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Summary

The Central Arizona Project (CAP) is a billion -dollar -plus project to con-
struct an aqueduct to transport water from Lake Havasu on the Colorado
River into the Maricopa County- Phoenix area and then through Pinal County
to Tucson. Upon completion of the Central Arizona Project, projected for
1986, some of the Colorado River water will be delivered to Final County
for agricultural use. Water available to Pinal County farmers in the initial
years of the project is estimated (unofficially) as 659,000 acre -feet annually.
Any new importation of water to an established irrigated agricultural area
implies adjustments in the organization of the economy of the area. For
irrigated agriculture, adjustments may occur in input mix, output mix, acre-
age farmed, yields, and in gross and net incomes.

A complicating factor associated with importation of Colorado River
water is that the imported water will contain different dissolved -salt con-
centrations than will the groundwater and surface water currently being
used. Dissolved salts in irrigation water (salinity) decrease crop yields, and,
as the salinity of water applied to a crop increases, yield per acre decreases.
The magnitude of yield reduction due to salinity is dependent on the level
of salinity of the irrigation water and on the crop's salt sensitivity. In areas
of Final County where local water supplies have a lower average salinity
than CAP water, average crop yields will decrease if CAP water is added to
the crop -water mix. On the other hand, in those areas where the salinity of
local water is higher than that of CAP water, higher crop yields will be real-
ized by using CAP water in the crop -water mix. Thus, the optimal CAP -local
water mix for typical crops is determined in order to evaluate the economic
adjustments of Final County farmers to the new water source.

The irrigated farming areas of Final County are divided into seven irri-
gation districts, each of which has filed a letter of intent to purchase CAP
water. In this study, representative farm data for each district are stratified
by farm size and pumping depth. Farms are divided into four size classes in
order to reflect economies due to farm size. Because the cost of local
pumped water varies with the pumping lift, the farms are also stratified by
three depth -to -water classes. Thus, a total of 12 representative farms are
necessary to describe the agricultural activities in each irrigation district,
and a potential of 84 representative farms are needed for the county.

Mathematical programming models of representative irrigated farms
in Pinal County are used to project adjustments implied under several as-
sumptions as to the availability, cost and salinity of irrigation water from
various sources. Results show that (1) most monetary benefits of the project
will be captured by the Indian farmers of the county, (2) groundwater con-
servation will be minimal unless farmers are forced to purchase large quan-
tities of CAP water, (3) provision of CAP water will not affect cotton acreage
but will significantly increase the acreage of small grains and alfalfa, (4) the
possibility of increased salinity from CAP water should not concern farmers
in the county because projected decreases in net farm income occurring
because of increased salinity will reach a maximum average loss of only
61 cents per acre per year by 2020, and (5) increased income to non -Indian
farmers resulting from provision of CAP water at the currently proposed
price will not be sufficient to pay the additional fixed costs for distribution
systems.

iv



I Introduction

The availability and cost of water are the most
limiting factors to agricultural activity in Arizona.
Most of the soils in the state's desert valleys have
high potential for crop production, but with less
than 10 inches of precipitation annually, farming
in Arizona is almost completely dependent upon
irrigation systems to meet crop water demands.
Thus, water has a special place at the top of Ari-
zona's resource concerns; any change in water
amounts, price, or quality reverberates throughout
the economic structure of the state.

Final County, Arizona, located midway between
Tucson and Phoenix, contains some of the largest
and highest income farms in Arizona. Agriculture
in the area is completely dependent upon irriga-
tion systems with nearly all the water for crop irri-
gation pumped from the underlying groundwater
reservoirs. The only surface flow diverted in the
area is from the Gila River by the San Carlos Irri-
gation Project. The continued mining of ground-
water over the years for agricultural irrigation in
Pinal County at a rate greater than the recharge
rate has lowered the water table in most irrigated
areas; in a few areas it has dropped as much as
20 feet in a single year. Declining groundwater lev-
els mean farmers must pump from increasing depths,
using more energy and thus, incurring a higher
cost per acre -foot of water.

Several kinds of adjustments are being made
on the farms in the county in response to the in-
creasing cost of water. First, there is a tendency
to shift from marginally productive crops to those
with higher net returns. Further, as the water table
declines and water costs increase relative to other
factors of production, farmers decrease the total
per acre water application to a crop during its grow-
ing season. Finally, in some areas farm land has
been abandoned, although total farmed acreage in
the county has actually increased since its most
recent low in 1966 (Arizona Crop and Livestock
Reporting Service, 1974).

Many Arizonans have long desired to augment
their existing groundwater and surface water sup-
plies with imported water. In 1968, the Central Ari-
zona Project (CAP) was authorized under the
Colorado River Basin Project Act (PL 90 -537). This
billion -dollar -plus project includes construction of
an aqueduct from Lake Havasu on the Colorado
River into the Maricopa County- Phoenix area and
then through Final County to Tucson (Bureau of
Reclamation, 1972). The project will carry as much
as 1.6 million acre -feet of Colorado River water into
the State in its early years, declining to about 1.1
million acre -feet by 2020. Initially, the water's prin-
cipal use will be for crop irrigation, but agricultural

water use will decrease over a 50 -year period as
municipal and industrial demands increase and the
total volume of water delivered declines. The proj-
ect construction schedule calls for agricultural water
deliveries to begin about 1986.

Proponents suggest several benefits accruing
from the project. They argue that the CAP will pro-
vide a much needed new water source for Central
Arizona. Project water will temporarily slow the area's
groundwater overdraft problem while establishing
an additional water supply for the future to meet
the rapidly growing population demands. Agricul-
ture will use the water during the initial years, until
increased municipal and industrial uses demand
the water. In order to insure that importation of the
additional water will in fact slow down the ground-
water level decline, agricultural users of project
water will be required to decrease groundwater
pumpage by one acre -foot for each acre -foot of
CAP water they accept [43 U.S.C. Sec. 1524(d)].
Proponents believe this rule will slow, if not.elim-
inate, the present groundwater overdraft, and pro-
long marginal agricultural activity. A reasonable
estimate of water initially available from CAP for
agricultural use in Pinal County is 659,000 acre -
feet per year. An estimate of the mean groundwater
pumpage in the county in the 1959 through 1968
period, a reasonable base period on which to com-
pute the volume of water for which CAP water must
be traded, is 900,000 acre -feet.'

A complicating factor to the use of CAP water
in the established irrigation area is the difference
in water quality (salinity) between the CAP water
and that found in the area. The estimated salinity
of the CAP water when delivered to Pinal County
in 1986 is 1.4 millimhos per centimeter (mmhos /cm)
or approximately 940 parts per million (ppm).2 The
area -weighted average salinity of groundwater
pumped for agricultural use in the study area is
1.0 mmhos /cm (about 670 ppm). Surface water de-
livered by the San Carlos Project averages 1.3
mmhos /cm (870 ppm). Values for individual irriga-
tion districts vary from a low of 0.6 mmhos /cm to
a high of 1.8 mmhos /cm.3

1. This period is the ten -year period prior to passage of the CAP
authorizing legislation. CAP water delivered to Indian reservations
will not be under the pump -CAP trade -off rule. The estimate of
900,000 acre -feet excludes Indian pumpage.

2. Millimhos per centimeter (mmhos /cm) is a measure of elec-
trical conductivity of water and reflects the relative salinity. The con-
version between salinity expressed in parts per million (ppm) and
in millimhos per centimeter varies depending on the water's chem-
ical composition. The conversion rate of 670 ppm per mmho /cm
used here is representative of Pinal County.

3. Estimates are documented in Chapter III, "The Data."
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Crop yields are a function of irrigation water sa-
linity, among other things (Young, et al., 1973). Thus,
districts with lower salinities than the 1.0 county
average should currently show higher crop yields
than the county average, whereas those with higher
average salinities should have lower crop yields
than the county average. Introduction of CAP water
of a different salinity could either raise or lower
yields, depending on the area.

Research Objectives

The overall objective of this study is to make an
economic evaluation of the adjustment alternatives
open to irrigated agriculture in the proposed ser-
vice area of the CAP in Pinal County, Arizona. The
problem involves projecting the adjustments in re-
sponse to differing water qualities (CAP vs. ground-
water vs. surface water from the San Carlos Project)
as well as response to differing water prices from
each source. Projections are made for several rep-
resentative size firms, overlying different pumping
depths, within each of the seven irrigation and drain-
age districts in the county.4

There are a number of questions related to the
overall objective that must be investigated. First,
in order to provide base data with which to corn -
pare alternative models, one needs to know the
projected farming pattern in 1986 if no CAP water
were available. Second, one would like to know
how farmers would react if CAP water were intro-
duced into Pinal County on a free -choice basis (i.e.,
farmers could choose CAP water in quantities and
at times that maximize their net farm incomes). A
third question is how farmers would react and what
would be the economic impact if each representa-
tive farm were required to use a minimum quantity
of CAP water in order to meet the irrigation dis-
trict's contractual agreement. Because the Colo-
rado River, the source of CAP water, may increase
its salinity over time, a fourth analysis is needed
to measure the costs of higher salinity levels in
project water. Finally, because Indian farms will re-
ceive federally subsidized CAP water at no direct
cost to the Indians, the maximum quantity of proj-
ect water the Indians would desire is in question.

Thus, specific objectives of this study are to:
Project the economic position of representative indi-
vidual farmers and for the county as a whole in 1986
if no CAP water is available;

4. The Indian and District components of the San Carlos Proj-
ect are considered as separate districts in this study. These two
districts currently are the only districts actively involved in deliver-
ing water. Other districts which would receive CAP water are the
Ak -Chin Indian Reservation, Central Arizona Irrigation and Drain-
age District, Hohokam Irrigation and Drainage District, Maricopa-
Stanfield Irrigation and Drainage District, and New Magma Irriga-
tion District.
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project the economic impact of CAP water in the study
area in 1986 if CAP water is available to farmers on a
free -choice basis. Physical changes expected include
changes in the input mix for each crop, the level of
physical output for each crop, and the output mix for
each farm and for the county;
investigate the economic effects of requiring each farm
in the county to use at least 90 percent of its annual
CAP water allotment;
measure the loss in net farm returns that would result
from increased salinity of Colorado River water over
time - the source for the CAP water; and
determine the maximum quantity of CAP water that
could be effectively used by Indian farmers in the area.

Method of Analysis

Detailed representative -farm organizations, costs
and returns data are used to develop the linear pro-
gramming models used as the tool for analysis.
Sixty -nine of these representative -farm linear -
programming models are needed to describe ade-
quately the irrigated farming activities in Pinal County.
Each model includes alternative crop production
activities using various quantities of CAP water,
groundwater, and other surface water (in the San
Carlos Project area) under alternative conditions
of use. Each water source, and thus the resulting
water mixes, is available in various quantities over
time, at different prices and salinities. The linear
programming models are designed to maximize net
farm returns above variable production costs sub-
ject to the resource constraints faced by the rep-
resentative farmers. Individual representative -farm
results are aggregated into results for each irriga-
tion district and for the whole county.

Chapter II focuses on the basic conceptual issues
involved, while Chapter III gives a more detailed
description of the data on Pinal County as a basis
from which to interpret specific results. Results of
the analysis of alternative management scenarios
follow in Chapter -IV with conclusions in Chapter V.
Details of the programming analysis are saved for
the Appendix.



II Conceptual Issues

The basic concepts of production functions and
economic optima, as related to water quantity and
quality, are presented in this chapter. The economic
concepts are standard. Certain recent findings re-
lated to water quality and crop yields are introduced
into an economic analysis for the first time.

Water Quantity, Water Quality and
Crop Yield

Water quantity and crop yield
Water has many functions in plant life. Water is

the solvent and transportation medium for all foods,
hormones, vitamins, and compounds supplying es-
sential elements; it combines with carbon dioxide
in the formation of the initial substances in photo-
synthesis; it combines with starch and related corn -
pounds in the formation of glucose in respiration;
and more particularly, it maintains turgor in living
cells (Edmond, Senn, and Andrews, 1964, p. 55).
Without adequate water, plants do not develop. Like-
wise, too much water may "drown" or kill the plant.
Between these limits (i.e., too much and too little
water) yield varies. Thus, an understanding of the
relationship between water quantity and crop yield
enables farmers to apply the quantity of irrigation
water that maximizes his returns.5

The complete biophysical effect on crop yield
for different levels of soil saturation within the range
of available moisture during the growing season is
complex and beyond the scope of this study. Rather
a simplified water quantity -crop yield model show-
ing yield as a function of gross water quantity ap-
plied to the crop is necessary. For economic analysis
one must be able to express the relationship be-
tween the quantities of inputs and the quantity of
outputs in the form of a production function.

A production function is a schedule (or table, or
mathematical equation) showing the maximum
amount of output that can be produced from any
specified set of inputs, given the existing technol-
ogy or "state of the art." In short, the production
function is a catalogue of output possibilities.

The concept of a production function is a gen-
eral concept - all inputs having any effect on out-
put are included and each input could be of any
given amount. The concept of a Total Physical
Product (TPP) curve is more restricted. It is the re-

5. The actual quantity of water a farmer should apply to a crop
to maximize his returns is an economic question discussed later
in this chapter. This section only establishes the physical relation-
ship between water quantity and crop yield.

lationship between the quantity of output and any
single input, all other inputs held constant at a given
level.

Figure 1 shows a hypothetical TTP curve for total
crop yield (output) as a function of water quantity
(all other inputs held constant). The function shows
that no output is realized until a minimum quantity
of water is applied to the crop. As more water is
applied, output increases (at a decreasing rate) un-
til a maximum is reached. Additional water inhibits
plant growth and output begins to fall. Three dif-
ferent levels of water application, W1, W2, and W3,
are shown with their resulting total yields, Y,, Y2,
and Y3, respectively.

Total
physical product

WI W2 W3
Water quantity -

Figure 1. Total physical product curve for total crop yield
as a function of water quantity (hypothetical).

Water quality and crop yield
Without proper management, dissolved salts in

irrigation water can accumulate in the root zone of
the receiving soil. At low concentrations, accumu-
lations cause only small reductions in crop yield;
however, at extreme concentrations, the soil's in-
herent ability to support crops may be destroyed.
Thus, an understanding of the relationships between
irrigation water salinity, soils, and crop responses
is necessary if management practices are to be
adopted to minimize adverse consequences.

Dissolved salts carried in irrigation water are
concentrated in the soil by evaporation from the
soil surface and by transpiration due to plant growth.
Salt accumulation in the root zone affects plant
growth causing smaller yields. For example, when

3



the electrical conductivity of the saturation extract
of soil (ECe)6 reaches a sufficient level to cause
crop reduction, plant parts (leaves, stems and fruit)
are usually smaller than normal, and leaves often
display a characteristically deeper blue -green color.
In alfalfa, the decreased yield is roughly propor-
tional to the plant size decrease; however, cotton,
barley, and wheat may show little if any reduction
in seed or fiber with a 50 percent reduction in plant
size (Bernstein, 1964).

Bernstein (1964) suggests three reasons for plant
growth retardation due to root zone salinity: (1) os-
motic effects, (2) nutritional effects, and (3) toxic
effects. Root zone salinity may indirectly affect plant
growth through changes in soil structure, perme-
ability, and aeration (Sun, 1972). Some plants ex-
hibit salinity sensitivity at various stages of growth
(Ayres and Hayward, 1948). Detailed discussions
for each of these effects of salinity on crop yield
are readily available in the soil science and plant
physiology literature. The most comprehensive
summary discussion is found in Young, Franklin,
and Nobe (1973).

In order to counteract the adverse effects of
salinity, farmers have traditionally applied irriga-
tion water in excess of the plants' consumptive use
requirements to prevent salt accumulation in the
root zone. The excess water is called leaching water,
and the fraction of the irrigation water that must
be leached through the root zone to keep the soil
salinity within the limit a given crop can tolerate
is termed the leaching requirement' (LR).

The calculation of the LR is based on the con-
servation of salts (i.e., if the amount of salt entering
the soil in the irrigation water equals the amount
of salt carried below the root zone in the drainage
water, the soil salinity will remain constant). If less
water than the amount specified by the LR is ap-
plied, salts accumulate in the root zone, whereas
if more water than that specified by the LR is used
the ECe may decrease. The conservation of salts
is expressed mathematically as:

CiQi = CdQd (1)

where C measures the salt concentration of the ir-
rigation or drainage waters in terms of Electrical
Conductivity (EC); Q is the quantity of irrigation or
drainage water; and C+Qi and CdQd measure the
total amount of salt applied to the soil and drained
below the root zone, respectively. Equation 1 can
be rewritten:

Ci /Cd = Qd /Qi. (2)

The quantity Ci /Cd = QdQ, is defined as the leach-
ing fraction (LF). Thus, when the maximum permis-

6. Soil saturation extract electrical conductivity (ECe) is defined
as the EC of the solution separated from a saturated soil paste.
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sible Cd is specified for a specific case, the minimum
permissible LF is defined. The minimum leaching
fraction is termed the leaching requirement (U.S.
Salinity Laboratory Staff, 1954).

The LF is the fraction of total water applied or
the excess water that must pass through the root
zone to keep the soil salinity less than or equal to
the concentrations of the drainage water. The U.S.
Salinity Laboratory Staff (1954) recommend as a
general rule of thumb that the saturation extract
(ECe) at which a 50 percent decrease in yield is
obtained in uniformly saline soil be substituted for
the Cd in the LF equation. The resulting yield de-
crease was estimated at about 10 percent.' Thus,
the additional water necessary for leaching salts
from the root zone is determined by a simple cal-
culation.

For example, Erie, French and Harris (1968) re-
port a seasonal consumptive use of 41.2 inches of
water for cotton grown in Mesa and Tempe, Arizona.
Irrigating with 2 mmho /cm water gives a leaching
requirement of 12.5 percent.° In order to assure a
12.5 percent leaching fraction, a farmer would need
to apply a total of 47.1 inches of water, or an addi-
tional 5.9 inches above the consumptive use re-
quirement, so as to restrict salt accumulation in the
root zone [41.2 / (1.0 - 0.125) = 47.1]. If his irri-
gation system operated at 75 percent efficiency,
the farmer would need to apply a total of 62.8 inches
or about 514 feet of water to the crop during the
growing season (47.1 / 0.75 = 62.8).9

In areas of water scarcity, the additional water
for leaching may not be available or only be avail-
able at high cost. Thus, inexpensive water -saving
measures would be welcomed by farmers. New
technologies for improving water application effi-
ciencies to reduce the amount of excess water re-
quired are being explored, and some very promising
work in redefining the LR is coming from the U.S.
Salinity Laboratory.

Bernstein and Francois (1973), working at the
Salinity Laboratory, report that their studies on al-
falfa indicate that the traditional concept of leach-
ing requirement overstates the amount of leaching

7. Leaching requirement was a relatively new concept some
twenty years ago when the U.S. Salinity Laboratory Staff (1954)
compiled Agricultural Handbook Number 60. At that time, there
was considerable interest in compiling and comparing the salt tol-
erance of various crops. The ECe for a uniformly saline soil giving
a 50 percent decrease in yield was thought to approximate the
maximum permissible salinity level for the soil water of a crop. The
actual decrease in crop yield is less than 50 percent because Cd
is at the bottom of the root zone, making the average root zone
salinity (presumably the determinate of yield reduction) much low-
er. Only a 10 percent decrease in yield should occur. One should
note that this general rule of thumb is void of any economic content.

8. Cotton was estimated to have a 50 percent yield at an EC of
16 mmhos /cm. With 2 mmhos /cm irrigation water, the LR is 12.5
percent (Á6 X 100 = 12.5).

9. The effects of precipitation are ignored in this calculation, so
this figure represents the maximum water necessary.



water needed. The traditional calculation assumes
plants respond to the average salinity of the root
zone. They suggest that yield responses appear to
be related to the calculated mean salinity against
which water is absorbed, which is influenced more
by the salinity of the irrigation water than by the
salinity of the drainage water. Data indicate that
leaching requirements may be reduced by as much
as 75 percent of the level previously thought es-
sential for crops of low to moderate tolerance and
reduced by as much as 60 percent of the previously
recommended levels for highly salt -tolerant crops,
without further reducing crop yield. Bernstein (1974)
believes that yield responses to salinity for the other
field crops are also related to the calculated mean
salinity against which water is absorbed by the plant.

Application of Bernstein and Francois' findings
requires high irrigation efficiencies and is a trade-
off between water use and management intensity.
Plants withdraw water from the root zone areas con-
taining the highest quality (lowest salinity) water
before extracting water from areas of lower quality.
Near the soil surface, water has the lowest salinity,
so if water is available to the plant in this area it
will be used. Increased management is necessary
to assure that the soil near the surface always has
sufficient water to meet plant needs. Soil type is
not a determining factor if the soil permeability is
high enough to permit this type of management.

Again, the physical interactions and theories ex-
plaining yield reductions from irrigation water sa-
linity are too complex to be included directly in
this study. A simplified water quality -crop yield model
obviously is needed for the economic analyses.

The generalized functional relationship between
total crop yield and different levels of irrigation
water salinity (all other inputs held constant) may
also be expressed in the form of a total physical
product function where Y is the total crop yield, S
is the salinity of the irrigation water, and all other
factors of production, including water quantity, are
held constant. Because total crop yield is inversely
proportional to the level of salinity, the hypothetical
shape of the curve is given as in Figure 2.10

Figure 2 represents the generalized functional
relationship between yield and irrigation water sa-
linity. Curves for specific crops maintain the same
general relationship but have different slopes. For
example, a salt -tolerant crop would have a flatter
curve, whereas a salt- sensitive crop would have a
steeper curve.

Three different salinity levels are shown in Fig-
ure 2: S1 (low salinity), S2 (middle salinity), and S3
(high salinity). The output (Y1) associated with the

10. The curve in Figure 2 is not drawn for very low or very high
salinities because of disagreement among experts as to the actual
shape in these areas.

SI S2 S3

Salinity of irrigation
water

Figure 2. Relationship between total crop yield and water
quality (hypothetical).

low salinity level (S1) is high and shows little de-
gradation because of the salinity. The outputs for
the middle and high salinities are progressively
lower.

Water quantity, water quality, and crop yield
The effects of water quantity on crop output and

water quality (salinity) on crop output are each con-
troversial and complex subjects. Specific literature
on the joint effects of water quantity and salinity
on crop yield does not exist. Dregne (1969) assumes
that the effects of each are additive. Sun (1972),
in an innovative economic analysis, makes the same
assumption.

Using the assumption of additivity, it is possible
to combine the crop yield -water quantity model
and the crop yield -salinity model to develop a model
relating crop yield to both water quantity and salin-
ity. The three -dimensional production surface is
expressed mathematically as:

Y = f(W, SIX,, X2, ..., Xn). (3)

Equation 3 states that crop yield (Y) is a function
of both the quantity of irrigation water applied and
the salinity of the irrigation water, all other inputs
X, to Xn held constant. With some slight modifica-
tion, Figures 1 and 2 are combined to depict the
three -dimensional production surface expressed
by Equation 3.

Figure 3 illustrates the crop yield -water quantity -
salinity model. With three different possible water
quantities (W1, W2, and W3) and three different lev-
els of salinity (Si, 52, and S3), nine possible com-
binations of water quantity and quality exist to give
nine different levels of yield. For example, Y1,3 is
the resulting yield from applying a low quantity of
high salinity water; Y2,2 is the yield from a medium
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Figure 3. Production surface relating total crop yield to
water quantity and water quality (hypothetical).

quantity of middle salinity water; Y3,1 is the yield
from a large quantity of low salinity water; etc. An
infinite number of water quantity -water quality in-
put combinations exist over the entire production
surface.

It is now possible to evaluate the joint effects
of both water quantity and salinity on crop yield
in economic models.

Economic Decisions

The individual firm employs resources (factors
of production) to produce a product. Although not
all firms are interested in profit maximization, agri-
cultural firms (farms) operate in a competitive mar-
ket and therefore must attempt to maximize profits
in order to assure their long -run existence. There-
fore, the representative -farm models used in this
analysis assume profit maximization as the firm's
objective. Each firm interested in profit maximi-
zation must make three simultaneous decisions:
(1) What combination of products to produce, (2)
how to combine inputs in the production of a given
level of output for a given product, and (3) what
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level of output to produce (e.g., what yield per acre)
for each product. Economists term these decisions
the product -product, factor- factor, and factor -product
decisions, respectively. If the firm has profit maxi-
mization as its goal, if it knows its production pro-
cesses, and if it knows the costs of inputs and prices
of outputs, the simultaneous solution to the three
questions provides the firm with its profit maximiz-
ing position.

Factor - product relationships
The solution to the factor -product relationship

for a given product on a given farm tells the firm
the optimal level of yield per acre to produce. The
solution is dependent on the production function,
the prices of variable inputs, and the price of a unit
of output. Figure 4 is a graph of the generalized
TPP function Y = f(WIS, X,, X2, X3, ..., X) where
Y is the yield per acre, W (water) is the variable
factor of production, given the other inputs S (sa-
linity) and Xi, X2, ..., X are held constant. The
variable factor could be any factor of production
(e.g., salinity, fertilizer, machinery, etc.). Water is
chosen as the variable factor of production for dem-
onstration purposes only.



Point A of Figure 4 represents the maximum level
of output per acre obtainable from the variable in-
put W, given all other inputs held constant. Gen-
erally, one's first impression is to produce at the
point of maximum output to maximize profit. How-
ever, Point A on the TPP curve is not the profit
maximizing position of the firm unless the variable
input, water, is free. The price of the variable input
and the price of the product are introduced in order
to determine the firm's profit maximizing position.

With the prices of both W and Y known, the firm's
break -even line (BEL) can be computed. The BEL
is the locus of all points where the value of the
output produced exactly equals the cost of the var-
iable input under consideration. The BEL is ex-
pressed as:

PyY = PWW, (4)

where Py is the price of the output, Y is the quantity
of output, Pw is the cost of the variable input, and
W is the quantity of the variable input employed.
The BEL is shown in Figure 4. The slope of the
BEL is given by the inverse ratio of the prices (i.e.,
the ratio of the price of the variable input to the
price of the product). The solution to the factor -
product relationship is:

8Y/8W = PwlPy, (5)

where BY /8W is the marginal product of W (the ad-
dition to total product attributable to the addition
of one unit of variable input W to the production
process), Pw is the price of one unit of the variable
input, and Py is the price of one unit of output. Thus,
the optimal yield per acre for a particular crop is
given by the tangency of a line drawn parallel to
the BEL with the total physical product curve
(point B). At that point, the quantity of output in
excess of the break -even quantity is the greatest.

Equation 5 can be rewritten as:

Py 8Y/FJW = Pw. (6)

The left -hand side of Equation 6 defines the mar-
ginal value product (MVP) or the value of the addi-
tional product resulting from the addition of one
unit of the variable input to the production process.
Thus, the solution to the factor -product relation-
ship can also be stated as that point on the total
physical product curve where the value of the ad-
ditional output obtained from increasing the var-
iable input by one unit equals the price of the
additional unit of input.

Factor -factor relationships
The quantity of each input required in some pro-

duction activities is closely regulated (e.g., phar-
maceutical companies mix precise amounts of each
ingredient needed for a particular pill or capsule).

Break-even
line

Total
physical product

Figure 4. Solution to the factor -product decision using
a total physical product curve and a break -even
line (hypothetical).

Input S -
Figure 5. Solution to the factor -factor decision using

isoquants and isocosts (hypothetical).

However, resource substitution is possible in many
production activities, especially in agricultural pro-
duction. Typical factor -factor substitutions in ag-
riculture occur between labor and machinery, capital
and labor, and water quantity and salinity. There
generally exist various combinations of two inputs
that result in the same output level (i.e., one re-
source can be substituted for the other without
changing the output level). The locus of points rep-
resenting all the combinations of factor substitutions
which yield the same level of total product is termed
an isoquant (equal quantity) line. Figure 5 illus-
trates the isoquants for two inputs, W and S (could
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be any two factors of production), used to produce
various levels of output Y1, Y2, ..., Yn. If the price
of each input is known, then for any given level of
output the solution (the optimal mix of inputs) to
the factor -factor -relationship is:

5W/bS = -PsPW. (7)

in equation 7, 8W /8S is the marginal rate of tech-
nical substitution of W for S, or the reduction in
the number of units of W per unit of S added so as
to maintain a constant output level; PW is the price
of input W; Ps is the price of input S; and -Ps/Pw
is the slope of the isocost (equal cost) line which
shows various combinations of inputs that may be
purchased for a stipulated amount of expenditure.
Thus, the optimal solution to the factor -factor rela-
tionship for any given level of output is the point
of tangency of the isoquant curve for a specific output
level and the isocost line. This point gives the high-
est level of output achievable for a given level of cost.

Product - product relationships
The product -product decision involves the allo-

cation of given resources between competing corn -
modities. Product -product problems are important
to farm operators who must decide what combina-
tion of crops to grow with limited resources (e.g.,
land, water, labor, and capital). Under the factor -
factor relationship, output of product is held con-
stant in quantity and variety while the factor mix
is varied.

Given two competing products, a production -
possibility frontier or transformation curve can be
developed to show the maximum attainable output
of one commodity for every possible output of the
other commodity, given the fixed resource base
(e.g., the farm and its associated resources; see
Figure 6). Given the price of each commodity, Py1

and Py2, Equation 8 defines the equilibrium solution.

8Y1/8Y2 = - Pv2 /Py, (8)

The left -hand side of Equation 8 is the rate of prod-
uct transformation (substitution) between the two
commodities, and the right -hand side is the slope
of the iso- revenue (equal revenue) curve. Thus, the
optimal mix of product outputs is at the tangency
of the product transformation curve and the iso-
revenue curve. At this point, the highest revenue
is achieved, given the fixed set of resources avail-
able. (See Henderson and Quandt, 1971; Ferguson,
1969; or Heady, 1952, for additional discussion.)

Enterprise equilibrium
The profit maximizing position of a firm is found

by the simultaneous solution to all of the indepen-
dent factor -factor, factor -product, and product -
decisions, given that firm's production functions
for each product. In this study, the factor -factor
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question involves the optimal mix of imported CAP
water with local water. How much yield per acre
of each crop to produce, relative to the variable
inputs of water quantity and quality, is handled by
the factor -product decisions. The optimal crop mix
is determined by the product -product relationships.

If all of the functional relationships were known,
the optimal solution for the farm could be found
using calculus as shown in the above discussion.
However, empirical data giving continuous func-
tions are not available, precluding the use of cal-
culus to arrive at optimal solutions to the models.
Instead, because individual points on the produc-
tion surface can be estimated for specific sets of
inputs, one may assume that the functional rela-
tionships between points are linear and use linear
programming techniques to solve for the optimal
solution. A detailed description of the representative -
farm linear- programming models is presented in
the Appendix.

-I-
D
Q.

O

Illso-revenue

Product
transformation

Output Y1 --->-

Figure 6. Solution to the product -product decision using
a production -possibility curve and an isorev-
enue curve (hypothetical).

Related Research

The literature is voluminous on physical rela-
tionships between crop growth and soil water sa-
linity, but sparse on the economic assessment of
direct farm damage from reduced crop yield result-
ing from the soil water salinity. A thorough review
of both the agronomic and economic considera-
tions necessary to assess the effects of salinity on
irrigated agriculture is given by Young et al. (1973)
in their report to the Bureau of Reclamation. They
also review the empirical economic studies com-
pleted up to that time. However, at the time of their
review, the new theory on crop sensitivity to irri-
gation water salinity by Bernstein and Francois
(1973) was unpublished and not included. This study
is the first to incorporate Bernstein and Francois'
theory in an economic analysis.



III The Data

The data necessary for the linear programming
models are discussed in this chapter. The first sec-
tion is a presentation of those data necessary to
define individual representative farms, including
definition of the seven irrigation districts, four farm
size classes, and three pumping depth classes. The
second section develops those points on the pro-
duction surface used in the analysis. Net returns
data necessary for each production activity are given
in the third section. Pumped water and Gila River
surface water availability and cost are discussed
in the fourth section. The fifth section discusses
the quantity of CAP water available in 1986, its cost,
and restrictions in its use. The last section consid-
ers land restrictions to farmers in the area.

Stratification of Representative Farms

Irrigation districts and groundwater quality
Although it is possible for farmers to contract

independently for CAP water, individual contracts
by farmers are unlikely because of the large ex-
pense of a distribution system. Rather, contractual
agreements will be made by groups of farmers (ir-
rigation districts) who share the cost of the distri-
bution system.

Six irrigation districts, incorporating nearly all
of the farming activity in Pinal County, have filed
letters of intent to purchase CAP water. One of the
six, the San Carlos Project, contains both an Indian
and non -Indian component, each of which is con-
sidered a separate irrigation district in this study.
Thus, a total of seven irrigation districts are included
in the analysis. The seven districts are the San Carlos
Project Indian Lands, San Carlos Irrigation and
Drainage District, Ak -Chin Indian Reservation, Cen-
tral Arizona Irrigation and Drainage District, Hoho-
kam Irrigation and Drainage District, Maricopa-
Stanfield Irrigation and Drainage District, and the
New Magma Irrigation and Drainage District. A gen-
eralized map of Pinal County showing the seven
irrigation districts is presented as Figure 7. One of
the primary differences in the quality of resources
among irrigation districts is the average salinity of
groundwater.

Groundwater salinity data in Pinal County are
limited. The U.S. Geological Survey (Hardt, Cat -
tany, and Kister, 1964) and The University of Ari-
zona (Smith et al., 1963; Smith, Draper and Fuller,
1964; and Dutt and McCreary, 1970) are the sources
of published groundwater quality data for the area.
The Bureau of Indian Affairs Office in Sacaton mon-
itors a few wells on Indian lands and is an additional
source of data (McMakin, 1974). Individual sources

do not provide adequate well sampling coverage
of the area, so data from all sources are aggregated
into a larger data set. Multiple data values for a
specific well are averaged. According to the Ari-
zona Water Commission (Boyer, 1971), the com-
bining of data from different sources and years is
justified because the average groundwater quality
in Arizona has changed only slightly in 30 years.

The Thiessen Polygon Method (Thiessen, 1911)
is used to determine the average salinity for the
entire study area and for each irrigation district.
The acreage -weighted average groundwater sa-
linity for Pinal County is 1.0 mmho /cm and is the
value associated with the county's average crop
yields." Therefore, it is hypothesized that areas
with less saline irrigation water than the county
average show hgher yields per acre than the county
average and those with more saline water have
lower yields. Individual irrigation district average
salinity values are given in Table 1. Historical water
quality records of surface flow in the Gila River
show an average salinity of 1.3 mmhos /cm at the
turnout for the San Carlos Project. Because pumped
water in the San Carlos Project has an average sa-
linity of 1.3 mmhos /cm, surface water delivered
by the Project (a mix of pumped and Gila River
water) is assumed to have an average salinity of
1.3 mmhos /cm.

Table 1. Area -weighted average salinity of pumped
water by irrigation district.

Area

Ak -Chin Indian Reservation

Central Arizona Irrigation and
Drainage District

Hohokam Irrigation and Drainage
District

Maricopa -Stanfield Irrigation and
Drainage District

New Magma Irrigation and
Drainage District

San Carlos Project Indian Lands

San Carlos Irrigation and
Drainage District

Salinity (mmhos /cm)

0.6

1.1

1.8

0.9

0.9

1.3

1.3

11. The Thiessen Polygon Method yields the mean salinity
weighted by acreage for each of the defined areas. Data were on
agricultural irrigation wells only within the boundaries of the seven
irrigation districts.
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Figure 7. A generalized map of the seven irrigation districts in Pinal County, Arizona.

Farm sizes
Stults (1968) found that economies due to farm

size exist in Pinal County. In order to reflect these
economies in the costs and returns data, the farms
in Pinal County are divided into four size classes -
Farm Sizes I, II, Ill, and IV. The range of cropped
acres for each farm size class is given in Table 2.

10

Stults also found large differences in the effi-
ciency of water use among the four farm size classes.
Specifically, small farms tend to pump more water
per acre than large farms in order to deliver the
same quantity of water to the crop and thus to pro-
duce the same yield. He found that water use per



cropped acre by farm size as a percent of the mean
water used is as follows:

Farm Size I - 1 1 4 percent; Farm Size I I - 108.5
percent; Farm Size Ill - 104 percent; Farm Size
IV - 95.5 percent.

Stults suggests three possible reasons for this
variation in efficiency of water use:

Large farms tend to have a larger proportion of their
ditches lined with concrete.
The quality of management may increase as farm size
increases.
Larger farms are usually leveled to a more optimum
grade, thereby increasing irrigation efficiency.

Monthly crop water requirements are multiplied
by the appropriate relative irrigation efficiency pre-
sented above. The result provides the amount of
water the farmer starts at his headgate to assure
adequate crop watering. The total cost of water to
the farmer is figured at the farm headgate.

Depth to water
The variable cost of water is central to this study.

The price of water to most Pinal County farmers
is the variable cost of pumping groundwater. Be-
cause the cost of water varies with pumping lift,
and because the depth to water varies throughout
the county, pumping lifts are divided into three
depth- to-water categories: "Shallow" (less than 349
feet), "Middle" (350 -499 feet), and "Deep" (greater
than 500 feet).

The weighted average pumping depth for "shal-
low," "middle," and "deep" lifts in each irrigation
district is defined in Table 3 and is based on Bur -
dak's (1970) projections for 1986. Values shown
for irrigation districts that overlap Burdak's sub-
areas are computed from an area weighted average.

Because the cost per acre -foot of water pumped
from underlying aquifers is directly related to the
pumping lift, the cost of water in "shallow" lift areas
is less than the cost in "middle" lift areas which in
turn is less than the cost in "deep" lift areas. Be-
cause water is less expensive in "shallow" areas,
farmers in these areas apply more water to crops
than farmers in the other lift areas. The additional
water enables the farmer to move farther out on
the total physical product curve increasing his out-
put per acre. Similarly, farmers in "middle" pump-
ing lift areas apply more water than those in "deep"
areas, but less than farmers in "shallow" areas.
Yields per acre in the "middle" areas are lower than
those in the "shallow" areas but higher than those
in the "deep" areas. The highest water cost and
thus the lowest quantity of water application per
acre to a crop occurs in the "deep" areas. Corre-
spondingly, yields per acre in "deep" pumping lift
areas are the lowest.

Table 2. Breakdown of Pinal County farms into four
size groups.

Size Group

Farm Size I

Farm Size II

Farm Size Ill

Farm Size IV
Source. Stults (1968).

Range of
Cropped Acres

0 -220

221 -520

521 -960

961 and above

Average
Cropped Acres

106

341

675

1,705

Table 3. Average pumping lift for "shallow," "middle,"
and "deep" lifts in the seven irrigation districts,
1986.

Percent of
Wells in

Each Depth

Weighted
Average

Depth (feet)
Ak -Chin Indian Reservation

"Shallow" Lift 21 302
"Middle" Lift 19 448
"Deep" Lift 60 599

Central Arizona Irrigation
and Drainage District
"Shallow" Lift 0 ----
"Middle" Lift 40 436
"Deep" Lift 60 571

Hohokam Irrigation and
Drainage District
"Shallow" Lift 27 264
"Middle" Lift 40 413
"Deep" Lift 33 564

Maricopa -Stanfield Irrigation
and Drainage District

"Shallow" Lift 10 286
"Middle" Lift 35 462
"Deep" Lift 55 580

New Magma Irrigation and
Drainage District
"Shallow" Lift 9 337
"Middle" Lift 17 462
"Deep" Lift 74 524

San Carlos Project Indian
Lands

"Shallow" Lift 33 287
"Middle" Lift 56 326
"Deep" Lift 11 537

San Carlos Irrigation and
Drainage District

"Shallow" Lift 28 269
"Middle" Lift 43 365
"Deep" Lift 29 552

11



100

90

o
60

cc

50
o

Groin/
sorghum

E Ce

2
in millimhos per centimetre at 25° Celsius

4 6 8 IO 12 14 16 18

Figure 8. Salt tolerance of selected crops. Source: Bernstein, 1964.

Summary of the stratification
In order to represent adequately the range of

farming conditions projected to exist in 1986, a pos-
sible 84 representative -farm conditions developed
from the stratification. That is, there are seven irri-
gation districts, each with four farm sizes situated
over three depths to water (7 X 4 X 3 = 84). Be-
cause all possible combinations of farm sizes and
depths to water do not exist in each irrigation dis-
trict, only 69 representative models were actually
necessary for the analyses. (See Table 11 for the
acreage distribution by size, depth, and irrigation
district.) For each of the 69 representative -farm
linear -programming models, the resource constraints
were defined in proportion to the aggregate im-
portance of that class of farms. Addition of the re-
sults from the 69 models gives the aggregate results
for the county.

Yield -Water Quantity -Salinity
Combinations Used in the Analyses

Average yield per acre values used in this study
are approximately the average yields realized in
Final County from 1965 through 1973 (Table 4).
An exception is the higher yield Mexican wheat
recently introduced into Final County. Thus, wheat
average yield is based on 1970 through 1973 data.

Water quantity and quality (salinity) are both fac-
tors of production which, when varied, result in
different crop yields. The average salinity of pumped
water varies by irrigation district resulting in crop
yield differentials between irrigation districts. Yield
differentials also occur between farms within an
irrigation district if CAP water is mixed with local
water sources. Mixing CAP water with the local
supplies may either increase or decrease crop yield,
because the salinity of CAP water is different than

12

the salinity of local water sources. For example, if
the local water has a higher salinity than CAP water,
blending the two sources improves the overall quality
of irrigation water and increases yield. If the salin-
ity of local water supplies is lower than the salinity
of CAP water, the resulting overall water quality
from blending is reduced which in turn decreases
yield. Relative reductions from 100 percent yield
for selected crops when irrigated with water of
various salinities are found in Figure 8.12 The sa-
linity of Final County water is less than 2.0 mmhos/
cm, so only a small portion of Figure 8 applies.

Table 4. Average yield per acre for "middle" pumpage
lift areas.

Crop Yield

Upland Cotton

American -Pima Cotton

Barley

Wheat

Alfalfa (with summer water)
Alfalfa (without summer water)

Grain sorghum (short season)

Farm Size I and II

Farm Size Ill and IV

1,065 lbs.

574 lbs.

3,400 lbs.

4,000 lbs.

6 tons

4 tons

3,400 lbs.
(average)

3,300 lbs.

3,500 lbs.
Source: Arizona Crop and Livestock Reporting Service (1974).

12. While Figure 8 was originally developed to be interpreted
relative to the conductivity of the saturation extract, Bernstein and
Francois (1973) and Bernstein (1974) now indicate that yield re-
sponse is related to the calculated mean salinity against which
water is absorbed (i.e., the salinity of the irrigation water) rather
than to the salinity of the drainage water, and that Figure 8 may be
so interpreted. See the discussion in the section "Water Quality
and Crop Yields" in Chapter II.



As previously discussed, the yield per acre of a
crop also varies with the quantity of irrigation water
applied during the growing season, which is re-
lated to the farm's pumping lift. This study assumes
that yield reductions from 100 percent because of
water shortage do not occur on farms in "shallow"
pumping lift areas. Thus, 100 percent yield is de-
fined as that yield occurring in shallow pump areas
with "perfect" water quality. The base data on yield -
relationships, assuming average county water quality,
are given in Stults (1968). Then, assuming addi-
tivity of the adverse effects of water quantity and
quality, Table 5 was developed. Table 5 shows the
expected yield for each crop grown in each irriga-
tion district with three different quantities of water.13
The water quantity values used in this study are
the same ones used by both Stults (1968) and Bur -
dak (1970), and represent typical water applica-
tions in each pumping depth class as reported in
the farm interviews conducted by Stults. Table 5
demonstrates yield differentials within each dis-
trict from different water quantities, along with yield
differentials between irrigation districts because
of differences in the salinity of local water.

In order to define points on the yield -water
quantity -salinity production surface used in this
analysis, Table 5 is expanded to include various
mixes of CAP and local water. For each water mix,
the quantity- weighted average salinity is computed.
For example, American -Pima cotton grown on a
farm in the Ak -Chin area with a "middle" pumping
lift requires five acre -feet of water annually. If the
crop is irrigated with two acre -feet of CAP water
with a salinity of 1.4 mmhos /cm, and three acre -
feet of local water with a salinity of 0.6 mmhos /cm,
the quantity- weighted average salinity of all the
water applied during the year is 0.9 mmhos /cm
[(2 X 1.4) + (3 X 0.6) = 0.9].

5

The reduction from salinity is found in Figure 8
using the quantity- weighted average salinity corn -
puted. Values obtained from Figure 8 used with
data on yield reduction because of water shortage
from Table 5 define the yield -water quantity -salinity
points on the production surface. These estimates
are recorded in detail in Boster (1976).

Costs and Returns

Net returns over variable costs
The linear programming models require data on

the net returns over variable costs for each pro-

13. Approximately 2 percent of Pinal County acreage is devoted
to citrus and vegetables (Arizona Crop and Livestock Reporting
Service, 1977). These crops are somewhat more sensitive to salin-
ity. They are ignored in this analysis because of their minor impor-
tance in the study area.

duction activity. A production activity in the models
is one acre of a crop grown by a specified process.
For example, cotton is repeated several times to
allow for alternative mixes of CAP and local water
sources of differing costs and salinities. Each rep-
etition is a separate production activity. Each pro-
duction activity is associated with a different yield
and total water cost, resulting in a different net in-
come. Net returns above variable costs coefficients
for each activity in the models include that return
which must pay for the cost of water. Thus, net re-
turns above variable cost coefficients for each pro-
duction activity are the difference between gross
income and the variable costs other than the var-
iable cost of water. The total cost of water is dif-
ferent for each possible mix of CAP and local water.
The models are designed to calculate the water
cost and subtract the total from the sum of the net
returns above other variable costs.

Gross income is the product of yield and product
price. Product prices assumed in this study are:
long staple (American -Pima) cotton, 69t1 per pound;
short staple (Upland) cotton, 40¢ per pound; barley,
$79.20 per ton; grain sorghum, $102.10 per ton;
alfalfa, $41.50 per ton; and wheat, $86.70 per ton.
These prices are the 1973 seasonal average prices
for each crop, with the exception of American -Pima
cotton. The seasonal average price for American -
Pima cotton in 1973 was unusually high because
of short supplies. Therefore, the estimated 1974
seasonal average price was selected for the anal-
ysis. All prices are considered representative of
long -term trends in product prices in relationship
to production costs. Further, it is assumed that the
relative prices of crops are constant over time.

Calendars of operations for each crop were de-
veloped to provide necessary technical coefficients
and variable production cost estimates. Stults' (1968)
budgets, used both in his and Burdak's (1970) stud-
ies, were developed from farm interview question-
naires. These basic budgets were updated to 1974
conditions to reflect subsequent changes in farm-
ing techniques, crop varieties, and costs. Consul-
tations with farm management personnel (Wright,
1974; Robertson, 1974; and Willett, 1974) along
with published field crop budgets (Hathorn et al.,
1974) provide the basis for updating the Stults bud-
gets. 1974 budgets are reported in Boster (1976).

Fixed costs
Fixed costs are those costs which are incurred

regardless of the farm's level of production (for ex-
ample, depreciation of buildings, machinery, wells,
and ditches; interest on loans; and taxes). Total
farm fixed costs of production are not included in
the linear programming models, but would be sub-
tracted from the linear programming model results
in order to evaluate the farm's short -run and po-
tential long -run net profit position.

13



Table 5. Yield -water use relationship for various crops by pumping lift and irrigation district.'

Crop and Irrigation District

Pumping Lifts

Deep Middle Shallow

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

AMERICAN -PIMA COTTON
Ak -Chin Indian Reservation 4.0 547 5.0 576 6.0 599
Central Arizona Irrigation and Drainage

District 4.0 544 5.0 573 6.0 596
Hohokam Irrigation and Drainage District 4.0 540 5.0 569 6.0 591
Maricopa- Stanfield Irrigation and Drainage

District 4.0 545 5.0 575 6.0 597
New Magma Irrigation and Drainage District 4.0 545 5.0 575 6.0 597
San Carlos Project Indian Lands 4.0 543 5.0 572 6.0 594
San Carlos Irrigation and Drainage District 4.0 543 5.0 572 6.0 594

UPLAND COTTON
Ak -Chin Indian Reservation 4.0 1,032 5.0 1,069 6.0 1,092
Central Arizona Irrigation and Drainage

District 4.0 1,027 5.0 1,064 6.0 1,087
Hohokam Irrigation and Drainage District 4.0 1,019 5.0 1,056 6.0 1,079
Maricopa- Stanfield Irrigation and Drainage

District 4.0 1,029 5.0 1,066 6.0 1,089
New Magma Irrigation and Drainage District 4.0 1,029 5.0 1,066 6.0 1,089
San Carlos Project Indian Lands 4.0 1,024 5.0 1,062 6.0 1,085
San Carlos Irrigation and Drainage District 4.0 1,024 5.0 1,062 6.0 1,085
BARLEY
Ak -Chin Indian Reservation 2.0 3,057 2.5 3,411 3.0 3,630
Central Arizona Irrigation and Drainage

District 2.0 3,042 2.5 3,396 3.0 3,615
Hohokam Irrigation and Drainage District 2.0 3,021 2.5 3,374 3.0 3,593
Maricopa -Stanfield Irrigation and Drainage

District 2.0 3,046 2.5 3,400 3.0 3,619
New Magma Irrigation and Drainage District 2.0 3,046 2.5 3,400 3.0 3,619
San Carlos Project Indian Lands 2.0 3,035 2.5 3,389 3.0 3,608
San Carlos Irrigation and Drainage District 2.0 3,035 2.5 3,389 3.0 3,608
GRAIN SORGHUM
(Farm Size I and II)
Ak -Chin Indian Reservation 2.67 3,133 3.17 3,325 3.67 3,509
Central Arizona Irrigation and Drainage

District 2.67 3,105 3.17 3,296 3.67 3,481
Hohokam Irrigation and Drainage District 2.67 3,063 3.17 3,254 3.67 3,438
Maricopa- Stanfield Irrigation and Drainage

District 2.67 3,116 3.17 3,307 3.67 3,491
New Magma Irrigation and Drainage District 2.67 3,116 3.17 3,307 3.67 3,491
San Carlos Project Indian Lands 2.67 3,091 3.17 3,282 3.67 3,467
San Carlos Irrigation and Drainage District 2.67 3,091 3.17 3,282 3.67 3,467

' Irrigation water quality is the average salinity found in each irrigation district. CAP water mixing is not reflected in this table.

Fixed cost budgets for Pinal County farms are
available in Boster (1976). They are not relevant
to the analyses presented herein, because these
analyses need only examine the changes that will
occur with new surface water available. Fixed costs
would remain constant under any of the alterna-
tives examined.
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Cost and Availability of
Local Water Sources

Cost of pumped water
Using the average depth to water data in Table 3

in combination with 1974 power costs in the var-
ious subareas, approximate pumping costs are com-



Table 5. (continued)

Pumping Lifts

Deep Middle Shallow

Crop and Irrigation District

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

Water Use
Per Acre

(acre -feet)

Yield
Per Acre

(lbs.)

GRAIN SORGHUM
(Farm Size III and IV)
Ak -Chin Indian Reservation 2.67 3,331 3.17 3,526 3.67 3,714
Central Arizona Irrigation and Drainage

District 2.67 3,301 3.17 3,496 3.67 3,684
Hohokam Irrigation and Drainage District 2.67 3,256 3.17 3,451 3.67 3,639
Maricopa- Stanfield Irrigation and Drainage

District 2.67 3,312 3.17 3,508 3.67 3,695
New Magma Irrigation and Drainage District 2.67 3,312 3.17 3,508 3.67 3,695
San Carlos Project Indian Lands 2.67 3,286 3.17 3,481 3.67 3,669
San Carlos Irrigation and Drainage District 2.67 3,286 3.17 3,481 3.67 3,669
ALFALFA
(without summer water)
Ak -Chin Indian Reservation 4.58 8,100 4.58 8,100 4.58 8,100
Central Arizona Irrigation and Drainage

District 4.58 7,960 4.58 7,960 4.58 7,960
Hohokam Irrigation and Drainage District 4.58 7,780 4.58 7,780 4.58 7,780
Maricopa -Stanfield Irrigation and Drainage

District 4.58 8,020 4.58 8,020 4.58 8,020
New Magma Irrigation and Drainage District 4.58 8,020 4.58 8,020 4.58 8,020
San Carlos Project Indian Lands 4.58 7,920 4.58 7,920 4.58 7,920
San Carlos Irrigation and Drainage District 4.58 7,920 4.58 7,920 4.58 7,920
ALFALFA
(with summer water)
Ak -Chin Indian Reservation 6.58 12,160 6.58 12,160 6.58 12,160
Central Arizona Irrigation and Drainage

District 6.58 11,960 6.58 11,960 6.58 11,960
Hohokam Irrigation and Drainage District 6.58 11,660 6.58 11,660 6.58 11,660
Maricopa -Stanfield Irrigation and Drainage

District 6.58 12,040 6.58 12,040 6.58 12,040
New Magma Irrigation and Drainage District 6.58 12,040 6.58 12,040 6.58 12,040
San Carlos Project Indian Lands 6.58 11,880 6.58 11,880 6.58 11,880
San Carlos Irrigation and Drainage District 6.58 11,880 6.58 11,880 6.58 11,880
WHEAT
Ak -Chin Indian Reservation 2.5 3,634 3.0 4,026 3.5 4,322
Central Arizona Irrigation and Drainage

District 2.5 3,599 3.0 3,991 3.5 4,288
Hohokam Irrigation and Drainage District 2.5 3,556 3.0 3,948 3.5 4,244
Maricopa -Stanfield Irrigation and Drainage

District 2.5 3,612 3.0 4,004 3.5 4,301
New Magma Irrigation and Drainage District 2.5 3,612 3.0 4,004 3.5 4,301
San Carlos Project Indian Lands 2.5 3,590 3.0 3,983 3.5 4,279
San Carlos Irrigation and Drainage District 2.5 3,590 3.0 3,983 3.5 4,279

puted for each irrigation district. The method of
estimation is given by Nelson and Busch (1967).
Costs of pumping water are divided into fixed, added
capital, and variable costs. Fixed costs are handled
exogenously to the mathematical model, so only
the latter two costs are included directly in the linear
programming models. Costs directly related to the

operation of the well are variable costs and include
fuel, repair and maintenance, lubrication, and at-
tendance. Added capital costs are those costs re-
lated to the declining groundwater table, for
example, adding column and bowls, and increas-
ing the size of the power unit to accommodate the
greater lift. In these projections for the year 1986,
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all natural gas -powered wells are assumed to be
replaced with electric -powered wells because of
dwindling natural gas supplies for agriculture and
thus increasing costs.

The authors recognize that 1974 energy costs
for pumping groundwater are likely to be much lower
than actual 1986 pumping costs. However, as with
the other input /product price ratios, it is assumed
that the ratio - not the absolute prices - will re-
main relatively constant over time. Further, the cost
of surface water delivered through the Central Ari-
zona Project will also rise over time proportionately
to the rise in pumping costs. After all, to reach Pinal
County, CAP water will be pumped uphill from Lake
Havasu some 1,000 feet. Thus, pumping costs are
also an integral cost of the surface water and will
be reflected in the water charge.

Monthly pumping restrictions
Water availability is the single most important

restriction faced by Pinal County farmers. Typically,
farmers run their irrigation pumps 24 hours a day
from late June until early August to extract the max-
imum quantity of water physically possible. Because
irrigation cycles are typically two -week periods,
one -half the total amount of water that could be
pumped by farmers during the month of July is used
as the principal summer water restriction.

A second critical water use period occurs from
January 15 to the end of February. During this pe-
riod, barley and wheat are irrigated and cotton is
preirrigated. However, while the summer water re-
strictions represent the maximum quantity of water
available during any given time period, the winter
water restriction is less than total water availabil-
ity. Most farms choose not to expand wheat and
barley acreage, even though they could do so by
increasing winter pumping to the well's physical

Table 6. Maximum thirty -day pumping capacity, 1986.

capacity, for several reasons. First, the net return
from barley and wheat is typically low, especially
in the deep pumping areas. Thus, most farmers
choose to curtail winter pumpage to minimize water
table drawdown in the summer when maximum
pumpage is desirable for higher valued crops. Fur-
ther, by conserving water in the winter, the farmer
is less likely to have surging or pump cavitation
during summer withdrawals. Lateral movement of
groundwater in Pinal County is generally slow
enough to permit individual farmers to conserve
water early in the season for use later in the sea-
son, but fast enough so that conservation of ground-
water over longer time periods is ineffective.

While winter and summer water restrictions are
sufficient for crop planning if only pumped water
is available, the trade -off between pumped and CAP
water mixes in this analysis necessitates that monthly
crop water demands and monthly water supplies
be used in the models. Values for maximum thirty -
day pumpage used in this study are shown in Table 6.

In order to define monthly pumping restrictions,
the relative amount of water available during each
month is needed. This maximum pumpage (100
percent of the thirty -day maximum) is assigned to
the three summer mop' The monthly winter re-
striction (January and nary) is assumed at 70
percent of the summer , .,.,criction. Pumpage limits
are assumed to increase linearly from the winter
to the summer and then decrease linearly from the
summer through the fall. The relative amount of
available monthly water is defined in Table 7. Thus,
the maximum quantity of pumped water available
during any month is computed by multiplying the
maximum thirty -day pumping value from Table 6
by the relative proportion value for the month found
in Table 7.

Farm Size
and Pumping Depth

Irrigation Districts

Ak -Chin
Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

month --------------------------acre -feet per

Shallow - 506 4 134
I Middle 498 540 154 4 156

Deep - -- 608 906 100 150

Shallow - -- 1,634 -- -- 142 20 562
II Middle 1,016 2,052 1,030 266 34 846

Deep -- 1,200 1,996 688 832 6 378

Shallow 116 --- 3,036 946 84 52 1,280
Ill Middle 106 3,968 4,298 2,292 156 90 2,042

Deep 292 5,950 3,190 3,544 682 18 752

Shallow 306 ---- 5,342 2,476 628 76 2,000
IV Middle 276 11,424 7,522 6,916 1,548 132 3,188

Deep 742 14,994 5,988 9,314 7,062 28 1,328
TOTAL 1,838 39,658 37,010 27,460 11,400 464 12,816
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Water allocations in surface water areas
Two irrigation districts in the study area receive

surface water other than CAP water in addition to
pumpage - the San Carlos Irrigation and Drainage
District and the San Carlos Project Indian Lands.
Water diversions from the Gila River, groundwater
withdrawals, and deliveries to project lands hold-
ing water "rights," are controlled by the San Carlos
Irrigation Project Joint Works Office. The Joint
Works Office annually assesses the available water
in storage reservoirs and determines the amount
of groundwater that can be pumped to augment
the surface flow. Each farmer holding water "rights"
is notified of the quantity of water to expect during
the coming year. Water deliveries by the San Carlos
Project, whether surface or pumped, are treated
as surface water in this study since the ground-
water is pumped by the Project and delivered at
the same price as the surface water. Farmers re-
ceiving San Carlos Project water pay an annual
assessment covering the Project's cost. The as-
sessment entitles them to receive their annual
allotment of Project water at no extra cost. The
cost of pumping groundwater is included in the
annual assessment. The annual assessment is con-
sidered a fixed cost, and thus, the surface water
delivered by the Project has no variable cost to
the farmers. Some farmers holding land with rights
to Project water also own adjacent non -Project land.
Many of these farmers, especially in the District
part, actively pump wells on their adjacent land for
use on Project lands. This water is termed pumped
water in this study.

The San Carlos Project Indian Lands received
an annual average of 62,969 acre -feet of water de-
livered to the land by the Joint Works between
1963 and 1972. During the same ten -year period,

Table 7. Relative proportion of pumped water available
by months.

Month
Pumped Water Available as a
Percent of Availability in July

January 70

February 70

March 80

April 80

May 90

June 100

July 100

August 100

September 90

October 70

November 70

December 70

the District part received an average of 90,143
acre -feet. This water is allocated to farm size classes
and pumping depth classes as shown in Table 8 on
the basis of relative farm acreage. Discussions with
officials of the San Carlos Project indicate that the
irrigation system can deliver to a farm, during any
month, 20 percent of its annual allotment. Thus,
San Carlos Project Lands are restricted in the model
to a maximum surface water delivery during any
month of 20 percent of their annual allotment.

Central Arizona Project Water

The major objective of this study is to investi-
gate the impact of Central Arizona Project water
on irrigated agriculture in Pinal County, Arizona.
Although no water contracts have as yet been signed,
and exact allocations to the county and districts
had not been made at the time models for this study
were being constructed, certain basic assumptions
about the Project were necessary if models were
to be built.

After discussions with members of the Arizona
Water Commission, a reasonable assumption about
the quantity of CAP water initially available for ag-
ricultural use in Pinal County in 1986 is 659,000
acre -feet. The authors then distributed the county's
CAP water allocation to each irrigation district as
described below.

The Ak -Chin Indian Reservation had requested
50,000 acre -feet of water delivered to the farm
headgates for 10,800 acres (4.63 acre -feet /acre).
From discussions with the Arizona Water Commis-
sion, it appeared that 58,000 acre -feet measured
at the main canal side was a reasonable quantity
for the Ak -Chins to expect. With a 15 percent con-
veyance loss, this translates to 49,300 acre -feet

Table 8. Annual allocation of San Carlos Project
surface water.

Farm
Size Pumping Depth

San Carlos Irrigation Project
Indian Lands
(acre -feet)

District Lands
(acre -feet)

Shallow 504 901
1 Middle 630 901

Deep 126 1,803

Shallow 2,519 4,056
II Middle 5,038 5,409

Deep 630 4,056

Shallow 6,927 8,113
Ill Middle 11,964 11,719

Deep 2,519 7,211

Shallow 10,705 13,521
IV Middle 17,631 19,831

Deep 3,778 12,620
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at the farm headgate. Thus, the Ak -Chin Reserva-
tion was allocated 58,800 acre -feet of water at the
main canal for model building purposes. Since the
time of model construction, the Department of the
Interior has allocated 59,300 acre -feet per year to
the Ak -Chin Reservation (Colorado River Associ-
ation, Sept. /Oct. 1976). While this quantity is still
being disputed by the Indians, it is said to be In-
terior's final decision. In any case, the amount is
very close to that assumed in building the models.

The Gila River Indian Community has 62,000 de-
veloped agricultural acres, of which about 39,000
acres are in the San Carlos Project. A total of about
50,000 developed and nondeveloped acres are
within the Project. Non -Project lands of the Gila
River Indian community are not included in this
study because most of the non -Project land is in
Maricopa County. Further, it is likely that CAP water
will be used on Project lands rather than non -Project
lands. Because Indians can develop new lands under
the CAP legislation, it is reasonable to assume that
they will develop the full 50,000 acres in the San
Carlos Project area. The average annual quantity
of other surface water delivered to the Indian part
by the San Carlos Project Joint Works is 111,000
acre -feet and is subtracted from computed total
water needs to obtain the CAP water allocation.
Thus, based on a value of 5.4 acre -feet of water
per acre measured at the main canal (the same
value used for the Ak -Chin Indian Reservation),
the Gila River Indian Reservation should receive
about 159,000 acre -feet of CAP water at the main
canal side [(5.4 acre -feet per acre X 50,000 acres)
- 111,000 acre -feet]. Using the above calculations,
Indian lands receive one -third of the total agricul-
tural CAP water available to Pinal County in 1986.14

According to the CAP authorizing legislation,
non -Indian lands can use CAP water only on those
lands with a recent history of irrigation at the time
of enactment. For this study, "recent history of ir-
rigation" is assumed to be the ten years preceding
enactment of the Central Arizona Project legisla-
tion (i.e., lands receiving irrigation water must have
been under irrigation at some time during the pe-
riod September 1958 to September 1968). The re-
maining 442,000 acre -feet of CAP water is allocated
to the five non -Indian districts according to their
relative number of average irrigated acres. Thus,
Central Arizona should receive 128,180 acre -feet
(29 percent); Hohokam, 79,560 acre -feet (18 per-
cent); Maricopa- Stanfield, 145,860 acre -feet (33
percent); New Magma, 30,940 acre -feet (7 percent);
and San Carlos Project- District Lands, 57,460 acre -
feet (13 percent).

14. The Gila River Reservation, including that portion in Mari -
copa County, has since been allocated 176,000 acre -feet per year.
As the results of the models show in Chapter IV, the Indians can
effectively use at least this much water.
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The Arizona Water Commission recommended
using a conveyance loss factor of 15 percent from
the main canal to the farm headgate for Indian lands.
Beck and Associates (1971a, b, c) used a 10 per-
cent conveyance loss for Maricopa -Stanfield, Cen-
tral Arizona, and New Magma. The loss factor for
San Carlos District lands and Hohokam is also as-
sumed to be 10 percent.

CAP water is allocated to the different farm size -
pumping depth classes according to the relative
number of irrigated acres in each class (see Table
9). The values in Table 9 are the initial values used
in the computer models. After the initial model so-
lutions, in order to meet all demands for Central
Arizona Project water by individual representative
farms, water in the models is shifted within each
district from farms with surplus CAP water to those
with greater demands. Thus, all demands for addi-
tional CAP water are satisfied. No irrigation district
can receive more than 13.5 percent of its annual
allotment in any month because of canal capacity,
but an individual farm can receive as much as can
be profitably used.

Current estimates place the cost of CAP water
for non -Indians at $15.00 per acre -foot at the main
canal side.15 This cost translates into a cost of $16.67
at the farm headgate, given the 10 percent convey-
ance loss factor for non -Indian farmers. Indian
farmers will receive subsidized CAP water from the
Federal Government at no direct cost to them.

According to CAP legislation, each non -Indian
irrigation district will probably have to reduce ground-
water pumpage by one acre -foot for each acre -foot
of Project water purchased [43 U.S.C. Sec. 1524(d)]
This study assumes that the average yearly pump-
age for the period 1959 through 1968 is the base
against which water must be traded. This period is
chosen because historically water allocations in
the Colorado River Basin have been based on ten -
year averages, and this is the ten -year period prior
to the passage of the CAP bill. The ten -year average
pumpage rate in the Lower Santa Cruz River Ba-
sin (pumpage in New Magma is not included) for
this period was 1,079,500 acre -feet (Arizona Water
Commission, 1973). Domestic consumption in the
basin is included in the estimate.

According to the Pinal County Supervisor's Of-
fice, 45,000 people live in the area. With a 108 gal -
Ion per day per person use rate, total domestic
water use is estimated at 5,441 acre -feet per year.
Thus, the annual irrigation pumpage in the lower
Santa Cruz River Basin is 1,074,059 acre -feet.
Pumpage in areas outside Pinal County but within

15. As becomes evident in the analysis to follow, this price is very
close to the farmers' maximum ability to pay for water for crops
such as grains and alfalfa. Barr and Pingry (1977) suggest that the
price to agricultural users (in 1976 dollars) will be closer to $30
per acre -foot. Such a price would make agricultural use infeasible.



Table 9. Initial allocation of Central Arizona Project water based on relative acreage.
Irrigation Districts

Farm Size
and Pumping Depth Ak -Chin

Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

_ -------- ------------------------ _ -_-- acre -feet per year
Shallow - - -- 1,432 1,352 1,034

I Middle 1,154 716 788 1,352 517
Deep 1,154 2,148 525 405 1,551

Shallow 3,580 278 5,406 2,585
Il Middle 3,462 3,580 3,939 556 10,812 2,585

Deep 3,462 3,580 2,626 1,946 1,352 2,585

Shallow 3,451 6,444 5,252 278 14,867 4,136
Ill Middle 3,451 12,694 8,592 11,817 278 25,679 6,204

Deep 7,395 16,156 5,728 15,756 1,668 5,406 4,136

Shallow 8,874 - - -- 9,308 14,443 1,668 21,998 6,721
IV Middle 7,888 36,928 14,320 32,825 3,892 38,262 10,340

Deep 18,241 40,390 12,172 43,329 17,236 8,109 9,306

Total Water
Delivered to
Farm Headgates 49,300 115,400 71,600 131,300 27,800 135,200 51,700

the Santa Cruz River Basin totals about 110,000
acre -feet, which places the ten -year average pump -
age rate for Pinal County (New Magma is not in-
cluded) at about 964,000 acre -feet. Allocation of
the ten -year average pumping rate among the non -
Indian irrigation districts, including pumpage in
New Magma, is summarized in Table 10.

Projected salinity levels in the Colorado River
for 1985 range from a low of 1.2 mmhos /cm to a
high of 1.5 mmhos /cm. In the CAP Environmental
Impact Statement, the Bureau of Reclamation (1972)
states that evaporation of Colorado River water
during transit to Pinal County will have a minor ef-
fect on concentrations of total dissolved solids in
the imported water. A maximum degradation of about
6 percent between Lake Havasu and Pinal County
is estimated. Using the average value for salinity
projections for Colorado River water in Lake Havasu
in 1986, with a 6 percent increase in transit, an
estimate of water quality of about 1.4 mmhos /cm
salinity in Pinal County is produced.

Land Resources

Land has not been a restraint on output in Pinal
County in recent years. However, to account for
double cropping, to assure that CAP water is not
used to expand acreage on non -Indian farms, and
to define the total irrigable land in Indian areas,
land constraints are included in the models. Two
land restrictions are required, and are called "winter
acres" and "summer acres." Two restrictions rather
than one are used because barley and wheat require
only winter acres, while grain sorghum only re-
quires summer acreage. Cotton requires both winter

Table 10. Ten -year annual average pumpage by
non -Indian irrigation districts.

Irrigation District Pumpage

Hohokam
Central Arizona
Maricopa -Stanfield
New Magma
San Carlos Irrigation District

acre -feet per year

190,000
250,000
298,000
60,000

102,000

and summer acreage. Summer acres always equal
winter acres. Table 11 shows the allocation of winter
and summer acres.

Conserving base is land which is kept in non -
depleting uses (fallow or idle, pasture, green manure
crops or legumes) if farmers are to participate in
Federal government cotton price support programs.
(While no programs are currently effective, pro-
grams are still on the books and could be reinstated
at any time. In the long run, it is likely that these
programs will be reinstated.) Alfalfa is the only non -
depleting crop grown in Pinal County. It is not likely
that the conserving base acreage will ever become
a restriction in the linear programming models be-
cause of the large amount of land in this category
relative to available water. However, because alfalfa
can use this land rather than the more restrictive
winter and summer acres, it is included in the models.
Conserving base acreage is distributed in exactly
the same manner as winter and summer acres. The
distribution is shown in Table 12.
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Table 11. Allocation of winter and summer acres, 1986.

Farm Size
and Pumping Depth

Irrigation Districts

Ak -Chin
Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

Shallow - -- 139 517507
I Middle 563 406 187 136 413

Deep 596 740 119 40 767

Shallow -- 1,550 -- 188 687 1,561
Il Middle 1,211 1,658 1,224 360 1,165 1,633

Deep 1,135 1,581 815 1,124 154 1,636

Shallow 213 -- 2,642 1,720 110 1,749 2,612
Ill Middle 213 4,454 3,716 3,427 204 2,973 3,633

Deep 471 5,910 2,476 5,216 924 568 2,534

Shallow 588 - - -- 4,077 4,754 852 2,516 4,044
IV Middle 511 13,305 6,238 9,702 2,099 4,364 6,149

Deep 1,205 14,445 5,273 13,683 9,546 934 5,421

TOTAL 3,201 41,619 30,864 40,847 15,407 15,425 30,920

Table 12. Allocation of conserving base acreage, 1986.

Farm Size
and Pumping Depth

Irrigation Districts

Ak -Chin
Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

Shallow 683 -- 186 696--
I Middle 751 548 252 183 556

Deep 792 996 160 53 1,033

Shallow --- 2,088 --- 250 921 2,101
Il Middle 1,614 2,231 1,645 480 1,567 2,198

Deep 1,510 2,129 1,096 1,495 207 2,203

Shallow 282 ---- 3,555 2,279 146 2,352 3,516
Ill Middle 282 5,933 5,000 4,572 271 3,999 4,888

Deep 624 7,874 3,332 6,933 1,230 765 3,413

Shallow 778 ---- 5,486 6,292 1,134 3,386 5,444
IV Middle 677 17,723 8,394 13,255 2,794 5,870 8,274

Deep 1,595 23,731 7,098 18,191 12,706 1,256 7,297

TOTAL 4,238 59,928 41,540 54,675 20,506 20,745 41,619

Table 13 displays the approximate number of
farms in each irrigation district by farm size and
pumping depth class.

Cotton Acreage Restrictions

Cotton is the most profitable crop grown in Pinal
County, and therefore, must be restricted to pre-
vent all cotton solutions by the models, an unrea-
sonable result in view of farmers' perception of the
relation between total supply and price, and their
perception of risk. It is the authors' judgment that,
in the long run, either acreage allottments will be
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reinstated or farmers will continue to restrict their
cotton acreage themselves because of their risk
perception. Thus, in the models, restrictions are
placed on cotton production as shown in Tables 14
and 15. These restrictions are equal to the 1966
Federal government cotton allotments.16

16. This restriction may be slightly low. Average planted cotton
acreage between 1969 and 1976 has been 40 percent of 1976
planted acreage for all crops. The 1966 cotton allotments are 32
percent of 1976 total planted acreage. Cotton prices were very
high in the 1974 -1976 period - a situation not expected to last in
the long run. Even with very high prices, farmers restrict cotton
acres.



Table 13. Approximate number of farms in each irrigation district by farm size and pumping depth class.

Farm Size
and Pumping

Depth

Irrigation Districts

Ak -Chin
Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District Total

Shallow -- 7 - -- 2 7 16
I Middle - 8 5 2 2 6 23

Deep - 8 10 2 1 10 31

Shallow - -- 6 -- 1 3 6 16
Il Middle - 5 7 5 1 5 7 30

Deep 5 7 4 5 1 7 29

Shallow 1 - 6 4 1 4 6 22
Ill Middle 1 9 8 7 1 6 8 40

Deep 1 13 5 11 2 1 5 38

Shallow 1 -- 3 4 1 2 3 14
IV Middle 1 11 5 8 2 4 5 36

Deep 1 12 5 12 8 1 5 44

TOTAL 6 71 74 59 22 32 75 339

Table 14. American -Pima (long staple) cotton restrictions, 1986.
Irrigation Districts

Farm Size
and Pumping Depth Ak -Chin

Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

Shallow - -- 3

acres

- -- 5 4
I Middle --- 4 7 0 8 6

Deep - 16 27 0 - 2 29

Shallow -- 17 -- 7 24 17
Il Middle 43 44 53 13 41 43

Deep - 65 85 43 38 8 87

Shallow 1 -- 95 8 4 62 94
Ill Middle 8 159 134 122 8 105 131

Deep 23 240 126 233 35 20 130

Shallow 20 -- 147 165 0 89 146
IV Middle 18 472 202 336 78 151 199

Deep 67 748 317 712 402 30 327
TOTAL 137 1,747 1,204 1,672 585 545 1,213

Table 15. Upland (short staple) cotton restrictions, 1986.

Farm Size
and Pumping Depth

Irrigation Districts

Ak -Chin
Central
Arizona Hohokam

Maricopa-
Stanfield New Magma

San Carlos
Indian

San Carlos
District

acres

Shallow -- 226 -- 60 231
I Middle 323 282 101 -- 104 285

Deep -- 462 422 81 22 437

Shallow - -- 689 78 296 693
il Middle 590 899 629 149 502 897

Deep 886 1,118 514 649 100 1,157

Shallow 71 - 636 577 45 754 1,153
Ill Middle 65 2,171 1,631 1,252 84 1,281 1,595

Deep 204 3,254 1,551 2,250 382 246 1,597

Shallow 172 -- 1,799 1,388 461 1,085 1,787
IV Middle 155 6,433 2,474 3,516 870 1,836 2,431

Deep 490 9,675 2,500 5,814 3,771 364 2,578
TOTAL 1,157 23,794 14,227 16,122 6,489 6,650 14,841
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IV Results of the Analysis

The major objective of this study, as stated in
Chapter I, is to investigate the economic impact of
Central Arizona Project water on irrigated agricul-
ture in Pinal County, Arizona. This new water will
differ in both price and quality (salinity) from the
already available water sources. The projected ad-
justments in optimum enterprise combinations for
representative farms under several alternative man-
agement schemes, when CAP water is delivered to
the county, are presented in this chapter. Changes
in water use, land use, crop mix, and net revenue
above variable costs are the principal focal points.

Results of the analysis for five management al-
ternatives are discussed individually and jointly.
Specifically, the five alternatives are: (1) to con-
tinue farming without the use of CAP water, (2) to
purchase CAP water on a free -choice basis up to
the maximum allotment, (3) to have a minimum level
of CAP water use required, (4) to deliver the max-
imum quantity of water that could effectively be
used by the Indian farmers of the area, and (5) to
allow the salinity of CAP water to increase as pro-
jected if no salinity control programs are instituted
on the Colorado River. In most cases, only aggre-
gated results for the county as a whole are given.
Aggregated results were obtained by summing the
results of the 69 individual representative -farm
models. Detailed results for each of the five anal-
yses, classified by irrigation district, are given in
Boster (1975).

No CAP versus CAP Freely Purchased

The initial solutions of the representative farm
models assume no Central Arizona Project water
is available in 1986. This analysis establishes a base
from which to measure the economic impact of in-
troducing CAP water into the area.

With the possibility of purchasing Central Ari-
zona Project water introduced into the 1986 rep-
resentative farm models, net returns above variable
costs for the whole county increase by 4.7 million
dollars or 35 percent above net returns if no CAP
water is available (Table 16, rows 1 and 2). Simi-
larly, cropped acreage increases by nearly 83,200
acres with CAP water introduced and freely pur-
chased. However, 3.9 million dollars of the 4.7 mil-
lion dollar increase and nearly 55,300 acres of the
cropped acreage increase occurs on the two Indian
reservations where CAP water is free and can be
used to develop new crop lands. Because total
acres of cotton are restricted in the model, the rise
in net returns results from acreage increases in the
other crops (see Table 17, rows 1 and 2).
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The increase in net income to Indian lands will
be a real increase in total net income to the Indians
since almost all costs of the new water are subsi-
dized. However, certain extra costs, such as the
cost of the distribution system from the main canal
to the farm headgates, must be subtracted from
the 0.8 million dollar increase in income to non -
Indians. These costs are discussed later in this
chapter.

Table 16 (rows 1 and 2) also shows a 21 percent
decrease (about 154,000 acre -feet) in pumped water
used in the area receiving CAP water. Other sur-
face water is essentially constant. However, the
total water applied to crops increases by 325,700
acre -feet -a 37 percent increase in total water use.

Why is total water use with CAP higher than total
water use without CAP, if the one -for -one pump -
CAP trade -off rule is in effect? There are two rea-
sons. First, the rule does not apply on Indian lands
where 64 percent of the increase occurs. The In-
dians have a net increase of 180,600 acre -feet of
water use, while decreasing pumpage by only 3,000
acre -feet. Second, the increase of 145,000 acre -
feet of water use on non -Indian lands is possible
because farmers are trading water against an his-
torical average pumpage rather than what pumpage
would have been in that year without CAP. The his-
torical average is higher than what pumpage would
have been, because farmers in the deep pumpage
areas would have cut back on pumpage as the water
table fell. Thus, provision of CAP water will tend to
slow the groundwater overdraft, but not on an acre -
foot per acre -foot basis.

The CAP-local water mix applied to crops varies
throughout the county. In the Ak -Chin area where
CAP water is free but of a lower quality than local
supplies, farmers mostly ignore the quality ques-
tion by growing their crops with all CAP water. The
exception is for grain sorghum. Most of the local
water that is used in the Ak -Chin area is mixed with
CAP water and applied to grain sorghum. However,
on the San Carlos Indian Reservation no clear pat-
tern to the CAP -local water mix is apparent. San
Carlos Indian farmers have a large supply of free
water available because they receive both CAP and
San Carlos Project water at no direct cost. Further,
the salinity of local and CAP water is so similar that
one water source is no more preferable than the
other. The water mix on San Carlos Project Indian
lands is thus based on water availability rather than
on salinity levels.

New Magma uses no CAP water because of rel-
atively low cost good quality local supplies. The
CAP water used on San Carlos District lands is



Table 16. Projected net returns above variable costs, and projected water use in Pinal County, Arizona, 1986.1
Net Returns Above Water Use

Type of Analysis Variable Costs Pumped CAP Other Surface Total
- dollars -

1. No CAP water available 13,604,533 735,829
-------------------- - - - - -- acre -feet -------------------------

153,106 888,935
2. CAP water available and

freely chosen (1.4 mmhos/
cm salinity) 18,306,629 581,690

3. CAP water use required at
minimum of 90% of annual
allotment 17,841,754 468,912

4. CAP water available and
freely chosen (1.8 mmhos/
cm salinity) 18,107,230 581,432

Based on results of representative -farm linear -programming models.

479,868

618,740

447,688

153,107

153,111

153,109

1,214,665

1,240,763

1,182,229

Table 17. Projected acreage of field crops in Pinal County, Arizona, 1986.1

Type of Analysis

American -
Pima

Cotton
Upland
Cotton Barley

Grain
Sorghum Alfalfa Wheat

Total
Cropped

Acres2

------------------------------------ - - - - -- acres ------------------------ ----------------
1. No CAP water available 6,797 83,271 0 58,822 10,590 83,571 243,051
2. CAP water available and

freely chosen (1.4 mmhos/
cm salinity) 7,015 83,280 1,235 96,295 28,043 110,380 326,248

3. CAP water use required at
minimum of 90% of annual
allotment 7,131 83,281 1,235 104,092 32,997 110,337 339,073

4. CAP water available and
freely chosen (1.8 mmhos/
cm salinity) 6,867 83,277 0 96,294 26,982 110,824 324,244

' Based on results of representative -farm linear -programming models.
2 Double cropped acres are counted twice.

mixed in small quantities (usually one acre -foot
of CAP water per acre) with local supplies. In the
remaining three irrigation districts - Central Arizona,
Hohokam, and Maricopa -Stanfield - CAP -local
water mixes at all different levels, with the greatest
use on farms in deep pumping lift areas where CAP
water is less expensive than local supplies.

Total CAP water use is 73 percent of the annual
allotment of 659,000 acre -feet.

CAP Freely Purchased versus
Minimum Required Purchase

Several adjustments occur when individual farms
are required to use at least 90 percent of their an-
nual CAP allotment rather than a freely selected
quantity. As expected, net returns above variable
costs decrease when this additional constraint is

added, but only by about $465,000 or less than 3
percent (Table 16, rows 2 and 3). However, the de-
crease in net returns all occurs within the five non -
Indian districts (the Indian reservations freely use
all the CAP water available to them) and so cancels
out more than half of the 0.8 million dollar gain to
non -Indian farmers made when CAP water was fur-
nished on a free -choice basis.

Now, with a CAP water use.of 619,000 acre -feet
out of the 659,000 acre -feet total CAP allocation
(139,000 acre -feet of which is not freely chosen),
the trade -off ratio between CAP and pumped water
falls to about 2.3 acre -feet of CAP used for each
1 acre -foot of pumped water no longer used. The
ratio was 3.1 acre -feet of CAP used to 1 acre -foot
of pumped water no longer used when CAP was
freely chosen.

Almost no shift in the county's crop mix is ob-
served (Table 17, rows 2 and 3). In order to use all
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of the required CAP water, however, the number of
double cropped acres increases slightly and the
CAP -local water mix shifts to mixes with higher
quantities of CAP water. Most of the requirement
to use more CAP water is simply reflected in de-
creased net income. Most of the decrease in net
income is from the higher price of CAP water rather
than from decreases in yield due to use of poorer
quality water. In fact, the quality of the water mix
improves in the Hohokam Irrigation District.

Impact of Increased CAP Salinity

Recently there has been much interest in the
western United States in evaluation of the cost of
increased salinity to irrigated agriculture, especially
in the Colorado River Basin. It is estimated that
Colorado River water delivered to Pinal County
will have a mean salinity of 1.4 mmhos /cm (938 ppm)
in 1968 and a mean salinity of 1.8 mmhos /cm
(1,206 ppm) in 2020 if no additional salinity con-
trol programs are instituted. To be economically
efficient programs, the cost of any control program
should be less than the value of the decrease in
agricultural production if no controls are established.

The linear programming models compare the
value of net returns above variable costs at the two
salinity levels when CAP water is freely chosen
(Table 16, rows 2 and 4). The total decrease in an-
nual net returns above variable costs for Pinal County
farmers would be $199,400 by 2020, or 1.1 percent
of the base of $18,306,629 per year in 1986. (Lesser
decreases would occur in intervening years.) This
decrease averages only 61 cents per irrigated acre
in 2020, or 0.23 cents per year per irrigated acre
per part per million increase in salinity.17

Total water use in the county decreases by only
32,400 acre -feet when CAP water salinity increases
to 1.8 mmhos /cm (Table 16, rows 2 and 4). The de-
creased total water use results almost entirely from
cutbacks in CAP water purchases. Total cropped
acres also decline but only by 2,000 acres (Table
17, rows 2 and 4). Sixty percent of the decrease
is from barley dropping out of the county's crop
mix. Although barley is the most salt -tolerant crop
grown in Pinal County, it is also the most econom-
ically marginal crop grown. Slight decreases in both
American -Pima cotton and alfalfa are observed while
a very small increase in wheat is noted.

17. The value 0.23 cents per year per irrigated acre per part
per million increase in salinity is computed by dividing 61 cents
by 268 parts per million increase in salinity (0.4 mmhos /cm X 670
ppm /mmhos /cm = 268 ppm).
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The Maximum Effective Use of CAP
Water by the Indian Reservations

Farmers on the two Indian reservations in Pinal
County will receive Federally subsidized CAP water
at no direct variable cost to them and the water
can be used to expand irrigated acreage. Thus, the
Indian reservations could provide an outlet for ex-
cess agricultural CAP water - that is, water that
non -Indian farmers would not purchase on a free -
choice basis. Further, a measure of economic ben-
efits accruing to Indian farmers receiving the free
CAP water is of interest to decision- makers allo-
cating the project water. The representative -farm
models for both the Ak -Chin and San Carlos Project
Indian lands are modified to determine the maxi-
mum quantity of CAP water that could be effectively
used by each if irrigated acreage were expanded
to include all of the irrigable lands on the reserva-
tion.18 Table 18 compares three levels of CAP water
delivered to Indian farmers.

The crop mix adjustments and the resulting eco-
nomic impact of introducing a fixed quantity of
CAP water to Indian lands was discussed in a pre-
vious section. With an unlimited quantity of free
CAP water available, Ak -Chin farmers apply 114,848
Acre -feet and San Carlos Indian farmers apply
246,313 acre -feet. The total quantity, 361,161 acre -
feet, is nearly twice as much as their initial annual
allotment. In both areas, the quantity of pumped
water used decreases considerably as the amount
of CAP water increases.

The most dramatic ecnomic impact occurs on
the Ak -Chin Reservation where net returns above
variable costs vary from a low of $117,671 without
CAP water to a high of $2,479,997 with all demands
for CAP water satisfied, an increase of 21 times.
The impact of unlimited CAP water is not as great
on the San Carlos Indian lands, who already re-
ceive free water from the San Carlos Irrigation
Project. However, net returns above variable costs
increase by three and a half times - from 1.8 mil-
lion dollars to 6.5 million dollars. Because cotton
acreage is restricted in the models, the increased
available water is used to increase acreage of grain
sorghum, alfalfa, and wheat.19 Total CAP water ap-
plied to crops in the county with Indian water un-
restricted and non -Indian water freely chosen is

18. Irrigable acreage available for double cropping on San Car-
los Project Indian lands is assumed to be 50,000 acres - the total
acreage with rights to San Carlos Project water. Irrigable land on
the Ak -Chin Reservation is 20,200 acres (Board of Consultants,
1972).

19. Even though large quantities of new water are made avail-
able to the Indians, it is unlikely that they would want to increase
cotton acreage significantly because of the associated risks. There-
fore, it was decided to maintain acreage restrictions on cotton at
the current level of production.



Table 18. Comparison of effects of three different quantities of Central Arizona Project water on Indian farmers in
Pinal County, Arizona, 1986.1

Irrigation Management
District Scheme

Net Returns
Above

Variable
Costs

Water Use Pima Upland Grain
Cotton Cotton Barley Sorghum Alfalfa Wheat

Total
Cropped
Acres2

Pumped CAP
Other

Surface
-- dollars -- -- - -- acre -feet -- - - - - -- acres

Ak -Chin No CAP water
available 117,671 9,946 114 1,157 0 264 0 1,224 2,759
CAP water
available
(quantity
restricted) 1,227,369 6,587 49,300 136 1,157 0 6,187 0 11,462 18,942
All demands
for CAP water
satisfied 2,479,997 2,683 114,848 90 1,157 0 14,869 4,239 14,868 35,223

San
Carlos

No CAP water
available

Indian 1,845,037 3,620 62,969 506 6,650 0 1,553 0 7,986 16,695
CAP water
available
(quantity
restricted) 4,655,307 4,049 134,206 62,971 532 6,650 1,235 20,447 5,142 21,746 55,782
All demands
for CAP water
satisfied 6,475,515 1,215 246,313 63,178 79 6,590 0 22,251 20,744 22,251 71,915

' Based on results of representative -farm linear -programming models.
2 Double cropped acres are counted twice.

657,500 acre -feet, just 1,500 acre -feet less than
the total assumed county allotment of 659,000 acre -
feet.

Irrigation District Distribution Systems

The foregoing analyses have not considered any
of the extra costs that will be associated with de-
livery of CAP water from the main canal to the farm
headgates. The farmer, through his irrigation dis-
trict, will have to build, maintain, and operate lateral
canals from the main canal in order to take deliv-
ery of any CAP water. Detailed projected cost data
for these CAP water distribution systems are not
available, and their computation is beyond the scope
of this study. However, several observations may
be made without additional detailed cost estimates.

First, Indian farmers are not directly responsible
for the cost of their distribution system and there-
fore will not incur the associated costs. Distribution
systems on Indian lands will be constructed and
financed by the Federal government. Second, Fed-
eral loans for the construction of distribution canals

on non -Indian lands will be available to irrigation
districts. Specifically, $100,000,000 is available
through the CAP authorization legislation. Moneys
from this source are interest -free over the entire
50 -year payoff period. An additional source of fund-
ing may be the Small Reclamation Projects Act of
1956 (P.L. 84 -130). The Arizona Water Commission
believes that 80 to 90 percent of the construction
cost of distribution systems on non- Indian lands
can be secured at no interest with a 50 -year re-
payment period.

The only available estimates of projected dis-
tribution construction costs in Pinal County are
those by R. W. Beck and Associates (1971a, b, c)
for the Central Arizona, Maricopa -Stanfield, and
New Magma Irrigation and Drainage Districts. Each
irrigation district analysis consists of five different
management assumptions for five different assump-
tions about the annual allotment of CAP water. Val-
ues for the annual costs of the total construction
cost (assuming 90 percent Federal financing) range
from $352,000 to $1,113,000 for Central Arizona;
$32,000 to $173,000 for New Magma; and $255,000
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to $1,197,000 for Maricopa -Stanfield. The higher
values represent the annual construction cost of
a distribution system servicing the entire irriga-
tion district. The smaller value represents a man-
agement assumption of less than the requested
CAP water allocation which is concentrated on a
reduced area of the district. This study assumes
that CAP water is available to each farm in each
irrigation district and thus Beck's higher values are
more reasonable estimates than the lower ones.
Beck's values are not used directly in this study
because the reports lacked sufficient data to mod-
ify the values to a usable form.

Although the precise cost of constructing lateral
distribution systems for the CAP water cannot be
made, it is possible to calculate the farmers' max-
imum willingness to pay for the distribution system.
This calculation is made by estimating the differ-
ence in net farm incomes with and without using
CAP water. The difference would be the maximum
amount that farmers could afford to pay annually
in order to deliver the water from the main canal
to their head gates. The computations are shown
in Table 19.

Line 1 of Table 19 gives the aggregate net re-
turns above variable costs in each irrigation dis-
trict without CAP water being available and without
any extra costs of a CAP distribution system. Line 2
gives the same information, assuming that CAP
water is available and freely purchased as desired,
but still does not include the annual extra cost of
an irrigation district water distribution system. Line
3 shows the difference between aggregate net re-
turns with and without CAP water. These values are
the maximum annual amounts that farmers could

pay for the irrigation district distribution systems
and still be as well off as they were without CAP
water. Values in line 3 are computed by subtract-
ing each value in line 1 from the corresponding
value in line 2. A negative value in line 3 indicates
a decline in net returns when CAP water is intro -
duced.20

The aggregate total willingness to pay by Pinal
County farmers for a CAP distribution system is 4.7
million dollars - the income increase reported in
the first section of this chapter. However, as dis-
cussed in that section, slightly more than 3.9 mil-
lion dollars of the total, or 83 percent, is from the
two Indian reservations in the county. The reason
for the Indian farmers' high willingness to pay is
because they receive Federally subsidized CAP
water. Further, Indian farmers will probably not have
to incur the extra fixed costs of the distribution
system. Thus, the values for the Ak -Chin and San
Carlos Indian districts are what the Indians would
pay if they had to - but they probably won't have to.

The highest value for a non -Indian irrigation dis-
trict is for Maricopa -Stanfield ($445,118). Beck and
Associates' lowest annual cost estimate of a dis-
tribution system for this irrigation district is $255,000,
however, this estimate assumes that the distribu-
tion system is constructed to service only part of
the district. Thus, the comparison of the willing-
ness to pay estimate and the lowest estimate by

20. In some cases, net returns above variable costs decrease
when CAP water is introduced because of the pumped -CAP trade-
off rule. In these cases the farmer actually has less water available
to him because he must trade pumped water for CAP water against
an historical average, rather than pump water freely.

Table 19. Projected aggregate annual returns above variable costs, and maximum willingness to pay for irrigation
district distribution systems for CAP water, by irrigation district.1

Irrigation District

Analysis Ak -Chin
Central
Arizona Hohokam

Maricopa- San Carlos San Carlos
Stanfield New Magma Indian District

Total, All
Districts

1. No CAP water
available 117,671 2,799,095 2,103,760 2,095,870 882,342 1,845,037 3,760,758 13,604,533

2. CAP water
available and
freely chosen2 1,227,369 2,950,187 1,351,595 2,540,988 835,924 4,655,307 3,745,259 18,306,629

3. Willingness to
pay for fixed
costs of CAP
distribution
system 3 1,109,698 151,092 247,835 445,118 -46,418 2,810,270 -15,499 4,702,096

' Based on results of representative -farm linear -programming models.
2 Costs of the irrigation district distribution system are not included.
3 Values obtained by subtracting entries in line 1 from corresponding entries in line 2.
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Beck is not valid. A more reasonable comparison
can be made to Beck's higher value ($1,197,000)
which assumes that the distribution system ser-
vides the entire district - the same assumption
made by this study. The willingness to pay projec-
tion for Maricopa- Stanfield is less than half the value
of Beck's higher projection.

The aggregate willingness to pay for both the
New Magma and San Carlos District is negative,
reflecting the decrease in net returns when CAP
water is introduced. As mentioned earlier, the de-
crease in net returns in these areas is from farmers
having less water available with the CAP because
of the pumped -CAP trade -off rule. The willingness
to pay projection for Central Arizona is much less
than even Beck's lowest projection. Although there
are no cost estimates with which to compare the

Hohokam willingness to pay estimate, the relatively
small size of the Hohokam willingness to pay esti-
mate suggests that benefits of a distribution system
would likely be less than costs.

To summarize: Although net returns above var-
iable costs increase when Central Arizona Project
water is introduced into Pinal County, very little
of the increase occurs on non -Indian lands. Because
non -Indian farmers must incur the construction cost
of a distribution system, the increase in net returns
above variable costs on non -Indian lands must be
greater than the annual extra fixed costs associated
with CAP if the project is to benefit the non -Indian
farmers. It does not appear likely that the net re-
turns above variable costs will in fact exceed the
associated extra fixed costs.
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V Conclusions

The purported benefits of transporting surface
water into Central Arizona, a major crop -producing
area, are to (1 ) be of economic benefit to the non -
Indian (as well as the Indian) agricultural economy
and (2) significantly reduce the physical decline
in the underground water table. Because of the
projected increase in salinity in the Colorado River,
a major worry is that significant agricultural loss
will occur with use of Colorado River water in this
and other agricultural areas. The results of this study,
as presented in detail in Chapter IV, do not support
these widely held beliefs for either the ostensible
benefits or losses.

Several assumptions are necessary for the anal-
yses. Some of the major assumptions include: (1)
yield reduction due to irrigation water salinity is
related to the calculated mean salinity against which
water is absorbed, which is influenced more by the
salinity of the irrigation water than by the salinity
of the drainage water; (2) yield reductions from water
shortage and from salinity are additive; (3) water
is optimally allocated during the crop season; (4)
the crops selected for this study will continue to
be the most important crops grown in the area; (5)
the ratio of product prices to input costs is constant
over time; and (6) the relative prices of crops are
constant over time.

Clearly the results are dependent on the assump-
tions of the model, as to how the assumptions re-
flect the real world. The strengths of the above
assumptions, along with their limitations, are dis-
cussed in detail in Chapter Ill, "The Data." Given
available empirical data, these assumptions reflect
the authors' best judgments as to the agricultural
environment in Pinal County in the coming twenty
years. Our faith in these judgments is bolstered by
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the clarity of the results - that is, it would take
very large changes in the assumptions to signifi-
cantly alter the results.

Specific results of this study are as follows:

Delivery of CAP water under the proposed legislative
restrictions relative to trading pumped water for sur-
face water will not assure groundwater conservation
at anywhere near a one -for -one trade -off and thus prob-
ably will not significantly reduce groundwater decline.
Nearly all of the monetary benefits from the Project
to agriculture in Pinal County will be captured by In-
dian rather than by non -Indian farmers. (Original benefit -
cost estimates were made on the basis of the non -
Indian commercial farms.)
Indian farmers can use any CAP water not purchased
by non -Indian farmers at the $16.67 per acre -foot price,
if there is no direct cost to the Indians for the water,
and they are allowed to use the CAP water to expand
acreage.
Requiring non -Indian farmers to use a minimum quan-
tity of CAP water in their crop water mix would reduce
considerably the monetary gains to be realized if CAP
water were made available with the quantity used to
be freely chosen by the farmers.
While provision of CAP water to the farm head gate at
a price of $16.67 per acre -foot would increase some
non -Indian farmers' net income, the aggregate increase
in net income in non -Indian districts will not likely be
enough to pay for the necessary CAP irrigation district
distribution systems.
The possibility of increased salinity from CAP water
should not be of concern to farmers in the county. Be-
cause other areas using Colorado River water are quite
similar to the specific area studied, one would suspect
that loss in the other areas would also be minimal.

It appears that benefits of water development
are not all that they may at first seem, even in this
very arid agricultural area.



Appendix

Mathematical Model
The following is a mathematical statement of the

generalized representative -farm linear -programming
computer model. Specific models vary slightly from
this statement.

The objective of this model is to:

J K S T
Maximize Z= E E NR;k Xik -E E Cst Wst

j=1 k=1 s=1 t=1
Subject to:

K J
Constraint 1: E E PUMPik Xik - PSLK

k=1 j=1
= 0

K J
Constraint 2: E E CAPik Xik- CSLK

k=1 j=1
= 0

T

Constraint 3a: PSLK - E Wst
t=1

= 0

T
3b: CSLK - E Wst

t=1
=0

Constraint 4a: CSLK
4b: CSLK

Constraint 5:
T
E Wst
t=1

< CMAX
>CMIN

s= 1

s=2

<SMAX s=3

K J
Constraint 6a: E E Wikt Xik - Wst = 0 s = 1, 2, 3

k =1 j =1 t = 1, 2, ...,8
6b: Wst < WMAXst s = 1, 2, 3

t = 1, 2, ...,8
Constraint 7: PSLK + CSLK < TOTWA

4 J
Constraint 8a: E E Xik <WINAC

k =1 j =1

5 J
8b: E E Xik <SUMAC

k =3 j =1

7 J
8c: E E Xik <CONBA

k =6 j =1
K J

Constraint 9: E E Xik - TOTAC = 0
k =1 j =1

J
Constraint 10: E Xik <MAXCOTk k = 3.4

j =1

Where the variables, listed in alphabetical order, are:

Cst = Cost per acre -foot of water from source s applied in time period t.

CAPik = Acre -feet of Central Arizona Project water applied to each acre
of crop k grown with water mix j.

CMAX = Maximum amount of CAP water available to the farm through
the irrigation district.

CMIN = Minimum amount of water the irrigation district must use.
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CSLK = CAP water slack = total CAP water used per year.
CONBA = Number of conserving base acres available.

j = Water mix index to account for various mixes of pumped and
CAP water.

J = Number of water mixes for each crop and farm size -pumping
depth class.

k = Type of crop. k = 1, 2, ...., 7
MAXCOTk = Maximum acreage of cotton.

NRk; = Net returns above all variable production cost except the cost
of water for crop k grown with water mix j.

PSLK = Pumping slack = total water pumped per year.
PUMP;k = Acre -feet of pumped water applied to each acre of crop k grown

with water mix j.
s = Source of water.

I = Pumped water
2 = Central Arizona Project water
3 = Surface water from the San Carlos Project

S = Number of water sources.
SMAX = Maximum amount of surface water available in San Carlos Project

areas.

SUMAC = Number of crop acres available during the summer (excluding
conserving base).

t = Time period. t = 1, 2, ...,8

TOTAC = Total acres cropped (counts double cropped acres twice).
TOTWA = Ten -year average pumpage in the area.

Wst = Total amount of water (acre -feet) from source s applied in time
period t.

Wikt = Acre -feet of water need in time period t, for each acre of crop
k grown with water mix j.

WINAC = Number of crop acres available during the winter.
WMAXst = Maximum amount of water available from source s in time pe-

riod t.
X-k = Acres of land assigned to crop k that is grown with water mix j.

Z = Total net returns over variable costs for the farm.

Explanation of Mathematical Statement
The linear programming models reflect one crop

season. Water is assumed to be optimally allocated
during the season (i.e., plant water demands are al-
ways met and water applications are such that soil
near the surface always has sufficient water to meet
plant needs).

The mathematical relationships are explained in
detail below, one relationship at a time.

The objective function
The objective of each representative -farm linear -

programming model is to maximize net returns above
variable costs given the physical restraints on pro-
duction for the individual farm. An objective func-
tion is developed for each aggregated representative
farm type. These functions contain net revenue co-
efficients for each activity and cost coefficients for
purchasing and pumping water. A production activ-
ity is a method of producing a crop on one acre of
land. Each crop has several production activities
(i.e., each crop is repeated several times in each
model to allow for alternative mixes of water sources,
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each of which has a different cost and salinity). For
example, one cotton activity uses all pump water,
another uses all CAP water, another uses four acre -
feet of pumped water in combination with one acre -
foot of CAP, another three acre -feet of pumped
water along with two acre -feet of CAP water, etc.
Different costs, different yields, and thus different
net return coefficients are associated with each
way of producing an acre of each type of crop. The
net return above variable cost values for each pro-
duction activity includes that return which must
pay for the variable cost of water. Because each
water source has a different unit cost, the total
water cost associated with each water mix is dif-
ferent. Unit water costs for each available source
are included in the objective function as negative
quantities in the water purchase activities so that
the total water cost can be computed within the
model.

Solutions of the models give the maximum net
return that could be obtained given the limited re-



sources for production and using the optimum com-
bination of various available water sources of
differing prices and qualities.

Constraints 1 and 2 - Pumped and
CAP water totals

Constraint 1 totals the annual quantity of pumped
water used by each production activity in the optimal
solution. In the two areas receiving surface water
from the Gila River, the average salinity of both
surface and pumped water is equal and both sources
have the same cost. Thus, in order to simplify the
model in these two areas, PSLK is the sum of both
pumped water and Gila River surface water.

The second constraint operates in the same man-
ner as the first constraint. The resulting variable
CSLK is the total quantity of Central Arizona Proj-
ect water used by the activities in the optimal so-
lution.

Constraints 3 (a and b) - pumped and
CAP water costs

Linkage enabling the models to subtract water
costs from net revenue above other variable cost
coefficients is provided in contraints 3a and 3b.
Each says that the annual quantity of water used
equals the sum of the water used during each time
period.

Constraint 4 (a and b) - CAP water bounds
The maximum annual quantity of CAP water avail-

able to a farm is regulated by constraint 4a. Con-
straint 4b enables one to require a minimum quantity
of CAP water to be used in the optimal solution.

Constraint 5 - surface water bounds
The sum of other surface water used in each time

period must be less than the annual surface water
available for delivery to the farm. This constraint
is used only in representative -farm models with
available surface water other than from the CAP
(i.e., the San Carlos Project- Indian Lands and the
San Carlos Irrigation and Drainage District).

Constraint 6 (a and b) - monthly water limits
Monthly crop water demands are balanced with

monthly water sources by constraint 6a. Specifi-
cally, the irrigation demand for each crop activity
during a time period can be satisfied by any com-
bination of the available water sources - pumped,
CAP, and/or other surface water in the San Carlos
Project areas. However, the quantity of water avail-
able from each source during the same time period
is limited by constraint 6b. Pumped water is restricted
because of the physical well capacity for the farm;

Refer
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Agricultural Statistics. Bulletins S -9 to S -12, Phoenix.
1974, 1975, 1976, 1977.

Arizona Water Commission. Annual Report on Ground-
water in Arizona: Spring 1971 to Spring 1972. Bul-
letin Number 5, Phoenix. June 1973.

CAP deliveries during the period are limited to 13.5
percent of the total annual farm allotment because
of canal capacity; and other surface water avail-
ability must be less than 20 percent of the annual
quantity of surface water available to the farm be-
cause of canal capacity.

Constraint 7 - total water limits
The trade -off between pumped water and CAP

water is controlled by constraint 7. This constraint
states that the total amount of pumped water (PSLK)
and CAP water (CSLK) must be less than or equal
to the ten -year average pumped water use for the
farm. Water is traded against the ten -year average
rather than on a one -for -one basis.

Constraint 8 (a, b, and c) - seasonal and
total land restraints

Land resources are restricted by constraint 8.
Two restrictions (8a and 8b) are used to allow double
cropped acres. Constraint 8a states that the number
of acres available for winter crops (wheat, barley,
and cotton) is limited by the total acreage with a
history of irrigation, exclusive of conserving base
acres. Likewise, 8b accounts for the crops grown
during the summer (sorghum and cotton). Cotton
is both a winter and summer crop because its long
growing season prevents the planting of a winter
crop on land that is planted with cotton. The num-
ber of winter acres always equals the number of
summer acres. Alfalfa is limited by the available
conserving base acreage (constraint 8c). The con-
serving base acres is the land farmers maintain in
non -depleting uses (fallow or idle, pasture, legumes,
etc.).

Constraint 9 - total land accounting
Total cropped acres are calculated by constraint

9. This constraint is included only for accounting con-
venience, and has no effect on the optimal solution.

Constraint 10 - cotton acreage restraint
Because cotton is the most profitable crop grown

in Pinal County, constraint 10 is included to limit
the number of cotton acres on each representative
farm to prevent all- cotton solutions to the models.
Cotton restrictions are based on allotments under
the 1966 Federal Cotton program. While no pro-
grams effectively control cotton acreage at the pres-
ent time, the possibility of similar new programs
still exists and, in the long run, similar programs
are quite likely. In fact, farmers tend to restrict cot-
ton acreage to close to allotment acreage because
of their perception of risk.
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