ 1,609 $ 800 $ 809 $ 920 $ 689 $ 1,000 $ 609
Interest®/ 98l Lho 5L 512 72 560 L2k
Property taxesS/ 172 77 95 90 82 98 h
Totals § 2,765 1,287 1, $ 1,522 $ 1,243 $ 1,658 § 1,107
Operating costs:
Fuel and ,power $ 725 $ 362 $ 363 $ b5 $ 28 $ L83 $ 242
Repairsd/ 450 2l5 205 286 164 313 137
Labor : 280 280 0 280 0 280 0
Totals $ 1,455 $ 887 $ 568 $ 1,011 § LLh $ 1,076 § 379
Total annual inputs ¢ 4,220 $ 2,174 $ 2,016 $ 2,533 $ 1,687 $ 2,734 $ 1,486
Percent each 100 51.5 48,5 60.0 40,0 64,8 35.2
E/ Based on the following assumed lengths of life: Water source -- 50 years; Pump -- 15 years; Motor -

. - 10 years; and Distribution System -~ 15 years.
b/ Based on L percent of initial investment

c/ Based on 0.7 percent of initial investment

E/ Based on 2 percent of investments other than water source
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A comparison of Téble 1 with Table 2 shows clearly that the arrange~-
ments under the two-fifths rent-share leases were not equitable. Data
in Table 1 indicate that tenants paying a two-fifths rent share were
actually incurring about three-fourths of the total costs rather than
the three-fifths share dictated by division of output. It should be
noted that there is no single prescribed way of achieving a desired
balance of inputs and returns. For example, the one~half rent-share
leases proved quite equitable on the average (Table 1), but they
differed from the model (Table 2) in that the landlords provided a
larger share of the investment in the distribution system and a
smaller share of the fuel and power cost. These variations should
prove acceptable if the incentive conditions do not cause a conflict
in achievement of objectives of the two parties. For example, where
a landlord contributes more capital and less operating expense, his
Enput is largely in fixed costs. The tenant's input is largely in
variable costs. Therefore, the landlord would want to add water up
to the point of no further yleld increase. The tenant would want to
add water only up to the point where his share of any added yield
would cover his added cost. By sharing variable costs in the same
way as the crops are shared both parties will have the same incentive

toward added water use.
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VIII. APPLICATION OF FINDINGS TO WATER RESOURCE PROBLEMS

The results of the research conducted under this project should
serve to improve the base of information upon which farm-level deci-
sions are made regarding irrigation of crops in Illinois. This will
hopefully result in more rational decisions regarding use of the water
resource in agriculture. The principal empirical findings have been
distributed to farmers and agricultural leaders in Illinois. The

results of the survey (Chapter II) were published in Illinois Research

which has a circulation of 12,000 principally among persons having an
interest in a wide range of developments in agricultural research. The
results of the analyses of chapters III, IV, and V have been dissemi-

nated in Illinois Agricultural Economics, which is distributed to

farm advisers, vocational agriculture teachers, farmers, persons in
agricultural businesses, and also professional agricultural economists.
The information on farm leasing provisions has been distributed in a

letter, Farm Management Facts and Opinions, which is mailed to about

13,000 persons, principally in the Corn Belt. Articles in this letter
are frequently reprintéd in the farm press.

In addition to the_empirical resulfs, the comparison of various
analytical approaches gives insight into the strengths and weaknesses
of different research methods. These findings should prove of value
to other researchers investigating the economic aspects of irrigation.
The results stroﬁgly indicate the nged for well-designed experiments
which estimate the effect on crop yield of supplemental irrigation
and accompanying crop production practices. These experiments should,

ideally, provide for a sufficiently high level of water application
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to ascertain the economically optimal levels of application. Reliable
estimates of the important interaction effects between accampanying

production practices and levels of water application by periods are

crucial.
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