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Water Savings And On-Farm Production Effects When Irrigation Technology
Changes: The Case Of The Kiamath Basin

1 INTRODUCTION AND PROBLEM STATEMENT

1.1 INTRODUCTION

Historically, the allocation of irrigation water to agriculture in the western U.S.

has followed the prior appropriative property rights system, dictating the location and

volume of water diversions (Johnson and DuMars). In most cases the water in Western

basins is fully allocated. Increasing environmental demand for water has motivated

recent state and federal policies to reduce agricultural water allocations, thereby saving

water for environmental uses. These state and federal policies have encouraged the

adoption of a market mechanism to reallocate existing irrigation water supplies between

agricultural users (Shupe, et.al. and Israel and Lund). By creating a market for water,

farmers have an incentive to be more efficient in their use of applied water and may adopt

efficiency improving irrigation technology (Caswell and Zilberman (1985), Dinar

et.al.(1996)). Generally, economists and policy makers consider the reductions in

irrigation water allocations and consequent increases in irrigation efficiency as water

'saving' actions. However, it is incorrect to say that saving applied water at the farm

level always translates into a basin wide saving. The quantity ofwater 'saved' is

dependent on the spatial scale of the study area and the reuse of agricultural return flow.

'Saving' water on the farm by increasing irrigation efficiency decreases return flow. If
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the shortage in agricultural return flow is mitigated by increasing direct deliveries to

downstream users any on-farm 'savings' may disappear. Additionally, increasing

irrigation efficiency may reduce deliveries to other agricultural users, located downstream

of the efficiency-improving farmer, thereby causing third party effects.

The objective of this study is to estimate changes in agricultural production and

water use patterns that occur in a water basin under various water supply conditions and

alternative allocation mechanisms while controlling for third party impacts. The

objective arises from the need of policy makers to estimate the volume of surface water

available to agriculture, conditioned by the expected technology response of individual

farmers. The objective is achieved by nesting an economic model of on-farm decision

making, used to predict irrigation technology adoption rates, with a simplified basin wide

hydrologic model to quantify changes in water use under alternative surface water

allocation methods.

The empirical focus is on the Upper Klamath River Basin that straddles the

California and Oregon border. The region features a complex hydrology and hosts a

variety of governmental entities, with overlapping jurisdictions and competing demands

for water. The Basin encompasses two states, three counties and several Native America

tribes, creating international, interstate and intra-state transboundary issues. Competing

demands for surface water in the Basin come from: 1) the need to maintain minimum

lake level to support habitat of endangered shortnose sucker fish species, 2) the need to

maintain minimum flow in the river to support the habitat for salmon and steelhead



Tribal trust refers to the U.S Supreme Court decision on Winters v. United States (207 U.S. 564 (1908)).
The Supreme Court held that when Congress set aside the land for the reservation it reserved sufficient
water to carry out the purpose of the reservation. This decision applies to the tribes of the Kiamath River
because part of their 'purpose' is fishing for salmon in the Klamath River.
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guaranteed under a tribal trust1, 3) the need to maintain deliveries to irrigated agriculture

and 4) water to support wetlands habitat in six National wildlife refuges. The land

between the lake and the river, and coterminous to two National wildlife refuges,

comprises the U.S. Bureau of Reclamation's (USBR) Kiamath Project, consisting of

250,000 acres of irrigated farm land. Income from agriculture is the primary source of

economic activity within the Upper Kiamath Basin. The current priority for water

deliveries to these user groups is 1) lake level and in-stream flow requirements to support

habitat of species classified as endangered under the ESA, 2) tribal trusts 3) irrigated

agriculture and 4) National wildlife refuges.

1.2 THE PROBLEM STATEMENT

The problem is to maximize agricultural water deliveries within a basin subject to

available irrigation water resources and allocation methods. Two environmental demands

constrain available irrigation water allocations. The two constraints are: 1) lake level

minimum necessary to support habitat for the endangered shortnose sucker fish and 2) in-

stream flow required to support habitat for salmon in the Klamath River.

Solving for the optimal solution requires iterating through two steps. First, the

basin wide hydrologic model determines total water deliveries from the lake, both to

agriculture and for in-stream flow requirements. Part of the in-stream flow constraint is
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met by agricultural return flow. The second step in the solution requires running the

economic profit maximization model to predict agricultural return flow. Agricultural

return flow is a function of technology adoption based on the quantity and allocation

method of agricultural water deliveries among farmers. if the sum of the agricultural

return flow and the lake releases made directly for in-stream flow is not large enough to

meet the in-stream flow constraint, then the process begins again. First, water released

directly from the lake for in-stream flows must be increased, thereby reducing the water

available for agriculture. With this new forecast of agricultural water deliveries the

economic model is run again and a new forecast of agricultural outflow is made. As

before, the forecast of agricultural releases is added to the lake releases made for in-

stream flows. The sum is compared to the in-stream flow constraint, if the in-stream

flow constraint is met, the forecasting process is complete. If the constraint is not met

then the lake releases to agriculture and in-stream flows are adjusted again and the

process continues until the optimal solution in found.

As used here, agricultural return flows are defined as applied irrigation water less

crop evapotranspiration (ETc), where evapotranspiration is the sum of water consumed by

the crop (transpired), and water lost to deep percolation. The ratio of ETc to applied

irrigation water is defined as irrigation efficiency (IE). Increases in the IE rate decrease

the quantity of return flow. Although many factors affect the IE rate, including soil type

and weather conditions, the factor considered in this research is the on-farm irrigation

technology and/or management choices, Thus, the effects of deep percolation on ETc are

beyond the scope of study and are assumed to be zero. Although this may seem like a

major assumption, it does not affect the outcome of this research significantly. Common
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All variables in Figure 1.1 are expressed in terms of volume. The following calculation was used to

convert flow to volume: (cubic feet per second * seconds per hour * hours * number of days in the time
step)I(number of cubic feet in an acre foot). The number of cubic feet in an acre foot of water is 43,560.
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knowledge of the hydrology of the Klamath Basin connects the Basin's shallow ground

water table to its surface water. Therefore, percolation joins the surface water at the

Kiamath River.

Figure 1.1 represents the problem and describes the operational rules that control

minimum lake level, minimum flow in the river for fish, and agricultural releases2. The

operational rules are used to forecast the quantity of water available for agricultural prior

to the irrigation season (in this example, April). Minimum lake level, S, is maintained by

requiring S to equal or exceed the inflow forecast, combinedwith the actual April lake

level, I, less the sum of the releases made for fish flows, R and agricultural demand, D.

Irrigated agriculture consumes ETca, which is no longer available for in-stream use. The

wildlife refuges consume a quantity of water necessary to support habitat, Etc

Minimum flows for fish are met by requiring the flow, defined as the summation of the

releases made directly for fish, R, plus the wildlife refuge return flow, be greater than or

equal to the minimum flow, F. The overall objective is thus to maintain both minimum

lake levels and stream flow for fish while maximizing deliveries to agriculture. In

addition, the water available for the wildlife refuges can be measured. The problem is

that lEa may change, thereby affecting deliveries to the wildlife refuges and consequently

affecting return flows for fish. The economic model predicts the technology adoption on-

farm and therefore the agricultural return flows.



Figure 1.1 Schematic Diagram Depicting Water Flow Throughout the Upper
Kiamath Basin.

Lake level
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S Lake level
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R Releases for fish
D Full agriculture

supply
IE= Irrigation

efficiency
(ETc/AW)
n = a, w.

F Flows for fish

The next chapter describes the empirical setting in greater detail. The third

chapter details the political and physical factors that impact water allocation decisions.

The fourth chapter presents a review of pertinent economic literature. The fifth chapter

explains the modeling framework. The results and the conclusion follow in chapters six

and seven.
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2 EMPIRICAL SETTING - UPPER KLAMATH BASIN

2.1 INTRODUCTION

This section describes the geographical, environmental and hydrological settings

of the study area. Geographic Information System (GIS) data demonstrate the

heterogeneous attributes of the Basin. In addition to these physical attributes, this section

also describes the current economic and political issues that are germane to this research.

2.2 ENVIRONMENTAL SETTING

The Upper Klamath River Basin (the Upper Basin) straddles the California-

Oregon border east of the Cascade mountains (see Map One). It covers approximately

5,155,000 acres. The Upper Basin is wholly contained within Kiamath County in Oregon

and the counties of Modoc and Siskiyou in California.

The Upper Basin is home to a national park, a national monument, two national

forests and six wildlife refuges. The wetlands of the Upper Basin are a pinch point of the

Pacific Flyway, where all flyways that make up the Pacific Flyway converge.

Maintaining the wetlands is essential to the preservation of migratory waterfowl. The

area is home to the largest wintering population of bald eagles in the lower forty-eight

states. In addition to the natural resources within the Upper Basin, the Kiamath River is

an important salmon and steelhead trout river.

7



2.3 HYDROLOGY AND TOPOLOGY

The Upper Basin lies in the rain shadow of the Cascade mountains to the west

Precipitation is highly variable within the region. The elevation of land in the Upper

Basin ranges from 2300 to 9800 feet above sea level. Upper Kiamath Lake, situatednear

the center of the western edge of the Upper Basin, is the Basin's dominant hydrologic

feature (see Map Two). Upper Klamath Lake is approximately 90,000 acres in size with

an average depth of eight feet. Two unregulated river catchments discharge into the lake:

the Wood and Williamson. Link River Dam regulates the outflow from Upper Kiamath

Lake into the head reach of the Klamath River. Historically during periods of high

runoff, this reach of the Klamath River overflowed its banks to spill into an area of marsh

that included the present Lower Kiamath Lake.

The Lost River system in the south-east of the Upper Basin, consisting of Clear

Lake, Tule Lake and the Lost River, forms a naturally closed, internally draining basin.

The Lost River originates at the outlet of Clear Lake Dam in California, and flows north

across the state border into Oregon. The river receives inflow from Gerber reservoir via

Miller creek and from springs. Eventually, the river turns south and discharges into Tule

Lake in California. Irrigation and drainage channels constructed in 1912 and 1941 now

provide a regulated link between the Lost and Kiamath Rivers. To remove excess inflow,

water is pumped uphill from Tule Lake to Lower Klamath Lake and then to the Klamath

River.

A Southern Pacific railroad embankment across the north end of Lower Kiamath

Lake prevents the natural flow of water from the Kiamath River, at high stage, to Lower

8



Kiamath Lake. Excess water is eliminated from Lower Kiamath Lake viaa drain that

discharges into the Klamath River.

2.4 AGRICULTURAL SEITING

River valleys and reclaimed lake beds form the main agricultural portion of the

Upper Basin. They are classified as semi-arid desert, requiring irrigation forcrop

production. Average water use for fully watered crops grown in the area ranges from 24 -

36 inches per year. The length of the growing season and the susceptibility to frost are

important determinants of the cropping system. The growing season varies depending on

elevation and latitude from 120 to only 50 days. In the north of the basin, where the

growing season is short, alfalfa, oats, hay and pasture are the main crops. Further south,

with a longer growing season, a more diverse cropping pattern includes potatoes, sugar

beets, wheat, onions and barley.

Map 3 shows the soil rating for agriculture. The lands immediately north and

south east of Upper Klamath Lake have the highest soil rating (derived from the USGS

STATSGO database).

2.5 THE KLAMATH PROJECT

The Kiamath Project, initiated in 1905, was one of the first federal irrigation

projects constructed by U.S. Bureau of Reclamation (USBR). The Project is located in

the south central Upper Basin (see Map Two for location of the Project). The project

9



includes 234,000 acres of land. Upper Klamath Lake, Clear Lake and Gerber reservoir

provide storage for Project water.

2.6 AGRICULTURAL AND WILDLIFE Is SUES

Historically, Upper Kiamath Lake, its tributaries and the Lost River have been a

major habitat for a species of sucker fish. However, during this century native fish

populations in the Upper Basin have declined dramatically. Following fish surveys in

1984 and 1985, two species of sucker fish were listed as endangered under the

Endangered Species Act. The restoration of critical habitat area and the protection of

water quality within the lake requires that U.S. Bureau of Reclamation maintain Upper

Klamath Lake at predetermined levels on a monthly basis. This constrains the regulation

of lake levels for storage and thus reduces the available water to the Klamath Project

during critical summer months.

Within the Klamath Project the proximity of farming and wildlife is striking.

Farm fields border on or are located within the Tule Lake National Wildlife Refuge

(TLNWR) and the Lower Kiamath Lake National Wildlife Refuge (LKLNWR) and water

flows directly into the marshes from irrigation drainage channels. Both the Lower

Kiamath Lake and Tule Lake National Wildlife refuges are located within the boundaries

of the Klamath Project (see Map Two). Within the Kiamath Project, the distinction

between canal and drain water blurs as conveyance channels carry a mixture of source

water and irrigation return flows. There are concerns that agriculture has impaired the

water quality of the two lakes.

10
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The Klamath River has historically supported major runs of anadromous fish

species. Fish populations have been negatively affected by reductions in stream flows,

dams and changes in the river temperature regime caused by upstream storage. The U.S.

National Marine Fisheries Service (NMFS) recently proposed to list the steelhead in the

Kiamath as threatened. Upper Klamath Lake is the only major reservoir that flows into

the Kiamath River, thus stream flows in Kiamath River are dependent on releases out of

Upper Kiamath Lake.

Situated at the source of the Kiamath River, and as the largest diverter of Kiamath

system water, the Kiamath Project is currently the target for demands for reductions in

water use. To ensure the continued viability of agriculture in the Klamath Basin, efforts

are underway to develop institutional solutions to respond to demands for reductions in

surface water diversions to the project.

In short, between Upper Kiamath Lake and the river, both geographically and

politically, lays the Bureau of Reclamation's Kiamath Project. The Bureau must balance

water level requirements in the Upper Kiamath Lake with stream flow requirements in the

Kiamath River and Wildlife requirements to the south. Meeting lake level and river flow

targets is complicated by the natural hydrologic variability manifested in the basin.

During a recent drought, junior water right holder in the project, sandwiched between the

Bureau's attempts to meet both the level and flow requirements, experienced substantial

reductions in their supply of water.

As a result of this reduction in irrigation water the farmers of the Upper Basin

brought suit against the U.S. Fish and Wildlife Service for what they said was a misuse of



the federal Endangered Species Act (Bennett v. Spear, 1997). The suit ended with the

1997 Supreme Court decision that granted standing to the irrigators under the Act.

2.7 POLITICAL JuRIsDIcTIoNs AND TRANSBOUNDARY ISSUES

In addition to the jurisdictions of California and Oregon, an Indian Nation holds

treaty rights to hunt and fish on a reservation formerly located in the Upper Basin.

Several other Indian Nations have been granted rights to a salmon run in the Klamath

river of California, south of the Upper Basin. The Federal Government's jurisdiction

includes the management of the Kiamath Project. It also includes management of the

National wildlife refuges located in the Basin, as well as management of Bureau of Land

Management land, a National monument and two National forests. Due to difficulties in

satisfying all of the jurisdictions represented in the Basin, management of the Bureau of

Reclamation's irrigation project has recently been delegated to four federal agencies 1)

the U.S. Bureau of Reclamation 2) the U.S. Fish and Wildlife Service 3) the National

Marine Fisheries Service and 4) the Indian Affairs office in the Interior Department. In

addition to the organization of the above federal agencies there is also an interstate

compact that has authority over water resource allocation in the upper Basin.

The Klamath River Compact Commission, formed by an act of Congress in 1957,

has two stated major goals:

"(1) to facilitate and promote the orderly and comprehensive development and

use of the waters of the Kiamath River for beneficial purposes in both states.

12
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(2) to further intergovernmental cooperation in developing programs for, and

making good use of, the interstate waters of the Kiamath River."3

These goals are consistent with the doctrine of equitable utilization, described earlier in

this paper. Congress ratified the Compact, thereby providing federal as well as State

support of its operations. The staff of the Compact is composed of a representative from

both states and a federally appointed chairperson. The state representatives are employed

by their respective state's water regulation agency. In Oregon that is the Water Resources

Department and in California the Department of Water Resources. The federal appointee

is a business person local to the Upper Basin.

Since the Compact's inception in 1957 it has been relatively uninvolved with

resource allocation decisions in the Upper Klamath Basin, because the issues were not

considered sufficiently serious to call into use this multilateral institution. As Strand, et

al. (page 1154) point out, "Institutions with multilateral control are cumbersome

mechanisms for management but the nature of preferences and resource may dictate their

use." Because the institution represents the interests of three governmental agencies and

must balance the needs of several other state and federal agencies, each with jurisdiction

in the Basin, its operations can be cumbersome. In the early 1990's, facing a two year

drought and the listing of the Lost River sucker fish and the Tule Lake sucker fish, the

Compact's mechanism was re-vitalized to deal with water allocation issues. Currently,

the Compact is attempting to lead a consensus process to examine and implement

solutions to these problems.

Kiamath River Compact Commission Annual Reports, Fiscal Years 1957-1958 Through 1960-1961.
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Concurrent with the consensus process, the State of Oregon is proceeding with a

process that will adjudicate the water rights of the basin. This process of adjudication is

the formalization of perfected water rights. The process documents the time and place of

diversion of each right in the Basin. This adjudication is an arduous process and will not

be complete for several years. Therefore it has no effect on short term solutions to the

current problems facing the Basin and will not be considered in this study.

In summary, the Upper Klamath Basin is politically and physically diverse.

Framing the economic analysis in that diversity is necessary to accurately model changes

in agricultural production and water use patterns. The next section of this dissertation

elaborates on how this diversity combines with the property rights system, that defines

water use, to create a complex modeling challenge.



3 INSTITUTIONAL AND PHYSICAL FACTORS AFFECTING WATER
ALLOCATIONS AND THIRD PARTY EFFECTS

The first section of this chapter details the property rights system used to allocate

water in the western U.S. This property rights system did not easily accommodate the re-

allocation of watet Recent litigation and laws have begun reshaping this property rights

system to accommodate a re-prioritization of water allocations. Problems arise when re-

prioritization occurs because the property rights that define water use are incomplete.

Property rights exist for the quantity and point of diversion but not for the consumed

quantity of water or the return flow. Under a system of incomplete property rights the re-

prioritization challenge becomes controlling for third party effects. The second section of

this chapter details the hydrologic information needed to control for these third party

effects within the modeling framework.

3.1 WESTERN U.S. WATER LAW

Legal institutions that govern water use attempt to reflect social goals, and

facilitate prudent, equitable and efficient use of water resources. The legal institution

specifying water allocation in California and Oregon is the doctrine of prior

appropriation4. Prior appropriation is a usufructuary, or use right. Three attributes

characterize the doctrine of prior appropriation: 1) diversion of water from its natural

15

'California has a plural system of water rights that include riparian, appropriative, pueblo, prescriptive and
groundwater. For an exposition see the California Water Plan Volume One, California Department of
Water Resources (1992). The region researched here is primarily governed by appropriative rights.
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source; 2) the requirement of beneficial use and 3) seniority. The federal government has

recognized this doctrine and employed it in the development and implementation of

irrigation works authorized by the Reclamation Act of 1902g.

The prior appropriation doctrine, while securely established as the water law

employed by California and Oregon, has only recently allowed for modification and re-

appropriation of existing allocations. These modifications allow the doctrine to address

the needs of new uses of water and the over-allocation of water within a basin.

Specifically, three criteria determine a re-prioritization of existing water rights in what

Shupe, et al. called the 'era of reallocation'. These criteria are: 1) federal reserved rights,

2) the public trust doctrine and 3) the Endangered Species Act (ESA). Examples of each

of these three methods of re-appropriation follow.

One of the significant examples of re-prioritization is the recognition and

development of federal reserved water rights. In 1908, in Winters v. United States6, the

Supreme Court was asked to resolve a dispute between Montana irrigators who used Milk

River water and Native Americans on the Fort Belknap Indian Reservation. The Native

Americans had not acquired water rights under state law. However, the Court held that

when Congress set aside the land for the reservation it implied that there was reserved,

sufficient water to carry out the purposes of the reservation. The result was to carve out

an exception from the rule that appropriators who held vested rights under state law held

secure rights against all subsequent appropriators, even federal appropriators. The

June 17, 1902, c. 1093, 32 Stat 388.

6 Winters v U.S., (1908) 207 U.S. 564.3



principle of this case became known as the reservation doctrine or the federal reserved

right.

The public trust doctrine is used by state officials to assure protection of the

public interest through the protection of fish, wildlife, and recreational resources, as well

as resources that are deemed to possess aesthetic value (Walston). An example of the

application of the public trust doctrine is the 1983 California Supreme Court ruling in

which the city of Los Angeles' rights to take water from Mono Lake were subordinated to

the public interest in preserving Mono Lake.7 The Court held that water right licenses

held by the City of Los Angeles to divert water from stream tributaries to Mono Lake are

subject to state supervision under the public trust doctrine. This case was a challenge to

other senior rights holders by indicating that even presumably senior rights are no longer

secure. Several western states have also established laws under the public trust doctrine

that allow individuals to apply for water for stream use, or the maintenance of a minimum

stream flow.

An example of re-prioritization and reallocation of water under the Endangered

Species Act (ESA) occurred in 1984 in the Carson-Truckee Water Conservancy District

v. Clark8, when the Secretary of the Interior, empowered through the ESA, appropriated

water from a Bureau of Reclamation project for use in conserving an endangered species,

rather than the municipal and industrial use for which the project had been built. As

MacDonnell puts it (page 406): "Whether these claims are characterized as property

The National Audubon Society v Superior Court of Alpine County, 33 Cal. 3d 419, 445, 658 P.2d
709,727,189 Cal. Rptr. 346, 364 (1983).

Carson-Truckee Water Conservancy District v. Clark 741 F.2d 257 (9th Cir. 1984).

17
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rights or just as regulation, the clear effect is to cause possible modification in the manner

of exercise of state-created water rights."9

The prior appropriation doctrine determines the allocation of water within

California and Oregon. Additionally the States have a formal arrangement that defines

the prioritization of water between the two states. Three jurisdictional approaches have

been employed to allocate interstate water (Johnson and DuMars). The first of these

approaches requires that a judge or court-appointed special water master allocate water.

The second method is the so-called "congressional apportionment". This occurs when

Congress authorizes the Secretary of Interior to apportion water between states. The last

method is by Interstate Compact. Under the method of Interstate Compacts in the U.S.,

three variations have emerged: 1) binding with Congressional consent; 2) binding

without Congressional consent; and 3) non-binding (Buck S., et. al.). The first occurs

when the states have asked and received congressional assent to their arrangements. The

second arrangement is a compact among the states that lacks federal sanction. The third

and last case has neither official state nor federal sanction.

The appropriation of water in the study area of the Upper Kiamath Basin is ruled

by the Interstate Compact. The stated objective of the Compact is to (page 1): "facilitate

and promote the orderly and comprehensive development and use of the waters of the

Kiamath River for beneficial purposes in both states.10" It is a federally recognized

binding compact.

For a discussion of these issues see Tarlock, The Endangered Species Act and Western Water Rights, 20
Land and Water L. Rev 1, 3 (1985).

'°
Kiamath River Compact Commission, Annual Reports fiscal Years 1957-1958 through 1960-1961.
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The allocation of water rights under the appropriative doctrine has lead to the

current situation in the West where many water basins are fully allocated. Given the

political, environmental and economic costs of developing additional storage facilities,

supply augmentation is not likely to be the answer to increasing demands. Increasingly,

water users who need additional water are looking to existing water rights as a means for

augmenting their supplies. Shupe, et al. argue that we are reaching the end of the era of

allocation and beginning a new era where water rights will be transferred under existing

water law. Therefore, it is important to fully understand how changing the current

allocation of water changes the use pattern of water in order to avoid third party effects.

As mentioned in the beginning of this section, the property rights that define water use are

incomplete and thus re-allocation of water under the existing property rights system may

create third party effects. These property rights are described below.

The prior appropriation property rights system dictates the quantity of diversion

and the location of that diversion but does not specify the quantity of consumed water or

the point of return flow. Because not all water is consumed when used, other water users

may be dependent on the return flow of up-stream users for their supply. However,

property rights do not require the up-stream user to guarantee return flow. It is the

dependence on return flow that leads to potential third party effects when water supplies

are re-allocated. What appears to be the intuitively simple solution to this problem, to tie

the property right to the consumed quantity, is a difficult measurement and enforcement

problem. Therefore, estimates of changes in consumption must suffice for the policy

maker preparing to re-allocate water. The next section provides examples of the types of



spatial data required to build a model that can estimate changes in consumption and use

patterns of water.

3.2 THE EFFECTS OF SPATIAL DATA AND WATER ALLOCATIONS ON RETURN FLOWS

Regional return flow equals the remainder of subtracting total regional crop

evapotranspiration (ETc) from total inflow to the region. Irrigation efficiency (IE) equals

the ratio of ETc to inflow. Property rights define the inflow into the region but not the

consumption of ETc. Reducing inflows may not necessarily reduce ETc if on-farm

management practices, such as improvements in irrigation technology, substitute for the

reduction in surface irrigation supplies. Predicting improvements in irrigation technology

requires defining a function that substitutes technology for applied water. Since the area

of study is heterogeneous, the type of data required to predict improvements in irrigation

technology are the yield and cropping patterns by sub-region. The predicted irrigation

technology improvements are measured as the increase in IE over the initial JE rate. As

was depicted in Figure 1.1 there is a need to know the regional lB rate in order to

determine whether a re-allocation of water may decrease return flow thereby causing third

party effects.

There is another way in which third party impacts may occur even if IE rates do

not increase. In the case where sub-region return flow is related serially, the adoption of a

water market over the prior appropriation allocation method may lead to intra-regional

shortages. Transferring water rights may transfer diversion points thereby changing the

20



point of return for flows and potentially impacting a third party's water supply. The

effect of increasing JE rates and transfers of diversion points is exemplified in Figure 3.1.

Figure 3.1 The Effect of Changing Diversions and Return Flow Points on
Downstream Supply when Farm Fields are Serially Connected.
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requirements implied by the diversions are listed to the right of the arrows at diversion

points 1, 2 and 3 respectively. Also, lEg (g = 1,2,3) is the IE rate of diverter g, 0 <lEg <

1; I = the beginning inflow and 0 = the remaining outflow. As can be seen in the figure,

the stream flow after the first diversion point is 1-qi. The stream flow after the return

flow of the first diversion is 1-lEiqi. The implication at the second diversion point is that

I-IEiqi q2. If this were not true then the stream flow would be negative, a physical

impossibility.

Figure 3.1 exemplifies a third party effect that could result if lEg increased, g=

1,2,3. Any increase in lEg decreases the stream flow available at a downstream diversion

point. The realization of a third party impact is dependent on the size of I and the

increase in lEg. In a basin characterized by fully allocated water supplies, shortages of

inflow and shortages in agricultural supplies, increases in IE rates almost surely lead to

this type of third party impact.

The second type of third party effect occurs from the sale of qi, the diversion at

field 1, downstream. Suppose that, rather than divert water for production at point 1,

farmer 1 sells the quantity qi downstream of diversion point 2. The stream flow at

diversion point 2 that is not committed to downstream use by the sale is 1-qi, versus I-

TEiq1 before the sale. Note here the use of the words "stream flow... .that is not

committed to downstream use. . ." versus saying the quantity of water in stream. This is

an important distinction. The amount of water physically present in the stream at point 2

equals I, providing enough water for the second diverter to take their full appropriated

quantity. However there is no assurance that the full amount of the sale, qi, will then be

available for the purchaser of the water, diverter 3. It may be the case that I- qi q, in
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which case there is no third party effect created as a result of the sale. However, there is

no assurance that this is the case. The sale imposes a third party impact on the second

water diverter if I-ql<q2. One way to avoid the occurrence of this third party effect is to

restrict the seller of water to transfer only the quantity of water the seller has historically

consumed, in this example lEiqi. Whether or not a change in the point of diversion

causes a third party impact is wholly dependent on the spatial relationship of the pattern

of return flows. If the return flow between two sub-regions runs parallel then there is no

possibility that changing the diversion point will cause a third party effect. However, the

data required to ascertain that a third party effect will not occur may be too large to be

economically feasible. In such a case restricting the sale of water to the historically

consumed unit will assure the policy maker that a third party impact will not occur. For

example, in the 1991 Emergency Drought Water Bank in California, the buyer of water

had to purchase 1.25 times the delivered quantity to control for third party effects and

transportation losses.

To summarize, third party effects may occur due to changes in irrigation

technology that increase IE rates, and/or from re-allocations of water that change

diversion points. Knowledge of spatial data is required to avoid third party impacts in

both cases. In the case of the water market the spatial data requirement of changes in

diversion points and IE rates may be too costly to gather. Therefore, third party impacts

are avoidable by restricting the saleable quantity of water to the historically consumed

quantity. The problem with this restriction is that some trades, which may not cause third

party effects, will be restricted.



Assuming the agent takes their full diversion, ag.

(3.1)
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There is, however, a positive externality from restricting trade to the unit of water

historically consumed. Figure 3.2 exemplifies the positive externality. In this figure the

same definitions apply as in Figure 3.1 with one exception. The quantity qg now

represents each divert's right to an appropriated quantity of water and the unit of water

applied in production by diverter g is xg. The unit of water available for sale, 5g' is the

historically consumed unit, calculated as follows":

=Iq x IE
g \g g) g

where: Sg = the unit of water sold by agent g.
qg = the allocation of water to agent g.
xg = the quantity of water applied in production by agent g

This change in notation allows a diverter to sell a portion of their appropriated quantity of

water, qg, at the same time retaining a portion for their own production, Xg.

Now, examine the quantity of stream flow at diversion point 2 required to

maintain a positive flow value. The implication is: (I-IEi)qi+s > q2, which states that at

diversion point 2, the inflow has been reduced by the quantity of water consumed, TEqi,

plus the quantity of water committed by the sale to downstream users, s. Therefore,

limiting the unit available for sale to the historically consumed unit of water avoids third

party impacts.



Figure 3.2 The Effect of Changes in Diversions and Return Flow Points to
Downstream Supply and Stream Flow in a Market for Consumed Water.
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To understand the positive externality this creates, compare the ending outflow

(0), in Figure 3.1 to that in Figure 3.2. The ending stream flow from Figure 3.1 is:

O=I-IE1q1 -IE2q2 -IE3q3 (3.2)

The ending stream flow from Figure 3.2 is:

0=IIE1q1 IE2q2 IE3q1 +s(1-1E3) (3.3)

The difference between the two is an addition in stream flow. Generally, the quantity is:

= sg(1_IEg) (3.4)

where the subscript g refers to a seller and the subscript -g refers to a buyer (thought of as

notg).

Equation 3.4 defines the increase in outflow resulting from restricting the unit of

water sold to the consumed unit. Intuitively, this restriction reduces the quantity of total

applied water and therefore the quantity of total ETc. Recall that restricting the unit of

water available for sale to the consumed unit avoids third party impacts rather than

increasing stream flow. Therefore, this increase in stream flow creates a positive

externality to users of water below the basin.

Before leaving the discussion of positive externalities, there is one other factor to

mention. Restricting the unit of trade to the consumed unit not only increases stream

flow by the reduction in ETc but also enhances water quality. The enhancement is a

consequence of reducing the re-use of water in the system. The re-use difference between

Figure 3.1 and Figure 3.2 is the quantity sITE1. Although not explicitly depicted in Figure

3.1, this quantity is in the return flow from diverter 1. In Figure 3.2, sITE1 explicitly

depicts the restriction placed on diverter 1 to ensure the full supply to diverter 2.
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Therefore, by restricting the sale, the foregone return flow of diverter 1 is never used in

production and thus not susceptible to increases in chemical loading. As stated before,

this research does not address water quality, so the value of these increases in quality will

not be estimated.

In summary, this section described the legal foundation of current water allocation

in the Kiamath Basin. Additionally, this section summarized the potential of changes in

water law to alter water use patterns and the spatial data required to analyze the effects of

such changes. Lastly, this section covered third party effects that may occur as a result of

supply and allocation changes. The next section provides a chronological review of the

evolution of economic theory as it pertains to water allocation mechanisms.



4 LITERATURE REVIEW

Property rights and the emergence of markets are two recurring themes in the

evolving water resources literature. Griffin and Hsu (1993) proved that the optimal

allocation of water between users is obtainable when property rights exist not only for the

point and quantity of diversion, but also for the consumed quantity and the point of return

flow. Furthermore, a market must be in place where both off-stream and in-stream

demands establish an equilibrium price. Despite the emergence of water markets not all

of the property rights required to obtain the optimum allocation exist. Namely, the

property right for the consumed quantity and the point of return flow does not exist.

Much of the economic literature ignores the distinction between diverted and

consumed water. Most research that quantifies gains from trade or the savings of water

due to irrigation efficiency improvements focuses only on water diversions. In other

words, the researcher defines the applied quantity of water as the choice variable without

regard to the consumed quantity. Empirical evidence suggests that water users consider

the applied quantity in application decisions, so the use of the applied unit as a choice

variable in agricultural profit optimization problems is correct. However, the effects of

transferring applied water carries with it the likelihood of causing a third party effect and

is not representative of current institutional procedures. Ignoring the consumed quantity

of water may overstate gains from trade and misrepresents savings because increases in

irrigation efficiency decrease basin-wide savings. The details of these errors are

discussed below.

28
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Limiting market transactions to the consumptive unit rather than the quantity of

the diversionary property right is not new. Hartman and Seastone (1970) define the

marginal value product of water in a basin when accounting for re-use. They show that

the value of the marginal product (YMP) of water is not simply the marginal value at the

point of diversion but includes the marginal value of the return flow employed by

downstream users. Given that definition of the VMP of water, Griffin and Hsu show that

total VMP follows a geometric series, where the number of users in the basin is large and

irrigation efficiency rates are equal across all users. Thus, if irrigation efficiency rates

equal 0.5, the multiplier on the VMP at the original diversion point is 2. The optimal

allocation of water within the basin requires the marginal values be equal across users so

that the VMP of a downstream diverter, at the point of diversion, must be larger than that

of an upstream diverter, at the point of diversion.

Burness and Quirk point out that under existing laws, the optimal development of

a river occurs from the source so that downstream users can capture the return flows of

upstream users. They suggest changing existing water law to allow the auctioning of

return flows "at a price equal to the sum of all profits that could be earned from the

efficient downstream use of the quantity of water (including return flows)" (pg 130).

Despite the impact of return flow on third party impacts and the optimal basin-

wide water allocation, subsequent empirical research has failed to account for it. Vaux

and Howitt, and Booker and Young estimate gains from trade for intra-state and interstate

markets, respectively. Vaux and Howitt estimated trade between five demand regions

and eight supply regions in California. They found that intrastate water transfers could

result in significantly greater social benefit than construction of new facilities under
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typical water supply conditions and prcjected growth rates extending to year 2020.

Ignoring the potential third party impats resulting from trading the appropriated quantity

of water overstates the estimate of social benefits. Not only are third party effects

unaccounted for but building an economic modeling that allows trade of the applied unit

of water can actually 'make' water. For example, if an upstream user applies 10 acre feet

of water to their land and consumes 6 acre feet of water, the return flow available for the

downstream user is 4 acre feet. If the downstream user purchases the upstream user's

applied water they would acquire 10 acre feet, however their supply has only increased by

6 acre feet, since the return flow of 4 acre feet is no longer available. Interestingly, the

upstream user sold the downstream user 4 acre feet of water that the upstream user

provided for free when the water was return flow, if the economic models used to

estimate gains from trade do not account for a situation like this, the model may provide

the downstream user with 14 acre feet of water by summing the original supply with the

purchased quantity. Thus, the economic model has 'made' water and overstated gains

from trade. This type of modeling error is not uncommon because the physical and

spatial water flow is not often included in economic models.

Booker and Young modeled six allocation scenarios ranging from no trade to

unrestricted trade between and among states within the Colorado River Basin. Their

research distinguished between consumptive uses, such as agricultural and municipal and

industrial and non-consumptive uses, such as hydropower. They found an interstate

market would be required to meet the increasing demand in states experiencing

significant urban growth. Furthermore, they estimated that benefits would increase by a

third if the interstate market considered both consumptive and non-consumptive uses.
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These estimates may also overstate economic gains by ignoring third party effects

(Booker and Young do use a hydrologic simulation model, but the measurement and

quantification of water traded was not specifically discussed).

In addition to the empirical estimation of gains from trade available through

adoption of market allocation methods, economists also considered environmental effects

that could occur as a by-product of water markets. These models are also silent on the

topic of consumed versus applied water and are flawed for the same reason as discussed

above. Using both water quality and stream flow as measures of change to environmental

quality, researchers have come to conflicting conclusions. Examples of both

improvements and declines in one or both measures are available in the literature

(Weinberg et. al.; Dinar and Letey; Rosen and Sexton; Colby; Zilberman et. al.; Caswell

and Zilberman, (1986); Connor). None of these articles, except Rosen and Sexton,

specifically discuss the definition of a tradable quantity.

Dinar and Letey hypothesize that beside increasing allocative efficiency between

urban and agricultural users, the environment is made better off because farmers have a

market to sell saved or surplus water so they choose to improve irrigation efficiency.

This efficiency improvement leads to a reduction in deep percolation, thereby reducing

the quantity of agrochemicals introduced into ground or drainage water. However,

without measuring the overall change in ETc, the reduction in deep percolation may be

offset by the reduction of in-stream flows. Rosen and Sexton this type of situation in the

case of Southern California Metropolitan Water District, which paid for the capital

investment necessary for the Imperial Irrigation District to line their canals in exchange

for the conserved water. The arrangement did not specify a reduction in consumptive use
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by irrigators. Consequently, the reduction in return flows that occurred downstream from

the irrigation district led to reduced dispersion and increased effluent concentrations.

Connor states that determining the concentration of pollutant in an aquifer

depends on both the loading of the pollutant and the process of dilution. As water

markets change both the return flow (dilution) and the cropping patterns (loading of

pollutants), the impacts to the environment from the introduction of a water market are

ambiguous. If the model developed by Connor trades consumed water versus

appropriated water, some of the ambiguity may disappear.

Economists have assessed the role and importance of spatial data in measuring

environmental quality changes as a result of changing institutions or policies that effect

production decisions (Helfand and House, Fleming and Adams, Bockstael). These spatial

analyses can by divided into two types: 1) those concerned with the relative position of

modeling units and 2) those concerned with the physical attributes possessed by the

modeling unit. The first type of analysis relates to re-use patterns. An example of

research concerned with relative geographical position of water diversions and return

flows is the work of Griffin and Hsu, who show that the value of appropriated water is

intimately connected to the point of diversion. Furthermore they list knowledge of

consumed water as a requirement in the optimal allocation of water. However they

perform no empirical estimation.

An example of the second type of analysis, which accounts for the physical

attributes of a modeling unit, is the work of Helfand and House who considered soil types

in their analysis of changes in agricultural run-off under various control policies.

Similarly, the work of Fleming and Adams considers soil type and geo-hydrology in the
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design of economically efficient groundwater pollution control policies. Neither of these

articles was modeling markets for water, but were focused on taxing inputs as a method

of reducing pollution. Helfand and House determined that the social cost of applying

uniform instruments under non-uniform conditions could be quite high, but speculate that

the costs may be offset by the monitoring costs. Fleming and Adams found accounting

for spatial attributes contributed little to the effect of imposing a tax. These two studies

suggest that the value of collecting geophysical data is dependent on the study area and

the type of data.

Adoption of irrigation technology, which reduces the demand for applied water by

increasing irrigation productivity, has been widely evaluated by Caswell and Zilberman,

1985; 1986, Zilberman et. al., Dinar et. al., Shah et. al. and Green and Sunding. Caswell

and Zilberman (1985) linked the adoption decision and the rate of adoption to the

elasticity of the marginal productivity of consumed water.12

Zilberman et. al. posit that as farmers adopt more efficient irrigation techniques,

the 'saved' applied water supports an increase in land in production. Depending on the

quantity of the 'saved' water used on additional land, the net applied water savings could

be zero, i.e., stream flow may not be enhanced. Zilberman's research speaks directly to

the necessity of accounting for total ETc and the possible occurrence of third party effects

when the appropriated quantity is traded.

Dinar, et. al. found that the increase in available water due to adopting more

efficient irrigation technologies was negligible, so that the model suggests very little
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technology adoption. Green and Sunding found that adoption of new technology was

dependent on prior land allocation decisions. Their work supports the finding that

accounting for heterogeneity of land quality is critical in the study of technology

adoption. Their study did not incorporate third party effects or quantify the effects of

changes in return flow patterns on in-stream flow.

Extending this line of research, several models combine a hydrologic simulation

model with an economic optimization model (Booker and Young, Beare, et. al. and Ward

and Lynch). These integrated models expand the scope of the economic model to include

the physical specifications of water supply. Beare et. al. estimate the optimal value of

irrigation water under supply and demand uncertainty and infrastructure constraints

within a single irrigation season. Ward and Lynch use an integrated economic and

hydrologic model to optimize the net economic benefits from water used in non-

consumptive activities in New Mexico's Rio Chama basin. Of the three models, only

Beare, et. al. explicitly model externalities that arise from multiple use of a river system.

The above review of literature pointed out the path that researching the effects of

water allocations on environmental, economic and hydrologic changes has taken. Much

of the research cited above does not explicitly differentiate between applied water and

consumed water (ETc). Many of the analysis that incorporates market transfers do not

mention the unit of trade. Transferring applied water may lead to third party effects,

however; transferring the consumed unit may lead to positive externalities by increasing

in stream flow. Measurement of the positive externality requires knowledge of the

12
This result highlights an important tangential point. In light of all the assumptions discussed above

regarding property rights, environmental impacts and spatial attributes, the results of an economic analysis
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response of farmers in terms of changing on-farm irrigation efficiency. Using the

consumed quantity as the choice variable does not accurately reflect the production

decisions faced by farmers. Furthermore, even those studies that use combined

hydrologic and economic models to constrain water supply (to avoid shortages in stream

flow) typically do not consider irrigation efficiency improvements. Generally, research to

date has focused on the equilibrium of markets or the imposition of taxes and ignored the

feedback between allocation and return flow.

The model developed in this dissertation incorporates both types of spatial data to

determine irrigation efficiency improvements and then evaluates the trade-offs between

maximizing agricultural production and environmental improvements under alternative

water allocation systems. Environmental improvements are measured as an increase in

water supplied to the environment. In order to replicate on-farm decision making the

choice variables in the profit maximization model are; applied water, investment in

irrigation technology and land allocation. The quantity of ETc consumed and hence the

agricultural return flow occurs as a result of the farmer's optimal choice. Details of the

modeling specifications are discussed in the next chapter.

are sensitive to the choice of functional form for the production function since it determines elasticities.



5 ECONOMIC MODELING FRAMEWORK

This chapter details the economic model. The first section of this chapter details

the economic theory used to build the model. The second section of this chapter

describes the non-linear mathematical model used to estimate the parameter values of the

model.

5.1 THEORETICAL FRAMEWORK

The steps in the economic model development are as follows; 1) the regional

agricultural profit maximization model is specified 2) base case data is gathered 3) the

model's parameters are calculated using positive mathematical programming 4) policy

relevant scenarios are defined and the model is run 5) agricultural output is analyzed and

regional irrigation efficiency rates are passed to the hydrologic model. An overview of

these steps and their connection to the hydrologic model is presented in Figure 5.1.

The following two sections of this chapter focus on steps 1, 3 and 4 above. The

first section specifies the economic theory and functional form used to develop the

regional agricultural profit maximization problem. The second section discusses use of

the model's constraint set to replicate policy alternatives. The third section details the

positive mathematical program used to calculate the parameter values of the model.
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Figure 5.1 Economic Modeling Schematic
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The farmer is assumed to allocate scarce resources (in this case land, applied

water, labor and capital) in order to maximize profits. The resources are subject to two

types of constraints. The first constraint type defines the total endowment of each

resource available for agricultural production. The second type of constraint defines the

allocation of available applied water by farmer. The form of the resource allocation

constraint ranges from adherence to existing prior appropriation property rights to a

market for trading water. The objective function for one farmer across i crops is:

MAX H
xil,xifl,xik,s,b 1

W11x _kxjk)_wWq+w(s_b) (5.la)

subject to: Xir r=1,n,k (5.lb)

x, - (5.lc)+ b

0; s, b =0 (5.ld)

(5.ld')
0< IE (5.le)

where: the subscriptj refers to resources: I = land, w = applied water, n = labor, k
=capital and the subscript r refers to a subset of the j resources: 1 land, n =
labor, k =capital.

P1 = price of crop i

f1 (xj) = production function for crop i

xii = input demand of resource j used to produce crop i

JE = irrigation efficiency
ww = contract price of farmer's appropriated of water right
(Ui = market price of resources

q = farmer's initial allocation of water
5 = quantity of water sold
b = quantity of water bought
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The production function in equation (5.la) needs to possess a convex upper

contour set and therefore it is quasi-concave. The production function also demonstrates

the following property:

d2f(x) d2f(x)
Oand

iniw ikiw

thereby displaying a diminishing rate to technical substitution of labor for applied water

and capital for applied water. Therefore, the isoquants are convex.

The constraints on available resources are equations (5. ib) and (5. ic). Equation

(5. ib) constrains the inputs of land, labor and capital, summed over crops, to be less than

or equal to the total endowment of that resource. Equation (5. ic) restricts the total water

used in production of 'i' crops, x, to be less than or equal to the total water endowment,

q, less the discounted quantity sold, , plus any water bought, b. Note, because of

discounting no one farmer is both a buyer and a seller. Equation 5. ic is written generally

so that it can be used in either case.

Constraints (5. id) and (5. id') define the water allocation method and are not

used concurrently. Constraint (5. id) prohibits the trading of water by requiring the

purchased and sold quantities to equal zero. Constraint (5. id') allows the variables 's'

and 'b' to be greater than zero, therefore this constraint models water trading.

The regional agricultural optimization function is the summation of the individual

farmer's objective function over all farmers. It is:

I
M( H= f (x )o x x x q +w -b (5.2a)

x ,s ,b ig ig g ilg tg itg wg iwg) wg g wg g g /
itg g, g

gi
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The constraints in the system are the same as those in the program described by (5.1 a-e),

summed over all farmers, repeated below. In addition, a market clearing constraint is

added (see equation (5.2f)):

subject to: Xitg Xtg
/

t=l,n,k (5.2b)

xjwgqg_ 5g +bg (5.2c)
g 1 g \IEgJ
qg,xjjgO; 5gbgO (5.2d)

qg,xjjg,sg,bgO (5.2d')
O<IEgl (5.2e)

L5g:bg=0 (5.21)

where: j is the subscript referring to resources:
1 = land, w applied water, n = labor, k =capital
g is the subscript referring to farmers
P1 price of crop i
f (x) = production function for crop i

x input demand of resource j used to produce crop i
IE irrigation efficiency
ö5, fixed price of farmer's appropriated quantity of water right

market price of water
q farmer's initial allocation of water
s quantity of water sold
b quantity of water bought

The first order conditions with respect to the water related choice variables, 5g and

bg, show the effect of discounting the quantity of water available for sale by 113. Recall

that in section 3.2 this discounting limits water available for sale to the historically

consumed quantity in order to avoid third party effects. The two first order conditions

(taken with respect to 5g and bg) for a maximum are:

dH ig * igw
ww=0 (5. 3a)



where:

g_p g *
dSg

1

igw

Substitution of (5.4a) into (5.3a) and (5.4b) into (5.3b) yields the first order

conditions that equate the value of the marginal product of water to its market price:

iigb = w letting igb
ig * gw

(5 .5a)
gw bg

')j
rigs

lEg

igw

bg

igw 1

g lEg

cow =0 (5.3b)

(5.4a)

(5.4b)

ig *gw
letting rigs

gw g

(5.5b)
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where the resource subscript indicates the variable to which the derivative applies. For

example, igb is the first derivative of the 'i's crop production function of farmer 'g'

taken with respect to the variable b. Equation (5.5a) is the expected result that a farmer

will buy water so long as the price of the water is less than or equal to the value the

farmer receives for water (VMPW). Equation (5.5b) is a similar result, the only difference

is the discounting of VMP by lEg. The discounting of the VMP is the 'tax' to avoid third

party effects that must be paid by the farmer selling water.

Equal marginal relationships, defined by the regional agricultural optimization

problem (equations 5.2a-h), in the presence of a water market, are formed by combining

and rearranging equations (5.5a) and (5.5b):

IEgPifigb = = 1iigs (5.6)
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Equation (5.6) shows the equilibrium result of equating the value of the marginal

product (VMP) of an input to its price. However, notice that the VMP of water bought,

Pifigb, is discounted by the irrigation efficiency rate of the seller, lEg. In equilibrium the

VMP of water for the buyer is higher than the VMP of water for the seller. Therefore the

'tax' acts as a wedge between the VMP of buyers and sellers water.

Defining the structure of the water market to include this tax is a second best

solution. The implementation of the first best solution requires knowledge of spatial data

(points of diversion and return flow as well as any third party's use between the point of

selling and buying) the cost of which may be prohibitive to obtain. Since the tax reduces

the price of water to the seller (or increases the price of water to the buyer), it reduces the

total quantity of water traded in the market, compared to a market where third party

effects are ignored by allowing trade of the diverted quantity of water. However, not all

trades have the potential to create a third party effect (for example, between farmers

whose water flows in a parallel versus serial relationship). Therefore, imposition of this

tax provides a second best solution to the problem of third party effects.

While accounting for third party effects is required to fully understand the impacts

of a water market, so is quantifying the benefits that accrue to all user groups in the basin

because of the water market. Recall that the imposition of the tax increased agricultural

outflow (see equation (3.4) in section 3.2). This increase in agricultural outflow is an

environmental benefit. While there is no market to value this benefit it should be

included in the discussion of benefits of a water market tax. The accuracy of the

estimates of the increase in in-stream flow will be important to policy makers in assessing

the advantages of implementing a water market, and determining how to prorate payment
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of transaction costs among users. The estimate of the increase in in-stream flow resulting

from an increase in agricultural outflow due to the 'tax' on trades is shown in equation

(5.7) below:

41qg
_xiwg)IEg(1_IE_g)]AO (5.7)

The subscripts g and -g refer to a seller a buyer of water, respectively.

To summarize the importance of the above modeling relationships in terms of the

problem overview, it is helpful to recall the impacts of allocations methods, changes in IE

rates and spatial relationships on return flow and third party effects. Specifically,

allocation methods that encourage adoption of more efficient irrigation technology may

cause third party effects and reduce regional outflows. Similarly, allocating water under a

market method when the spatial relationship is serial may cause third party impacts unless

the quantity of water available for sale is discounted, or taxed, by the IE rate. Quantifying

these third party effects and/or outflow reductions requires knowledge of the use pattern

of water and the ability to model on-farm decision making. The latter requirement was

the subject matter of this section.

The profit maximization model detailed above did not make reference to the

functional form of the embedded production function. In what follows the functional

form will be defined, beginning with a general discussion of desirable attributes the

production function should possess in order to replicate on-farm profit maximization

behavior.

In addition to the standard requirement of quasi-concavity, the production

function should possess two other properties to accurately model agricultural production:
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1) input substitution and 2) the ability to account for land heterogeneity. Each of these

properties is discussed below.

Input substitution is desired between three of the four inputs in this model. Labor

and capital may substitute for applied water. However, applied water can not substitute

for land'3. Substitution between labor/capital and applied water is made through the

farmer's choice of irrigation technology and management. For example, flood irrigation

requires less capital than drip irrigation. However, flood irrigation requires significantly

more applied water than drip irrigation, yet both technologies can supply the maximum

economic yield quantity of water to the crop's root zone. Similarly, time spent planning

irrigation scheduling can reduce the quantity of applied water needed for maximum

economic yield. Thus, agricultural production occurs as a result of two decisions: 1)

labor, capital and applied water combine to supply a quantity of water at the root zone

and 2) land and water at the root zone combine to produce agricultural output. A small

digression is required here to define water at the root zone.

The consumption of water by a crop is called crop transpiration. The quantity of

transpired water required for maximum economic yield is relatively constant for each

crop14. Recall that crop transpiration is a component of evapotranspiration (ETc), defined

as water lost from the system through crop transpiration, evaporation and deep

percolation. ETc is not necessarily constant by crop because evaporation depends on

13 Fertilizer increases the per acre yield and therefore acts as a substitute for land. This paper assumes
fertilizer application rates are at their economically optimal level from the outset.

14 Personal conversations with Naser James Bateni, Chief The California Department of Water Resources,
Northern District Office, Red Bluff, CA.
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climate and deep percolation depends on soil type. However, it is outside the scope of

this research to focus on evaporation and deep percolation. Therefore, the economic yield

maximizing ETc is assumed constant across crops. For the remainder of this paper, ETc

and water at the root zone will be used interchangeably. Furthermore, this research

assumes that farmers choose to deliver the economically yield maximizing quantity of

ETc.15

Recall the definition of ETc, for one crop is:

ETc xIE (5.8)

where: x = quantity of applied irrigation water

IE = irrigation efficiency

The constant ETc is a product of applied irrigation water and the IE rate. In order to

assure the delivery of yield maximizing ETc to a crop, either applied water or IE or both

are adjusted. lB changes by adjusting either irrigation management, through scheduling

techniques (labor), or irrigation technology (capital). The investment in capital is treated

as a variable cost by calculating the annual depreciation cost. For simplicity, the inputs,

labor and capital, are combined into a composite good called technology. This

simplification defines ETc as a function of applied water and technology. Nothing is lost

by this simplification, because the focus of this research is on how much farmers improve

The practice of delivering less ETc than is yield maximizing is referred to as deficit irrigation. Whether
farm managers practice deficit irrigation seems dependent on the geography and type of crop. In some
agricultural areas, with relatively high valued crops and constraints on land farm managers choose to deliver
yield maximizing quantities of ETc to their crops. In other agricultural areas, without land constraints,
keeping more land in production and reducing the yield of each acre of land, may be the profit maximizing



Y.=f.(x.,ETc.(x.,x.
J)1 ii 1 it 1W

dy
and <0

iJ

Sx. 5RTS
RTS = - 'ETc=constant >0 <0

(5 .9a)

(5.9b)

(5 .9c-d)

behavior. This model assumes the former condition. Extensions of this research would include deficit
irrigation as a choice in the set of on-farm management options.
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efficiency and how improved IE rates affect return flow, not how JE rates are improved,

and yet the cost of improving IE rates is reflected in the model.

To summarize, the level of ETc that produces the profit maximizing yield is

achieved by substituting technology (land and/or capital dollars) for applied water. There

is no substitute for land.

Land heterogeneity, described as the difference in the quality of land as measured

by crop yield per acre, is the second important property in the model. The underlying

assumption is that farmers bring land into production in the order of the land's quality.

Thus, the best land comes into production first, followed by continually decreasing

quality, until the last unit of land placed into production has a marginal return of zero.

Conversely, as land is forced from production by a reduction in other inputs (here, applied

irrigation water) the poorest land is the first to exit. The result of this decrease(increase)

in land in production is increasing (decreasing) average crop yields per acre.

In order to demonstrate the properties described above the production function

must possess the mathematical properties shown in equations (5.9a-d). The crop yield

function for crop i is:
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where is the input of technology and all other notation is as before.

This general form of the production function defines the yield of crop i as a function of

land and ETc; and ETc as a function of technology and applied irrigation water. Equation

(5 .9b) is a curvature restriction that accounts for land heterogeneity, where average yield

per acre increases as total land in production falls. Equations (5.9c-d) define diminishing

rate of technical substitution (RTS) between applied water and technology in the

production of ETc. Figure 5.3 shows the schematic relationship of the economic model.



Figure 5.3 Yield Function Schematic
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Choice variables:

Applied water (x), Technology (xi))
and Crop acres (xi)

+

Crop yield:

Y=f(x1)

where ETc =
Crop evapotranspiration

ETcg(x,x) Defines:
Irrigation efficiency:

TB = h(x
ETc

w

Specifically, the functional form of the on-farm production function that possesses

the two properties of input substitution and land heterogeneity is modeled by combining a

quadratic yield expression for land with a constant elasticity of substitution (CBS)

/
Crop water requirement:

ETc
Re

xl

+
Programming model:

MAXIMIZE H(YI prices, Re)
XI ,XI ,Xw

subject to:
Resource constraints
Irrigation water allocation rules
Irrigation technology constraints



function that produces ETc. Assuming that costs are linear, the on-farm profit

where:

k

j is the subscript referring to all resources:
1 = land, w = applied water, t = technology

k is the subscript referring to a sub-set of the j resources:
w applied water, t = technology

e is the subscript referring to ETc
P = output price
a = average yield intercept parameter
6 = average yield slope parameter

= input cost

x = resource inputs, land, applied water and technology

R = coefficient of per acre input requirement for j resources

Re = coefficient of per acre ETc
= CES technology parameter

CES share parameter
= the substitution parameter

X1 = total endowment of resource j, note: R1= 1

ii = The initial TE rate

This formulation defines ETc as a combination of applied water and technology

using the CES function to allow for substitution between inputs. Land enters
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maximization problem for one crop and one region is:

Max it = P(a - 8x1)x1 - RWX - - co,(b - s) (5.lOa)
X1

k

subject to: ETc Rx1

xw

(5.lOb)

(5.lOc)

I
ETc=v dk(xk) (5. lOd)

'I

ETc(xt,x)
(5. lOe)

xw

Rx1 (5.lOf)

= 1 (5.lOg)
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quadratically, without the possibility of substitution with the other inputs. The quadratic

production function can be parameterized to allow for increasing (decreasing) average

yields per acre in response to a decrease (increase) to land in production. The quantity of

applied water and technology are incorporated into the production function through

constraints (5. lOb) and (5. lOc), which account for the fixed proportions relationship of

ETc and land and which defines ETc in terms of applied water and technology,

respectively. Through the use of a CES function for ETc, the model assesses the

substitutability of labor and capital for applied water, thereby estimating the willingness

to pay for increases in the irrigation efficiency rate. The IE rate is initialized at the

observed rate, lB. Equation 5.lOc limits the IE rate to be greater than or equal to the

initial rate.

Examination of the first order conditions reveals intuitive marginal relationships.

Consider a simplified Lagrangian that assumes constraints (5. lOb) and (5. lOe) are

binding. This simplification makes it easier to focus on those marginal relationships of

interest. Substituting (5. lOc) into (5. lOb) and using Jli as the Lagrange multiplier on ETc

forms the Lagrangian.

( i

L=P(a-6xi)x1Rwx xiRe (5.11)

I

First order conditions of the Lagrangian are:

note: R1=1 (5.12a)=P(a-28)x1 =/JiRe+Wi

Vk (5.1 2b-d)1U1MPk=cok



where: MPk k(xk)
I

Examination of the first order conditions demonstrates the linkage between land,

applied water and technology to ETc. In equation (5. 12a), the equilibrium quantity of

land in production is determined by equating the value of the marginal product of

land, P(a 28)x1 (VMP1), to the price of land plus the per acre requirement of ETc, Re,

times the shadow value of the marginal product of ETc, . The expression Re is the

VMPe. of ETc, which in equilibrium is the cost of ETc. Therefore equation (5.12a) states

that the VMP1 must equal the costs of land plus the cost of the ETc required to produce on

that land.

Similarly, the first order conditions generated by differentiating the objective

function with respect to applied water and technology (equations 5.1 2b-d) equate the

respective input price to the respective input's marginal product times the shadow value

of ETc. Since dill is the 'price' of ETc (the shadow value), the first order conditions of

applied water and technology are analogous to the familiar first order condition where

value of the marginal product of an input is equated to its price.

Manipulation of the various constraints of the on-farm decision described above

allows for the assessment of the effects of various water allocation methods and/or water

availability forecasts. The schematic diagram in Figure 5.4 shows how the model's

constraint set is defined to represent 1) hydrologic conditions, 2) allocation policy

I \17-1

Qkk) Vk (5.13)
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alternatives and 3) on-farm management decisions. The first level of the schematic

diagram defines the amount of irrigation water that is available to agriculture.

Figure 5.4 Scenario Development

Water Availability -

IE Assumption -

Allocation -
Mechanism

A/B/C
priority use

Economic
Model

Scenario Tree

Available surface
water as a percent of

base case

Constant
IE

IProportional

Variable
IE

/
Restricted

(taxed)

Market

Unrestricted
(no tax)
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The second level of the schematic defines the irrigation technology constraint.

This constraint can be set equal to the starting irrigation efficiency rate, JE, in which case

the TE rate is a constant, or it can be removed, creating the flexibility to substitute

technology for applied water. If the IE rate is constrained to equal the initial lB value,

then the only choice variables in the model are acres in production of various crops. If

the IE rate constraint is removed, the choice variables are not only acres in production but

also applied water and technology. If instead irrigation technology is not equated to the
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starting IE rate then technology is substituted for applied water until it is no longer

economically optimal. By comparing the results of the constrained and unconstrained

models, a measure of technology adoption may be calculated.

The third level of the schematic describes how the available irrigation water will

be distributed among farmers. The first allocation method is based on priority use right,

and is labeled, A/B/C. In this allocation method the use right decreases in seniority with

A the highest priority and C the lowest. The second allocation method is an equal

distribution of all water, e.g. all users receive the same reduction when supply is reduced.

The last allocation method modeled is a market for water. Market structures can be

defined with varying restrictions, e.g., no transfers of water across state lines, or assessing

a 'tax' on a market transaction to account for transfer losses and/or third party effects.

Lastly, the results of the economic model are analyzed in terms of changes in on-

farm profit, resource use, ]E rates and changes in return flows. Changes to on-farm

profits as a result of changes in water allocations can be disaggregated into three

categories: 1) increases in average per acre yield resulting from the quadratic yield

function, 2) crop mix and 3) irrigation technology. The first two impacts occur as a result

of on-farm decisions. The third impact occurs as a result of the heterogeneity of land

quality. Quantifying the effects of these impacts on total profit can be achieved by taking

the total differential of the profit function. Crop mix changes occur through changes from

land in production, x1. The impact on profits from changes in average per acre yield

occurs through a change in base case average yield per acre, Y. Lastly, a change in

irrigation technology occurs through a change in the coefficient defining the quantity of



ALT = P--x1Ax1 +(- w1)zx1 - xk.
k=w,t

(5.16)
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input per acre of land, Rk, k = applied water and technology. Equation (5.14) is the profit

function for one farmer and one crop without a water market.

H(x) = PY(x1)x1 a.x1 wx wx (5.14)

where P = Crop price
Y = Average base case yield per acre

= Prices for the j resources; land, water and technology
xj = Quantity of resources in production

The total differential is:

AfJ=Px1 +PYw1 Ax1 wAx (5.15)

Rearranging equation (5.15) as follows helps to see the three aforementioned effects on

profit:

The three expressions on the right hand side of equation (5.16) represent changes in profit

due to: 1) changes in per acre average profit resulting from a change in land in

production, 2) a change in crop mix and 3) a change in technology.

This section of the research began with a discussion of the economic model and

proceeded to a detailed presentation of the specific functional form and the marginal

relationships defined by the model. The last section of this chapter describes how the

parameter values in the economic model are developed.



5.2 POSITIVE MATHEMATICAL PROGRAMMING - DETERMINING THE PARAMETER
VALUES

This section describes the non-linear programming technique used to parameterize

the specified functional form of the profit function. First, the three steps in solving for

parameter values are described. Then, the equations used to calculate the parameter

values for the CES ETc production function and for the quadratic land term of the model

are derived.

The non-linear mathematical optimization technique used to determine the

parameter values for the model is the positive mathematical programming (PMP) method

(Howitt, 1995a and 1995b). As applied to agricultural problems, this mathematical

programming technique relies on observed on-farm behavior to develop parameter values

for the production and cost functions. The PMP methodology calibrates exactly to the

observed cropping pattern. This approach contrasts with traditional linear programming

(LP) techniques that may require multiple constraints in order to replicate observed

behavior and may not calibrate exactly.

The PMP method begins by estimating shadow prices for allocable resources by

solving the standard linear program using a data set of prices, costs and average yields

based on observations from one year of cross-sectional regional production over i crops.

For ease of exposition, references to the data from this year will be called the base case

data. Combining the base case nominal resource costs with their shadow values creates

an augmented cost data set. By using this augmented cost data set, the parameter values

of any non-linear production or cost function may be obtained by using the first order

conditions of the objective function. The result is parameter values that replicate the
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observed cropping patterns when incorporated in the non-linear profit function. These

parameter values can then be used to forecast on-farm behavior that might occur in

response to changes in base case resources', e.g. a reduction in surface water supply. The

three steps to solving for the PMP parameter values are summarized below.

The first step is to solve a regional resource allocation problem with a single

cross-sectional observation of regional production over i crops. The specification of the

problem for one region is equation 5. 17a and 5. 17b below. The PMP formulation differs

from the LP formulation by adding the calibration constraint (equation 5.17c).

MaxPYx1 (5. 17a)
xii

j

Vj (5. 17b)

x11 +e Vi (5.17c)

Where: P1 = the price of crop i

= the average yield of crop i
x11 = land in production of crop i
xj = resource requirement for production of crop i

= cost per unit of input

R1 = the coefficient of per acre resource j to crop i
X = the allocable resource limits

observed land in production of crop i
perturbation

The solution of (5. 17a-c) produces the shadow values of the allocable resources,

which will then be used to augment the nominal resource costs. Let X1 and X2 be the

shadow values on constraints (5. 17b) and (5. 17c), respectively. There are j dual values,

Xii, that provide the marginal values of the allocable resources, or. scarcity values. There

are i dual values, X, that represent the additional marginal implicit costs that are needed



for the equi-marginal conditions for land allocation among crops to hold.'6 The second

step of PMP combines these shadow values with the nominal cost of each resource to

create the augmented cost data set. The third and final step in PMP solves for the

parameter values of the objective function using the augmented cost data set, along with

observed prices and yields and the first order conditions.

The following is an example of calculating the parameter values for the model,

beginning with the CES function used to define ETc. Recall the CBS function:

I
Xe = (5.18a)

where:
,

= 1 s = w (applied water) and t (technology) (5.1 8b)

Three equations are required to solve for unique values of the three parameter values, the

technology coefficient, ii, and the two share coefficients for applied water and

technology, ck One of these equations is (5.18b) constraining the factor shares to sum

to one. The other two equations are the equi-marginal equations that equate the value of

the marginal product of the resource (applied water and technology) to its cost. Cost is

equal to the nominal costs plus the resource scarcity shadow values, Xlk, generated in the

first step of the PMP process. These two equations are:

1it
'\17

9'k(Xk) 4?X1k Vk (5.19)

I

16 For a complete exposition of the effects of adding the calibration constraint to the problem, see Howitt
(1995a).
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where tJk = factor plus resource scarcity cost (Wk + 21k + 2k). Solving this system of

equations yields the following recursive equations which will solve for the parameters in

terms of augmented factor costs, observed input quantities, average yields and crop

prices.

(- '\_
2 X1 '7

1J Xj

1

(5 .20a)

(5.20b)

(5.20c)
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The last step in parameterizing the model is the calculation of the values for the

intercept and slope of the quadratic land yield function, a and , respectively. Finding

unique values a and requires the simultaneous solution of two equations. The first is

equation (5.21), the average yield expression:

(5.21)

The second equation uses the value of the dual from the calibration constraint, X, which

Howitt proves to be the difference between the value of the average product of land and

the value of the marginal product of land by crop. A single element of X2 can be

expressed as

= P1(a1 - - co1 _[P1(a1 _2)x1 - will (5.22)

= PiixiI

Solving for the yield slope coefficient as follows:



(5 .22b)

and substituting (5.22b) into equation (5.21), and solving for o result in:

1 1 p
(5.23)

Thus, values for the five model parameters (a, 8, ç, q,, ) are developed from

a readily available data set of observed input use, average yields, costs, crop prices and

the shadow values calculated from the calibrated LP problem. The parameters developed

above will replicate the base case crop patterns as long as all other endowments of

resources remain the same as the base case.

Changes in agricultural production, input use and technology adoption resulting

from changes in water allocations can now be estimated using the parameterized profit

maximization problem (equations (5. lOa-f)). The xs which result from this

maximization problem are the forecasts of on-farm resource allocation decisions.

The regional agricultural profit problem is an extension of the on-farm problem.

Recall that this is obtained by summing over each individual farmer's profit

maximization problem. The water market and other policy scenarios, such as variations

on restrictions to trading, may be modeled to understand the implications to agricultural

production, input use, technology adoption and return flows.
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6 EMPIRICAL ESTIMATION

This chapter is organized as follows; section 6.1 describes the base case data used

to paramterize the model. Section 6.2 presents the results of the model's estimate of

agricultural production and water use under various allocation methods.

6.1 BASE CASE DATA

Both hydrologic and economic data are used to calculate the model's parameter

values. Hydrologic data determines the model's water resource constraints. Economic

data are used in combination with the hydrologic data in the first stage of PMP's

constrained profit maximization problem. The criteria for selecting base case data is to

find a year that represents an average year against which variations on water allocation

scenarios will be compared. The year 1995 was selected as the base case. The reasons

for the selection of 1995 are described below.

6.1.1 Hydrologic data

Examination of Figure 6.1.1 shows historic inflows into the Klamath Project

water supply.17 For reference the mean inflow is plotted, in addition to data that are one

standard deviation above the mean and one standard deviation below the mean. Out of

17
Ninety percent of the surface water supply comes from Upper Kiamath Lake. The remaining ten percent

of the supply comes from two smaller reservoirs, Clearlake and Gerber reservoir.
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the ten most recent years of data (1986 to 1995) five of those years had inflows above

average, 1987 to 1990 and 1994. One critically dry years (two standard deviations below

the mean) occurred in 1992. The shortnose sucker was placed on the endangered species

list in 1993. Because the listing may have influenced agricultural decisions and

diversions, 1993 was removed from the data set. Of the four remaining years, 1995 was

selected for reasons discussed in subsequent sections.

Figure 6.1.1 Historic Inflows into Kiamath Project Water Supply

600

550

500

450

400

350

, c)\ \
Year

Total Inflow Average 3E--+ I Std Dev 3-- 1 Std Dev

Source: U.S. Department of Interior, the Bureau of Reclamation 1998 Kiamath Operations Plan,
Environmental Assessment - Draft.
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6.1.2 Crops

Sixteen different crops are grown in the Kiamath Project (USBR). To simplify

the research those sixteen crops were aggregated into six representative crops or crop

groups. Table 6.1.1 shows these crops and crop groups. The first column of Table 6.1.1

lists the aggregation detail used in the model, the second column lists the USBR crop, the

third column shows the percent of total farmed acreage the crop represents'8, and the

fourth column lists the representative crop used for price and cost determination. In

descending order of percent of land in production, the six crops in the model are small

grains (barley), irrigated pasture, alfalfa hay, potatoes, sugar beets, onion and other.

Table 6.1.1 Crop Aggregation Detail

SMALL GRAINS

I I I. I ( ATED PASTURE IRR_PAS 23.2%
0TH FORAGE 02%

\LI \LI \ If \i

POTATO
SUGAR BEETS
ONION
OTHER

ALFALFA HAY 19.0%
OTHER HAY 7.8%
SILAGE 0.0%
POTATO 9.6%
SUGAR BEETS 4.7%

MISC 0.0%
OTHER VEG. 0.4%
PEASEEDS. 0.1%

IRLI(;\iHI) 1>\S1f IE

ALN\LL\ I-I\i

POTATO
SUGAR BEETS

ONIONS 0.8% ONION
HORSERADISH

* *1

Based on 1995 acres.

BARLEY
OTHER GRAIN
OATS
RYE
WHEAT

26.1%
0.0%
3.1%
0.6%
3.3%

BARLEY
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There has been little variation in the land use in the Klamath Project over the last

ten years. Table 6.1.2. shows the historic land use by crop in the Klamath Project. There

are suspected errors in the 1988 data so that year is excluded from calculations of average

and standard deviations.'9 The decrease in land in production in 1992 was due to drought

conditions. The only structural change experienced in the last ten years is the

introduction of sugar beets to the cropping pattern in 1990. Sugar beets acreage has

increased to a high of 8,800 acres in 1995. Recall that 1989 was a candidate for the base

case year because it was considered an average hydrological year. However the absence

of sugar beet data in the land use patterns excluded it from consideration.

Table 6.1.2 Historic Acreage by Crop

Source: U.S. Department of the Interior Bureau of Reclamation, Crop Reports received from
Laura Allen, USBR, Kiamath Falls.

19
The errors are suspected because the USBR office personnel did not perform field surveys for districts

that did not report acreage in that year.

Year 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996
1989-96

Average

Std
Dev

% of
Total

Crop (000) (000) (000) (000) (000) (000) (000) (000) (000) (000) (000) (000) (%)
ALF_HAY 49 40 50 52 58 45 52 53 50 56 52 4 27
IRR_PAS 40 34 45 49 48 40 49 49 44 44 46 3 23
ONIONS 1 1 2 2 2 1 2 1 2 2 2 0 1

OTHER 1 1 1 1 1 2 1 1 1 2 1 0 1

POTATO 23 17 21 21 19 16 20 19 18 19 19 2 10

S_BEETS 0 0 0 1 4 6 8 8 9 7 5 3 3

SMGRN 78 68 84 77 70 71 68 66 64 65 70 7 36
Grand Total 192 162 203 204 202 180 199 197 186 194 196 8 100



6.1.3 Prices

A time series of prices, indexed by a US Bureau of Labor Statistic commodity

index to 1995 dollars, is shown in table 6.1.3. Since farmers in the Kiamath Project do

not have the market power to set prices, they are price takers. Prices used in the

calculations of the parameter values are five year averages from 1991- 1995. Using the

average price incorporates the assumption that farm managers can not act on realized

prices for a growing year, but rather use an expectation of prices in their decisions. The

variability, measured as the standard deviation divided by the indexed five year average in

prices, ranges from 4.7 percent in irrigated pasture to 36.8 percent for potatoes. Generally

the high valued row crops show more variability than grains, alfalfa or pasture. The one

exception to this is sugar beets which are a contract crop.

Table 6.1.3 Time Series of Crop Prices

Source: California and Oregon County Agricultural Conirnissioner' s Annual Reports, multiple
years.
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Year 1987 1988 1989 1990 1991 1992 1993 1994 1995
Indexed
5 Year

Avg

Std
Dev

Crop Units
Alfalfa hay $/Ton 92 84 92 96 91 87 99 107 95 96 7
Irrigated
pasture

$/AUM 46 41 42 44 46 48 47 50 47 47 2

Onions $/Ton 84 72 92 101 107 103 104 109 86 105 8

Other $/Ton 369 298 359 325 344 349 332 546 500 379 98
Potato $/Ton 68 95 106 105 49 96 96 62 133 82 30
Sugar beets $iTon 0 0 0 46 48 48 46 51 45 48 2
Small
grains

$/Ton 94 119 113 94 105 98 90 98 125 97 12



6.1.4 Costs

The per acre costs of production are listed in Table 6.1.4. Included are all costs

except the technology and water costs of irrigation. The cost detail of technology and

water for crop/irrigation method combinations, which combine to form irrigation costs,

are shown in Table 6.1.5 Each crop is assigned an irrigation method based on the primary

irrigation technology observed in production of that crop. The technology costs include

labor hours and amortized capital costs by irrigation method. The water costs are based

on the head requirement for lift, pressure and efficiency of the pump and motor,

combined with the price of electricity to create a water cost per acre foot. Combining the

water cost per acre foot with the applied water requirement of the crop/irrigation method

creates the water cost per acre. The water districts of the Kiamath Project do not levy a

per unit charge on water to member farmers.

Table 6.1.4 Per Acre Costs of Production, Excluding Costs of Irrigation

Alfalfa Hay hr Pasture Onion Other Potato Sugar beets Sm grains
($/acre) ($/acre) ($/acre) ($/acre) ($Iacre) ($/acre) ($Iacre)
197.51 144.93 1,604.35 810.45 1,363.37 872.10 165.79

Source: Oregon State University, Extension Office Enterprise Budgets, multiple years.
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Table 6.1.5 Per Acre Foot Irrigation Technology Costs and Water Requirements

Method Water\a Labor Capital\b Labor Amortized Total lift PSI Head Pump Motor Overall Energy Total Total
hours costs\c capital\d tech- \e effi- effi- effi- require- Water Water

nology cienc ciency ciency ment\f Costs! Costs! acre
costs y (OPE) af\g

(acreft) (hr/acre/ft) ($/acre) ($/acrelft) ($!acre/yr) ($/acre) (ft) ($Iaf) ($/acre)
(kwh/acre)

Source: Energy and Water Management in Western Irrigated Agriculture. Pg. 41-56. Whittlesey, N.K., (1986).

Based on 1995 ETc and 65% irrigation efficiency

Capital investment is indexed to 1995 using PPI Series ID: WPUO1, September.

Labor cost per hour 7.0

Number of years of useful life 15.0

"Pressure of one pound-per-square-inch is equal to a head (lift) of 2.31 feet." (Whittlesey pg. 55).

The standard formula (from Knutson. et all., 1981) for calculating electrical energy requirements for pumping is kwh = 1.024 x (liftJOPE).

Based on a $005 cost of energy 0.005
per kwh.
One hour per acre per year.

Alfalfa
hay

Wheelline 4.15 0.75 418.9 21.8 27.9 50.5 2 40 94 0.8 0.7 0.56 172.62 0.86 3.58

In
pasture

Hand move 4 1.5 269.3 42.0 18.0 61.5 2 50 118 0.8 0.7 0.56 214.86 1.07 4.30

Onions Wheelline 3.08 0.75 418.9 16.2 27.9 44.9 2 40 94 0.8 0.7 0.56 172.62 0.86 2.66
Other Wheel line 4.46 0.75 418.9 23.4 27.9 52.5 2 40 94 0.8 0.7 0.56 172.62 0.86 3.85
Potato Solid set 2.6 lIyr\h 1,436.1 7.0 95.7 102.7 2 40 94 0.8 0.7 0.56 172.62 0.86 2.24
Sugar
beets

Wheel line 3.38 0.75 418.9 17.7 27.9 46.5 2 40 94 0.8 0.7 0.56 172.62 0.86 2.92

Sm
grains

Wheel line 2.69 0.75 418.9 14.1 27.9 42.8 2 40 94 0.8 0.7 0.56 172.62 0.86 2.32

Crop Irrigation Applied Technology Costs Water Costs



6.1.5 Modeling Units

The USBR crop reports break the Kiamath Project into thirty nine geographical

units. The criterion for defining a unit is contractual. Because of the interest in the

spatial allocation of water in the study, the USBR level of detail is retained in the

economic model.20. Table 6.1.6 lists the descriptions, model abbreviations, priorityuse

right, state, ten year average size and percent of total of the 39 modeling units. The

priority use right is a queuing system of allocating water. In times of water shortages,

curtajiments are first levied on the C users, then on the B users and then finally on the A

users.

Table 6.1.6 Economic Modeling Unit Detail

# Description Abbreviation

I Ady District frrigation Canal
2 Area K Lease Land
3 çA idvduai Contracts
4 California Lease Lands
5 California Water Rentals
6 Colonial Realy
7 Emmit Irrigation District
8 Enterprise Irrigation District
9 :1 Ioyy Irrigation District
10 Klamath Basin Irrigation Disthct
lOa KBID in hydroloyic area Al-I
lOb KBID in hydrologic area A 1-2
lOc KBJD in hy4ylogic area Al-3A

Klamath Drainage District
12 KIamath IrriRation District
12a KID in hydrologic area al-I
l2b Kil) in Iyrolic area Al-2
12c KID in h vdio/o1ic ,,ea A l-3A
13 KR) Flat rate - new in 1995 only
14 KID Group E - new in 1995 only

ADID
AREAK
CAIC
CALL
CAWR
COLR
EDIC
EID
HID
KBID
KBIDI
KBID2
KBID3
KDD
KID
KID1
KID2
KID3
KIDFR
KIDGE

20To assure the hydrologic and economic model shared the same sub-area boundaries five of the economic
units were disaggregated. The method of disaggregation was a weighting based on percent of total land.
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Priority State Average Percent of
Use Right Acres Total

(000s) (%)
B OR 0.4 0.2
NA OR 5.5 2.8
B CA 0.3 0.1
A CA 16.1 8.3

CA 1.5 0.8
CA 1.2 0.6

B OR 0.3 0.2
OR 1.3 0.7

A OR 9.7 4.9
OR 9.0 4.6

B CA 1.5 0.8
OR 5.3 2.7
OR 2.4 1.2
OR 17.8 9.1
OR 32.8 16.8
OR 5.6 2.9

A OR 20.2 10.3
A OR 7.0 3.6
A OR 0.0 0.0
A OR 0.0 0.0



Table 6.1.6 Continued
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Source: Crop Reports, U.S. Bureau of Reclamation, 1986-1995.

6.1.6 Yield

Table 6.1.7 details the base case crop yields by modeling unit. Since the farmer's

cropping decisions are based largely on yield, the extent to which variation in yield by

geography is understood, in addition to the quadratic yield function, defines the economic

model's resolution of changes in cropping patterns. The effect of the variation of yield on

the model results will be discussed in greater detail in the next section which discusses

net per acre return by crop and region.

Description Abbreviation Priçy State Average Percent of
TotalUse Right Acres

15 Tulelake Division, KID KIDTL A OR 2.0 1.0
16 KID Water Rentals KIDWR C OR 0.3 0.2
16a KIDWR in hydrologic area Al-I KID WRJ C OR 0.0 0.0
16b KIDWR in hydrologic area Al-2 KID WR2 OR 0.3 0.1
17 Kiamath River Independent Contracts KRIC B OR 2.0 1.0
18 Lower Kiamath Lake Misc. Water Rental LKLWR C CA 0.0
19a Lost River independent Contracts in area Al-I LRICI B OR 1.1 0.5
19b [ostRiver Independent Contracts in area A1-2 LRIC2 B OR 0.5 0.2
19c l,ost River independent Contracrs in area Al-3A LRIC3 B OR 1.5 0.8
20 Langell Valley Irrigation District,_,,, LVID A OR 14.1 7.2
21 idland District Improvement Company MDIC B OR 0.5 0.3
22 Maim Irrigation District MID B OR 3.3 1.7
23 Ogon Individual Contracts ORIC 'B OR, 4.1 2.1
23a Oregon Independent Contracts in area Al-I ORICI B OR 0.6 0.3
23b Oregon Independent Contracts in area A1-2 ORIC2 B OR 2.8 1.4
23c 0regon independent Contracts in area A1-3A ORIc3 B OR 0.7 0.4
24 P Canal PCNL C CA 2.4 1.2
25 Plevna District Improvement Cppay PDIC B OR 0.4 0.2
26 Pine Grove Irrigation district PGID B OR 0.9 0.4
27 Public Lands PURL 'C OR 0.0 0.0
28 Poe Valley Improvement District PVID A OR 2.6 1.3
29 Refuge REFUGE NA CA 6.1 3.1
30 Smmyssde Irrigation District SID B OR 0.6 0.3
31 Special Contracts SPECC A OR 0.4 0.2
32 Shasta View Irrigation District B OR 3.9 2.0
33 Tulelake Imgaçi TID A CA 39.4 20.2
34 TID-D-Lands TIDD A CA 1.2 0.6
35 TID-Rent TIDR C CA 0.4 0.2
36 Upper Kiamath Lake Contracts UKLC OR 7.7 4.0
37 Van Brinimer Ditch ('a. - California VBDCC CA 0.2 0.1
38 Van Brimmer Ditch Co-Oregon VBDCO A OR 3.2 1.6
39 White Lake WHTLK NA CA 1.2 0.6

Total 195.5 100.0



Table 6.1.7 Base Case Crop Yield Per Acre by Modeling Unit
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Source: California and Oregon Agricultural Commisioners Reports and personal communication
with Dr. Harry Carison, Director, Intermountion Extension Station, Tulelake, CA and Dr. Ken
Rykbost, Director Oregon State Univerisity Extension Office, Klamath Falls, OR.

Per Acre Yield Crop

Modeling unit ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SM_GRN

(tons) (AUM) (tons) (tons) (tons) (tons) (tons)

ADID 5.0 10.0 21.0 2.85 - - -

AREAK 5.0 10.0 - - - - 2.5

CAIC 6.0 10.0 - - 21.0 24.0 2.8

CALL 6.0 10.0 22.0 - 22.0 24.0 2.9

COLR 6.0 10.0 21.0 2.85 21.0 24.0 2.9

EDIC - 10.0 21.0 - - - -

EID 6.0 10.0 21.0 - 21.0 21.0 2.8

HID 6.0 10.0 21.0 - 20.0 22.0 2.8

KBID 6.0 10.0 21.0 2.85 21.0 21.0 2.8

KDD 4.0 10.0 21.0 - 18.0 17.0 2.5

KID 6.0 10.0 21.0 2.85 21.0 21.0 2.8

KIDTL 6.0 10.0 21.0 2.85 21.0 - 2.8

KIDWR 6.0 10.0 21.0 2.85 21.0 24.0 2.8

KRIC 6.0 10.0 21.0 - 21.0 21.0 2.8

LRIC 6.0 10.0 21.0 - 21.0 21.0 2.8

LVID 4.5 10.0 21.0 - 19.0 22.0 2.5

MDIC 6.0 10.0 21.0 - 21.0 - 2.8

MID 6.0 10.0 21.0 - 21.0 21.0 2.8

ORIC 6.0 10.0 21.0 2.85 21.0 21.0 2.8

PCNL 5.5 10.0 - - - - 2.5

PDIC 6.0 10.0 21.0 - 21.0 - 2.8

PGID 6.0 10.0 21.0 - 21.0 21.0 -

PYID 5.5 10.0 21.0 - 21.0 - 2.5

REFUGE 5.0 10.0 - - 20.0 19.0 2.5

SID 6.0 10.0 21.0 - 21.0 21.0 2.8

SPECC 6.0 10.0 21.0 - 21.0 21.0 2.8

SVID 6.0 10.0 21.0 2.85 21.0 19.0 2.8

TID 6.0 10.0 21.0 2.85 21.5 24.0 2.8

TIDD 6.0 10.0 21.0 2.85 21.0 21.0 2.8

TIDR 6.0 10.0 21.0 2.85 21.5 24.0 2.8

UKLC 5.0 10.0 21.0 - 21.0 - 2.5

VBDCC 6.0 10.0 21.0 - 21.0 23.0 2.8

VBDCO 6.0 10.0 21.0 - 21.0 23.0 2.8

WHTLK - 10.0 - - - - 2.5



6.1.7 Net Return by Crop and Modeling Unit

The per acre net return of each crop in each region is listed in Table 6.1.8.

Variation in returns is due to the variation in yields across regions. Sugar beets have the

largest variability of returns as can be seen by the standard deviation of 97 dollars, which

is 41 percent of the average. The variability of the other crops ranges from zero to 18

percent of average. The net return per acre foot of ETc, calculated by dividing the net

return by the per acre ETc requirement of each crop, is shown in Table 6.1.9. The per

acre ETc requirement is listed in the first row of Table 6.1.9. The net return per acre foot

of ETc drives the changes in cropping patterns because the model chooses to keep the

crops with high returns in production longer than the crops with lower returns as surface

water supplies decline. However, recall that the net returns are not linear because they are

determined by yield that is a quadratic function. Therefore, examination of the base case

net returns provides information about the effects of initial surface water reductions on

cropping patterns. In a subsequent section, an analysis of cropping patterns uses both

base case net return data and the change in net returns generated by the quadratic yield

function. Appendix A lists the per acre and per acre foot of ETc return by region as well

as crop.
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Table 6.1.8 Base Case Net Return Per Acre by Crop

ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SMGRN

Table 6.1.9 Base Case Net Return Per Acre Foot of Crop Evapotranspiration by
Crop

ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SM_GRN

\a: Source: Personal conversations with Naser James Bateni, Chief The Department of Water
Resources, Northern District Office, Red Bluff, CA.

6.2 MODEL RESULTS

The results are analyzed in three sections. The first section analyzes the model's

performance by testing the reasonableness of predicted yield, profit and inputuse. The

second section reviews the effect of technology adoption on predicted levels of water

consumption and return flow as well as farm profit. The third section compares the

predictions of profit level, resource use and agricultural return flow under four surface

water allocation methods.
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Per acre Etc
requirement\a 2.7 2.6 2.0 2.9 1.7 2.2 1.8
Average 111 99 214 65 206 108 41
StdDev 18 0 22 0 29 44 7
Std Dev/
Average 0.16 n/a 0.10 n/a 0.11 0.41 0.17

($) ($) ($) ($) ($) ($) ($)
Average 300 256 427 189 351 239 72
StdDev 49 0 44 0 49 97 13
Average
/Std 0.16 n/a 0.10 n/a 0.14 0.41 0.18
Dev



6.2.1 Model Performance

This section begins with a test of reasonableness of the PMP shadow values used

to develop the model parameter values. These tests of reasonableness of model estimates

focus on changes in four measures. These measure are: 1) technology use, 2) average

crop yield, 3) resource use and 4) profit, under declining agricultural water supplies.

Throughout this section surface water is allocated by proportional decreases of water to

farms.

6.2.1.1 PMP Shadow Values

The PMP method self validates by construction. Therefore, the test of

reasonableness commonly used with programming methods, e.g. replication of the base

case data, is not applicable. However, the PMP shadow values used to generate the

model's parameter values can be tested for reasonableness.

Recall that the PMP method augments the observed input cost with the shadow

value on the constrained resource (see section 5.2, equation 5.19). The constrained

resource here is applied surface water, which does not have a per unit cost in the Kiamath

Project. The cost of using water in production is based on the cost of electricity required

to pump water to the field. Depending on the irrigation delivery method the cost of water

is between $0.86 and $1.07 per acre foot (refer to Table 6.1.5). The regional shadow

value of applied water is listed in Table 6.2.1. Ranging from $15.24 to $62.27, these

values are the difference between the nominal input cost of water and the value of water
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in production, therefore the difference in magnitude across regions reflects regional

cropping patterns and crop yields. These values are reasonable given the uses of water in

production by region.

Table 6.2.1 Per Acre Foot Opportunity Cost of Applied Water by Region

The cost of land is derived by adding the observed price, shadow value on the

constrained resource and the shadow value on the crop-specific PMP constraint (see

section 5.2.2, equation 5. 19c). The crop-specific PMP constraint reflects both the scarcity

Region Opportunity
Cost

Region Opportunity
Cost

ADID 44.03 LRIC3 29.34
AREAK 15.24 LVID 16.19
CAIC 29.34 MDIC 50.48
CALL 29.47 MID 29.34
CAWR 24.60 ORIC1 24.23
COLR 29.38 ORIC2 22.78
EDIC 51.37 ORIC3 29.34
HID 24.10 PCNL 15.49
KBID1 24.23 PDIC 62.27
KBID2 22.78 PGID 22.78
KBIID3 29.34 PUBL 61.23
KDD 15.49 PVIID 53.72
KID1 24.23 REFUGE 15.49
KID2 22.78 SPECC 22.78
KID3 29.34 SVTD 29.22
KIDFR 22.78 TID 24.51
KIDGE 50.52 TIDD 29.34
KIDTL 24.60 TIDR 24.51
KIDWR1 35.51 UKLC 15.49
KIDWR2 33.38 VBDCC 61.22
KRIC 23.14 VBDCO 22.78
LRIC1 24.23 WHTLK 15.49
LRIC2 22.78
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value of land and the quality differences in land allocated to different crops. Table 6.2.2

lists these costs, averaged over the regions. The relative values are consistent with the

observed returns per acre with the exception of sugar beets. Generally, sugar beets have a

higher return per acre than alfalfa hay and irrigated pasture. However, the sugar beet

regional average return is lower because of the high standard deviation. The full set of

costs by region and crop are listed in Appendix B.

Table 6.2.2 Per Acre Regional Average Crop-Specific PMP Shadow Value of Land

6.2.1.2 Technology Use

The constant elasticity of substitution (CBS) function models the substitution

between technology and applied water, thereby forecasting an increase in irrigation

efficiency (IE). Irrigation efficiency is defined at a level between the farm field and a

water district. Therefore, the CBS function represents an envelope of functions reflecting

field level changes in either management practices or capital changes. These assumptions

allow for the use of a continuous function to represent 'production' of ETc and the IE rate

implied by the function.

The PMP model calculates parameter values for the CES ETc function. There is

one function for every combination of region and crop, a total of 273 (39 regions times 7

ALF_HAY IRR_PAS ONION OTHER POTATO S_BEET SM_GRN
Regional avg.
Std deviation

171
56

139
27

332
39

60
0

268
46

132
74

15

1
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crops). Two of these functions are graphed in Figures 6.2.1 and 6.2.2. Figure 6.2.1.

shows the function of required ETc for production of alfalfa hay in the Kiamath Basin

Improvement District (KBID). The profit maximizing ETc for alfalfa hay is 2.7 acre feet.

The base case inputs for applied water and technology costs for alfalfa hay in KBID are

4.2 acre feet and 50 dollars per acre per year, respectively. The base case technology is

hand move sprinkler. When surface water is reduced to 80 percent of base case, the

model predicts that the costs of technology increase to 77 dollars per acre per year and

reduces applied water to 3.5 acre feet. Recall that the CES function represents the outside

of an envelope of choices between technology and applied water. Using this approach the

model forecasts small increases in technology, which could be increases in labor costs

through a change in management practices, and large increases in technology, which

could be a capital investment in a new irrigation technology.
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Figure 6.2.1 ETc Function for Alfalfa Hay in Klamath Basin Improvement District.

Figure 6.2.2 shows the ETc function for potatoes in KBID. The base case

technology is solid set sprinklers. The cost of this technology is 103 dollars per acre per

year. The base case applied water is 2.7 acre feet. Combined, these inputs produce 1.7

acre feet of ETc. Despite the fact that the base case technology costs are higher than

those for alfalfa hay, the model still predicts increases in technology costs when applied

water is constrained. This is possible because potatoes have a higher return than hay.

The model predicts the farmers choose to spend 117 dollars per acre per year on

2.7 acrefeet of ETc isoquant
Alfalfa hay in Klamath Basin Improvement District

5.2

4.2

3.7

2.7

00 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0

Dollars

/
ETc = i?" k(xk) ,ii =.2498 =.54461 c°t =.45539 17 = .25

J



technology and 2.2 acre feet of applied water to produce 1.7 acre feet of ETc when

surface water supplies are restricted to 80 percent of base case.

These estimates of technology adoption are consistent with knowledge of the cost

of irrigation improvements in the region. Additionally, (where there is overlap), the

results agree with the research of the U.S. Bureau of Reclamation21. The parameter

values for all of the ETc functions are listed in Appendix C.

Figure 6.2.2 ETc Function for Potatoes in Kiamath Basin Improvement District

21
U.s Department of Interior, Bureau of Reclamation. Programmatic Environmental Impact Statement of

the Central Valley Improvement Act, Technical Volume Eight, 1998.
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1.7 acrefeet of ETc isoquant
Potatoes in Kiamath Basin Improvement District
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6.2.1.3 Quadratic Yield Function

The quadratic yield function models heterogeneous land quality by increasing

average per acre yield as total acres in production decrease. Since the yield function is

quadratic in land the average yield function is linear in land. Figures 6.2.3 and 6.2.4

show estimates of 2 of the 273 average yield functions. Figure 6.2.3 shows the average

per acre yield for potatoes in two irrigation districts, Tulelake Irrigation District (TID)

and Klamath Irrigation District (KID). These two irrigation districts are approximately

the same size, the former averages 39,400 acres in production and the later 32,800 acres.

However, the quantity of land that is suitable for growing potatoes is different between

the two districts. As such, the average yield curves have different intercepts and slopes.

TID has higher quality, deep organic soils, so the intercept is higher than KID, where the

soils are heavier. In addition the soils in TTD are fairly uniform so the function is

relatively flat, with little variation in tons per acre over the range of forecast acreage,

(from 21.5 to 21.7 tons per acre represented on the graph by thicker black lines). The soil

in KID is less uniform than the soil in TID causing a larger range of yield, from 21.0 to

22.0 tons per acre over the range of forecast acreage. The average yield function

represents the difference in the soil types between the two regions as a difference in slope

of the two functions, 0.56 for T1D versus 2.49 for KID. The range of acreage and average

per acre yield is consistent with observations in the region.

There is one unexpected result. Notice that, at the low end of the relevant range,

78

KID's yield is higher than TID's. This conflicts with the actual difference in soil types in
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the two areas, where the better soils are found in TID. There are two possible

explanations for this result. One, it could be correct, since the forecast reduces potato

acreage by 30 percent (from 1,370 acres to 953 acres). Thus, increasing the intensity of

farming on the remaining acres may increase yield to 22.0 tons per acre. The second,

more likely explanation is that the yield curve begins to perforiri poorly when the surface

water constraint changes markedly from the base case.

Figure 6.2.3 Average Yield Functions for Potatoes in Tulelake Irrigation District
(TID) and Kiamath Irrigation District (KID)

2 3 4 5 6 7

Acres (000s)

---K1DUTID

Ypg - SgXpg = 25.4 = 0.56

g = k,t = 24.4 = 2.49



The parameter values of the quadratic yield function are listed in Appendix D.
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Figure 6.2.4 shows the range of average yield per acre for irrigated pasture in the

same two irrigation districts. Acreage in the TID ranges from 764 to 886 acres while

yield varies from 10 to 10.5 animal unit month (AUM). Again, this relatively narrow

range is indicative of the uniformity of lands in TID.

Estimates of irrigated pasture in KID range from 1,030 to 6,876 acres. The range

of estimated yields is 10 to 13 AUM. This range is consistent with knowledge of farming

practices in the region, assuming a smaller number of acres in production allows the farm

manager to employ the highest quality pasture land and increase the intensity with which

they farm.



Figure 6.2.4 Average Yield Functions for Irrigated Pasture in Tulelake Irrigation
District (TID) and Kiamath Irrigation District (KID).

Irrigated Pasture Average Yield
KID versus TID
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6.2.1.4 Predicted Changes in Resource Use and Cropping
Patterns

Thus far the forecasts of technology adoption and average per acre yield appear

reasonable and consistent with actual data. The last test of reasonableness examines the

prediction of changes in resource use and cropping patterns resulting from reductions in

surface water. The percent of base case resources under decreasing surface water

supplies is shown in Figure 6.2.5. In all cases the percent of base case resource use is
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above the percent of base case surface water. The percent of base case technology use is

substantially higher than the percent of base case surface water, reflecting substitution of

technology for dwindling surface water supplies. The percent of land and ETc is higher

then the percent of surface water because the substitution of technology allows the

production of ETc at sufficiently high quantities so that land may remain in production

longer. For example, when surface water is 60 percent of base case, land, technology and

ETc use are 69 percent, 89 percent and 70 percent of base case, respectively.

Additionally, cropping patterns reflect substitution into less water intensive crops.

However, once the substitution of technology and/or crop switching is no longer

economically optimal, land is forced out of production. Reducing the overall land in

production is synonymous with forcing land to be fallowed.



Figure 6.2.5 Percent of Base Case Resource Use under Declining Surface Water
Supplies

83

100

90

80

70

60

50

40

30 -

20 I

100 90 80 70 60

Percent of base case surface water available

WATER --LAND A--TECHNOLOGY ----ETc

The change in cropping patterns is shown in Table 6.2.3. The third column in the

table shows the percent of total resource use by crop. For example, alfalfa hay is grown

on 27 percent of the land using 24 percent of the technology dollars and 32 percent of

applied water. The remainder of the columns show the percent of base case resource used

when surface water decreases in 10 percent increments from 90 percent to 20 percent of

base case. The crops are listed in descending order of their net return per acre foot of

ETc.

50 30 20



Table 6.2.3 Percent of Base Case Resource Use by Crop

84

Examination of the percent change in land and applied water reveals that crops

remain in production in nearly the same order as their value in production. The only

exception is sugar beets, which stay in production longer than alfalfa hay despite a lower

net return per acre foot of ETc. The change in the order is due to the high regional

variability of sugar beet's net return per acre foot of ETc, which causes the return to beets

to increase at a faster rate as lower valued land is removed from production.

Resource Crop Percent Percent of surface water available
of Total 90 80 70 60 50 40 30 20

(%) (%) (%) (%) (%) (%) (%) (%) (%)
Land Onions 1 99 99 98 97 96 95 94 91

Potato 10 99 98 97 96 94 92 89 84
Alfalfa Hay 27 96 93 88 81 74 63 51 38
Sugar Beet 5 98 95 93 88 84 77 69 61
Irr Pasture 23 96 92 88 81 74 62 49 35
Other 0 95 91 86 79 73 67 63 59
Sm Grains 34 84 68 51 37 26 15 8 2

100
Water Onions 1 98 96 94 91 89 87 85 79

Potato 7 96 91 87 84 81 77 74 68
Alfalfa Hay 32 94 87 80 71 62 53 42 30
Sugar Beet 4 96 92 87 81 76 69 62 54
Irr Pasture 28 93 86 79 70 62 51 40 28
Other 1 94 88 82 74 68 62 58 54
Sm Grains 27 83 65 49 34 23 14 7 2

100
Tech Onions 1 102 105 107 110 113 115 117 123

Potato 18 102 103 105 105 106 104 102 97
Alfalfa Hay 24 102 105 107 109 109 97 81 62
Sugar Beet 4 102 103 105 105 104 97 88 80
Irr Pasture 26 101 103 104 104 99 86 68 48
Other 1 99 97 95 91 86 80 78 75
Sm Grains 26 87 72 56 41.6 29 18 9 2

100
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Use of technology increases over base case levels for higher valued crops,

reflecting the profitability of increasing technology use for these crops. The change in

technology represents the net effect of increases in per acre irrigation technology and the

decrease in total technology resulting from reductions in total acreage in production.

Notable in the above results is the relatively 'smooth' transition of total resource

use and crop pattern changes versus the step-wise solutions common in linear

programming solutions. The positive mathematical programming approach replicates the

non-linearity of on-farm decision making by forecasting changes in technology, land and

ETc use, relative to changes to surface water, as expected. Additionally, the cropping

pattern change appears as a function of the net return on an acre foot of ETc, which is

also the expected result. In summary, the performance of the model in replicating

observed relationships leads to confidence in using the model to predict changes in on-

farm profit and resource use.

6.2.1.5 Changes in Base Case Profit Due to Changes in
Technology, Per Acre Yield and Land Use

On-farm profit is affected in three ways: 1) the substitution of technology for

applied water, 2) increases to average per acre crop yield (as total acreage declines) and 3)

changes in land use (cropping patterns and/or land fallowing). Table 6.2.4 shows the

quantification of the total differential of the profit function (as detailed in equation 5.15).

When surface water is 90 percent of the base case total profit falls by 3 percent.

Technology adoption allows more land to stay in production by increasing the



The above analysis shows the magnitude each effect has on total profit. Across

the range of surface water supplies the largest effect on profit is due to the choice of land

use (fallowing and/or crop switching). The second largest effect is due to increases in

average per acre yield. Technology adoption has the smallest effect on profits.

Furthermore, the impact of technology adoption on profit does not change after surface

water supplies reach the level of 50 percent of base case. This result implies that past a

certain point there are no returns to irrigation efficiency improvements. This result is

consistent with knowledge of both the economic returns to crops in the Kiamath Project

and the physical limitations of irrigation technology.
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productivity of applied water. However, the cost of new technology adoption reduces

profit by 1 percent. Increases in average yield per acre increase profit by 2 percent.

Changes in land use, the net effect of crop switching and land fallowing, decrease profit

by 4 percent.

Table 6.2.4 Quantifying Three Effects on Profit as Surface Water Supplies
Decrease

Effect Percent of base case surface water available
90 80 70 60 50 40 30 20

(%) (%) (%) (%) (%) (%) (%) (%)
Technology -1 -2 -3 -5 -6 -7 -7 -7
Avg Yield/Acre 2 4 7 10 13 18 24 30
Land Use -4 -9 -15 -22 -29 -40 -54 -70
Total -3 -7 -11 -17 -22 -29 -37 -47
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To summarize the model's performance, all of the model's features were

examined given knowledge of farming practices and physical limitations of Project lands

and found to provide reasonable forecasts. Specifically: 1) the constant elasticity of

substitution ETc function predicted reasonable increases in technology consistent with

physical limits of irrigation technology improvements and economic optimality given the

economic returns on specific crops, 2) the quadratic yield function forecast within

reasonable bounds given heterogeneous soils, 3) changes in cropping patterns are

consistent with the expectation that crops remain in production according to their net

return per acre foot of ETc and 4) the effects of the above features on profit are consistent

with the results of each individual feature.

The research proceeds by interpreting the policy ramifications of the model's

forecasts. Specifically, the model is now used to explore the ramifications of: 1)

technology adoption on basin-wide water use and 2) changing surface water allocation

methods on profit and resource use.

6.2.2 The Role of Technology Adoption in Basin-Wide Water Use

The results of the profit analysis reported in Table 6.2.4 suggests that accounting

for technological change is not as important as accounting for increasing average per acre

yield or changes to land use patterns because the effect of technology adoption has the

smallest impact on total profits. This conclusion would be premature without

understanding the impact technology adoption has on basin-wide consumption of water.

The analysis of this impact proceeds in two steps. First the effect of the Project IE rate on



is:

88

basin-wide water consumption is explained. Second, the effect of technology adoption on

the Project IE rate is measured.

Figure 6.2.6 (an extension of Figure 3.1.1) shows the connection between the

Project IE rate and basin-wide water use by solving the reservoir operation rules which

meet the policy objective of maintaining minimum lake level and in-stream flow while

maximizing available agricultural surface water deliveries and measuring water deliveries

to the wildlife refuges. The difficulty of solving the operation rules arises because the

agricultural irrigation efficiency rate, lEa, changes as a result of changing water deliveries

to agriculture, thereby effecting deliveries to the wildlife refuges and consequently in-

stream flows. The solution to the problem can be found by iteration. The steps are

explained below.

Figure 6.2.6 replicates the water use pattern explained in Figure 3.1.1, adding the

math necessary to develop the operational rules. The only difference between the two

figures is the notation used to express agricultural water deliveries. In Figure 3.1.1, D

represented water deliveries. In Figure 6.2.1, D is expressed as the product of D, defined

as the full surface water endowment (the quantity of water that causes the water resource

constraint to be slack) and P, the percent of full surface water endowment available. The

first step in solving the operational rules is to assume the IE rates do not change and solve

for the two unknowns in the system of equations i.e., the percent of full water

endowment, P. and the quantity of water released from the lake to meet minimum in-

stream flows, R. Assuming the constraints are just met, the initial solution to the system
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(6.2.1)

R=ISDP (6.2.2)

Figure 6.2.6 Basin Model Schematic

Lake level
constraint:

sI[R+(P)]

Reservoir operation rules:
SI[R+(DP)j

FR+(DP)(1_IEa)(1_IEw)

ETca a(1)1D)

Definitions:
I = April lake level

plus NRCS
forecast inflows.

S = Lake level
minimum

R = Releases for
fish

D Full
agriculture
supply

P = Percent of full
agricultural
supply available

IE= Irrigation
efficiency. n
a,w

F = In-stream flow
minimum

The second step to determine maximum water deliveries to the Project is to
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forecast the Project IE rate based on the agricultural production model's forecast of profit
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maximizing on-farm behavior given P. Changes in the Project IE rate are due to changes

in field level irrigation technology and changes to cropping patterns. The forecast Project

IE rate is used to determine whether the minimum in-stream flow is met. if the minimum

in-stream flow is met, then the optimal solution has been found. If the in-stream flow

minimum is not met, then R, the quantity of water released directly from the lake for

stream flow is increased, thereby forcing a further reduction in agricultural supplies,

generating a new P. This new P is used to re-estimate the Project lB rate and the process

begins again. The final P and R that meet the minimum in-stream flows are the solution

to the problem. These are labeled P and R* in subsequent discussions.

Figure 6.2.7 shows the non-linear relationship between the percent reduction in

surface water and the Project TB rate. The Project lB rate increases as the percent of

available surface water decreases until surface water is 50 percent of base case. In the

range of 100 percent to 50 percent of base case water, changes in field level technology is

the economically optimal behavior. Past the 50 percent level, the Project lB rate can only

decrease due to changes in cropping patterns.

Table 6.2.5 provides an example of incorporating the forecast Project IE rate in

the iterative calculation of P and R* when inflow to Upper Klamath Lake (determined by

precipitation) is 90 percent of the base case. The notation used in Figure 6.2.6. is listed

along with the description of the constants, variables and constraints.22 The constants are:

1) the initial Project TE rate of 90 percent, 2) P, the initial percent of surface water

22
To simplify the analysis and without loss of generality the effect of groundwater pumping on the

relationship between surface water and ETc has been excluded from the example set forth in Table 6.2.5.
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The first step in the iterative process used to calculate P and R* is to solve

equations (6.2.1) and (6.2.2) using the base case constraints and constants. Assuming
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deliveries, based on the calculation of equation (6.2.1), (equal to 76.5 percent when

precipitation in 90 percent of base case) and 3) D, full agricultural demand (equal to

394,000 af). The variables are: 1) R, the quantity of water released from Upper Klamath

Lake to meet in-stream flow requirements for fish, 2) the forecast Project JE rate and 3) P

conditioned by the forecast of the Project IE rate. The constraints are: I) F, the in-stream

flows for fish (equal to 255,000 af) and 2) S, the minimum lake level (equal to 222,000

af).

Figure 6.2.7 Project Irrigation Efficiency Rate

30 20



23 The calculations of P may be slightly different due to rounding.
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precipitation is 90 percent of base case (748,000 af) the initial P1 (the subscript refers to

the iteration number) equals 76.5 percent. The initial R1 equals 225,000 af.23

255 748 + 222
394*o9 0.765 (6.2.3)

R1 = 748 222 394 * 0.765 = 225 (6.2.4)

When the supply of agricultural surface water is 76.5 percent of the full supply,

improvements in irrigation efficiency result in an increase in Project JE from 90 percent

to 94.5 percent, thereby reducing outflow and causing a violation of the constraint on in-

stream flows. The shortage is 12,000 af. The second iteration increases R and decreases

P to make up for this shortage. Decreasing P forces farmers to increase field level IE

even further, resulting in an increase of the Project IE from 94.5 percent to 95.0 percent,

decreasing outflow again. Iterating four times results in convergence on the optimal

solution where P equals 72.4 percent and R* equals 241,000 af.

The notable result is that the initial P, 76.5 percent, is the same as the percent of

base case ETc at the optimal P. That is, when surface water supply is 72.4 percent of

base case, ETc is 76.6 percent of base case. Therefore, the initial P defines the savings

required in ETc to meet the constraints. This is an intuitive result, since the only way to

save water is to reduce ETc. Unfortunately, water district managers and USBR personnel

have no direct control over ETc, they can only control surface water deliveries. This

result highlights the need for policy makers to understand the impact of changes in

surface water deliveries on ETc levels in order to make informed decisions about the
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maximum quantity of surface water to deliver to agriculture while meeting the lake level

minimum and in-stream flow requirements.

Table 6.2.5 Calculation of P' and R* Using the Operational Rules

Description Unit of
Notation Measure

Base Iteration Number
case 1 2 3 4

Constants
Initial IE rate % 90
Initial P % n/a 76.5

taf 394
Variables:

R taf n/a 225 237 241 241
Conditional P % n/a n/a 73.4 72.5 72.4
Forecast IE % n/a 94.5 95.0 95.1 95.]

Constraints:
F taf 255 255 255 255 255
S taf 222 222 222 222 222

Flow calculations:
Upper Kiamath Lake inflows:

I taf 832 748 748 748 748
Upper Kiamath Lake outflows:

R taf 216 225 237 241 241
j5p taf 394 302 289 286 285

Total outflows taf 610 526 526 526 526

Agricultural inflow
j5p taf 394 302 289 286 285

Agricultural evapotranspiration:

IEa(DP) taf 355 284 275 272 271

% of base case ETc % 100.0 80.0 77.5 76.7 76.6
In-stream flows:

R+DP(llIEa) taf 255 243 252 255 255

In-stream flow shortage taf 0.0 -12.4 -3.3 -0.5 0.0
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Figure 6.2.8 shows the relationship between the percent of base case surface water

available and the percent of base case ETc.24 For reference, a 45 degree line has been

included in the figure to illustrate a one-to-one relationship between surface water

delivery and ETc use. The difference between the two measurements ranges between 3

percent and 13 percent. For example, when the quantity of surface water is 50 percent of

base case, the quantity of ETc is 63 percent of base case. Knowledge of this relationship

empowers the policy maker to meet the in-stream flow constraint while simultaneously

maximizing the quantity of water delivered to agriculture. If this relationship is ignored,

a policy maker faced with the need to save 50 percent of full agricultural supplies may

announce a 50 percent reduction in supplies, only to realize a 63 percent water savings.

This would result in a violation of the in-stream flow constraint.

24
The effects of groundwater pumping are included in the results presented in Figure 6.2.3. Consequently,

the results differ slightly from the example presented in Table 6.2.5.



Figure 6.2.8 Percent of Base Case ETc under Declining Surface Water Supplies
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Below is an example of using knowledge of the relationship between surface

water deliveries and technology adoption in a policy decision. Suppose the policy maker

has determined that the initial percent of water available to agricultural water users (the

initial P, from Table 6.2.5), given the precipitation levels for any given year is 63 percent.

Further, suppose technology adoption is not accounted for in the model. Refer to Table

6.2.6 to see that when surface water is 60 percent of base case, ETc use is 63 percent of

base case. Therefore, the policy maker's choice would be to deliver 60 percent of base

case water to agricultural users. However, because farmers increase irrigation efficiency

through technology adoption, the forecast water use is actually 71 percent of base case

instead of the targeted 63 percent - an 8 point 'miss' of agricultural savings. The 8 point

'miss' would be avoided if technology adoption were accounted for in the model so that
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policy makers would know to deliver 10 percentage points less water, or 50 percent of

base case, to agricultural users, as can be seen by referring to the 50 percent column of

Table 6.2.6. Ignoring technology adoption as an on-farm response to reduced water

deliveries results in a water allocation policy that delivers 10 percent more water to

agriculture when the target level is 63 percent of full deliveries, thereby violating the in-

stream flow requirement. The range of the 'misses' is between 2 percent and 9 percent

when targeted savings range between 10 and 80 percent of agricultural water use.

Table 6.2.6 Disaggregating the Percent of Base Case ETc into Changes Attributable
Land Use and Technology Adoption

Understanding how technology adoption effects the percent change in ETc is

more complicated than the results in Table 6.2.6 indicate. Recall that ETc levels change

for two reasons. First, a change in ETc occurs as a result of land use decisions such as

crop switching and/or fallowing land. The second reason for a change in ETc is an

increase in irrigation efficiency caused by technology adoption. The increase in ETc use

can be disaggregated into these two effects by taking the total differential of the ETc

equation shown below:

Percent of base case surface water
100 90 80 70 60 50 40 30 20

Forecast of ETc without technology adoption feature:
%base case 91 82 72 63 54 45 36 27

Forecast of ETc with technology adoption feature:
%base case 93 86 79 71 63 53 43 32

Increase in ETc use due to technology adoption:
% difference 2 4 7 8 9 8 7 5



ETCg xigwIEig (6.2.1)
I

Equation 6.2.1 states that ETc for region 'g' is the summation over 'i' crops of the

product of applied water times the irrigation efficiency rate of crop i. The total

differential is:

ETcg = igwIig +xigwAIEig (6.2.2)

The first expression on the right hand side of equation 6.2.2 is the effect of land use

changes (which determine the total quantity of applied water) on ETc. The second

expression on the right hand side of equation 6.2.2 is the direct effect of technology

adoption on ETc. Quantification of the total differential under a range of reductions to

surface water deliveries is shown in Table 6.2.7.

Not accounting for technology adoption, when surface water is reduced by 50

percent, ETc use falls by 46 percent. The entire 46 percent decrease occurs by changing

land use patterns. If technology adoption is included, ETc use falls by 37 percent. Land

use patterns alone account for a 54 percent reduction in ETc use however, technology

adoption increases the productivity of limited surface water quantities thereby increasing

ETc use by 17 percent. Combining the two effects results in a net decrease of ETc by 37

percent. As before the difference between the forecast with and without technology

adoption is 9 percentage points. However, by taking the total differential the effect of

technology adoption is disaggregated into a direct effect and an indirect effect. The direct

effect is the 17 percentage point decrease caused by technology adoption. The indirect

effect is the difference in the size of the change in ETc due to a change in land use

patterns. Figure 6.2.9 summarizes the direct and indirect effect of technology adoption.
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Table 6.2.7 Total Differential of ETc Percent Reduction from Base Case

Percent decrease in surface water deliveries
10 20 30 40 50 60 70 80

(%) (%) (%) (%) (%) (%) (%) (%)
Total differential without technology adoption feature:
Technology 0 0 0 0 0 0 0 0
Land use -9 -18 -28 -37 -46 -55 -64 -72
Total -9 -18 -28 -37 -46 -55 -64 -72
Total differential with technology adoption feature:
Technology 3 6 9 14 17 19 21 23
Land use -10 -20 -30 -43 -54 -66 -78 -90
Total -7 -14 -21 -29 -37 -47 -57 -68
Contribution of each effect on the total percent change in ETc:
Direct 3 6 9 14 17 19 21 23
Indirect -1 -2 -2 -6 -8 -11 -14 -18
Total 2 4 7 8 9 8 7 7
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Examination of Figure 6.2.9 reveals that when technology adoption is included the

observed land use patterns remain as the farmer's optimal choice longer than for the case

of no technology adoption. This result indicates that it is more profitable to adopt new

irrigation technology than incur costs associated with crop switching. For example,

cropping patterns are determined in part by the desire to spread risk and/or due to cultural

practices. Examining the direct and indirect effect of the change in ETc in this way

shows that farmers prefer to maintain their cultural practices and avoid risk.



Figure 6.2.9 The Direct and Indirect Effect of Technology Change on ETc
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In addition to understanding the relationship between surface water supplies and

ETc use, the model needs to measure changes in total agricultural outflow because

agricultural outflow becomes the total water supply to the wildlife refuges. Recall that

agricultural outflow, represented by equation (6.2.3) below, is calculated as the difference

between agricultural surface water deliveries, 15P, and the summation of crop

evapotranspiration (ETc) for all g regions.

o = DP - ETcg (62.3)
g



The total change in outflow equals the change in surface water delivered to agriculture

less the change in ETc:

I
= APD AxigwIEig +xigwAIEig (6.2.4)

g\i

The first expression on the right hand side of equation 6.2.4 is the change in

outflow attributable to a change in inflow. The second expression on the right hand side

of equation 6.2.4 is the change in outflow attributable to a change in ETc. The change in

ETc is attributable to changes in land use patterns and the direct effect of technology

adoption. The total differential of the forecast of agricultural outflow is shown in Table

6.2.8. Agricultural outflow is 12,000 af less than the base case when surface water

deliveries are 90 percent of base case. Analyzing the total differential reveals that

outflows are reduced 12,000 af due to the direct effect of technology adoption.

Technology adoption accounts for a change in outflow between 12,000 af and 93,000 af

when surface water deliveries range between 90 percent and 20 percent of the base case.
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Table 6.2.8 Change in Agricultural Outflow
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Water Percent of base case surface water available
Category 100 90 80 70 60 50 40 30 20

(tat) (tat) (tat) (tat) (tat) (tat) (tat) (tat) (tat)
Agricultural water deliveries.

Surface water 394 355 315 276 236 197 158 118 79
Ground water 66 66 66 66 66 66 66 66 66
Total water 460 421 381 342 302 263 224 184 145

Forecast of ETc with the technology adopri on feature:
ETc 414 387 358 327 293 261 221 178 134

Outflow 46 34 23 15 9 2 3 6 11
Outflow as a
percent of base 100% 74% 50% 33% 20% 4% 7% 13% 24%
case
Change in
outflow -12 -23 -31 -36 -44 -43 -40 -35
Total differential of the change in outflow:

Ag. Deliveries -39 -79 -118 -158 -197 -236 -276 -315
Technology 12 25 38 56 70 80 87 93
Land Use -39 -81 -125 -178 -223 -273 -323 -374
Total -12 -23 -31 -36 -44 -43 -40 -35

The percent of base case outflow is heavily influenced by reductions in surface

water deliveries due to the fact that the outflows are not large. When surface water is 90

percent of the base case, agricultural outflows are 74 percent of base levels. When

surface water deliveries are 50 percent of base levels, agricultural outflow is only 4

percent of the base case. The relationship between the percent of inflow reduction and

the percent of base case outflow is important for policy makers attempting to measure the

impact of surface water reductions on the wildlife refuges.

It is beyond the scope of this project to estimate an environmental value to

agricultural outflows. However, a quick evaluation of the requirements of the wildlife

refuges helps ascertain whether the volume of the differences in outflow may have

environmental benefits, specifically to the wildlife refuges. Assuming 2 acre feet of
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water are required per acre to maintain habitat, a change in outflow between 12,000 af

and 24,000 af increases habitat between 6,000 and 12,000 acres. The combined acreage

of Lower Kiamath Lake and Tule Lake National Wildlife refuges is approximately 65,000

acres, therefore these differences in outflow would constitute between 9 percent and 19

percent of total potential wildlife habitat.

The results reported here can help policy makers understand the repercussions of

reducing agricultural water deliveries on downstream users. Up to this point in the

research the water allocation method used to generate results has been a proportional

reduction among all agricultural modeling units. The next section analyzes the model's

forecast of the difference in profit, resource use, return flow and agricultural outflow

under four allocation methods.

6.2.3 Allocation Method Differences

Currently, the U.S. Bureau of Reclamation (USBR) allocates water according to a

prior appropriative property rights methodology. Seniority is designated by an alphabetic

classification. In descending order of priority the designations are A, B and C. The other

three allocation methods analyzed in this section are a proportional method and two

market allocation scenarios. The first market method allows trading of the farmer's

appropriated quantity of surface water. The second market method limits trading, via a

quantity 'tax', to ETc. Summary results of the allocation method's effect on profit, land

use, ETc and outflow are presented first, followed by a quantification of the positive

externality caused by the 'tax' under the restricted market allocation method. Lastly, the



effect on profit by state and the volume of imports and exports across the state line are

quantified.

Before analyzing the results of the four different water allocation scenarios a

description of the specifics of each allocation method is in order. Figure 6.2.10 shows the

reduction required by A, B and C users to meet a reduction in the total water endowment.

The Y axis shows the reduction in surface water endowment by priority use right. The X

axis shows the reduction in total surface water. For example, if the A, B and C users

receive 100, 50, and 0 percent of their full water endowment respectively, the total

surface water endowment to the Project is approximately 82 percent of base case. The

key feature of this allocation method is the complete curtailment of deliveries to the

junior (B and C) users before reducing the supply to the senior (A) users.

The second allocation method is easily modeled as an equal, proportional

reduction in water endowments across all modeling units. The third and fourth scenarios

are variations on a water market. The third allocation method is an unrestricted market

where willing buyers and sellers trade applied water. The fourth allocation method

imposes the restriction that the seller trade their consumed quantity, i.e. their ETc.
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Figure 6.2.10. Required Reduction in Surface Water by A/B/C Priority Right
Holders Needed to Affect a Total Reduction in Surface Water
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6.2.3.1 Effects Of Allocation Methods On Total Profit, Resource Use And
Agricultural Outflow

Since the current allocation method in the Project is the A/B/C allocation method

the analysis compares the difference in the percent of base case results between the A/B/C

allocation method and all three alternative allocation methods. The three alternative

allocation methods are the proportional and two market allocations. Figure 6.2.11 shows

the difference (in percentage points) between the percent of profits, land, ETc and

agricultural outflow when water is allocated according to the A/B/C priority use right and

the three other allocation methods. In each of the four graphs, forecasts plotted above the

X axis represent a higher percent of base case use than the percent of base case use under

the A/B/C allocation method.
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The unrestricted market allocation method supports the highest profit levels.

When surface water is 60 percent of the base case, the percent of base case profit is 16

percent higher using an unrestricted market to allocate surface water than the A/B/C

priority right method. At the same level of base case water, the restricted market and the

proportional method produce the second and third highest percent of base case profit.

The difference curves are steepest between 80 and 60 percent of base case water because,

under the AJBIC water allocation method each junior user suffers a total reduction in

available surface water prior to a senior user suffering any loss at all, thereby removing

the highest quality B and C land from production before removing marginal A land.

Below 60 percent of available surface water, the A users begin to experience supply

reductions, causing relatively small initial marginal reductions to profits, reducing the rate

at which profits decrease.
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Figure 6.2.11 Difference in the Percent of Base Case Between A/B/C Allocation and
the Proportional, Unrestricted Market and Restricted Market Allocation Methods
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The proportional allocation method employs the highest level of land and nearly

always the highest level of ETc despite generating the third lowest level of profit. This is

due to the fact that the proportional method does not allow water to find the highest use

value across the project, but rather only the highest use within a modeling unit. The

introduction of water trades, whether restricted or not, allows water to find its highest

value use across the entire Project, so that fewer resources maintain higher profits as

surface water supplies are reduced. Both market scenarios use nearly the same amount of

land as the A/B/C allocation method, differing between one and two percent. However,

both market scenarios and the proportional method have higher levels of ETc than the

A/B/C allocation depending on the percent of base case surface water available.

Generally, all surface water allocation methods produce less agricultural outflow

than the A/B/C allocation method. This result is due to the fact that the A/B/C allocation

generates the least profit, thereby limiting investment in irrigation efficiency increases.

Of the three other allocation methods, proportional, restricted and unrestricted markets,

outflow is highest under the restricted market allocation method. As discussed in a

previous section, the 'tax' on the sale of water increases agricultural outflow so this result

was expected. An analysis of the impact of the third party impact on agricultural outflow

is presented in a subsequent section.

The above analysis reveals that any of the three alternative allocation methods

results in higher profits than the A/B/C method. However, all three methods require

higher levels of ETc at some point on the continuum of available base case surface.
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Therefore, in order to rank the four allocation methods in terms of efficient resource use it

is necessary to calculate the difference between profit per unit of ETc. Table 6.2.9 shows

the difference in the percent of base case profit per acre foot between the A/B/C

allocation and the other three allocation methods. A positive number indicates that the

percent of base case profit per acre foot is higher than under the A/B/C allocation. In

nearly every instance, the A/B/C method results in the lowest profit per acre of land

(except for the proportional method at 90 and 80 percent of water use when the two

methods generate the same profit per acre foot of ETc). The difference between the

percent of base case profit per acre foot of ETc between the unrestricted market and the

restricted market is negligible. Between 90 percent and 80 percent of base case surface

water the unrestricted market generates slightly higher profits. Between 70 percent and

20 percent of base case surface water the results are nearly equal.

Table 6.2.9 Per Acre Foot Percent Difference in Profits between AIBIC Allocation
Method and Proportional, Unrestricted and Restricted Market Allocation Methods

This analysis reveals that all of the allocation methods are superior to the AIB/C

methods and the two market methods are superior to either the A/B/C or the proportional

Allocation Method Percent of base case surface water available
90 80 70 60 50 40 30 20

(%) (%) (%) (%) (%) (%) (%) (%)
Profit per acre foot of ETc
Proportional 0 0 2 8 8 9 8 4
Market -
Unrestricted 4 3 5 12 12 12 11 1

Market - Restricted 2 2 5 11 12 13 12 1
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methods when evaluated in terms of return per acre foot of ETc. Because the profit per

acre foot of ETc is nearly the same between the restricted and unrestricted markets,

ranking the two requires quantifying the agricultural outflow. Recall that, due to the 'tax'

on the restricted market the outflow is higher than under the unrestricted market. The

next section analyzes this 'tax', or positive third party effect.

Recall that use of the water tax avoids third party impacts, but there is an

additional gain because of the increase in agricultural outflow. Table 6.2.10 shows the

analysis of difference in evapotranspiriation (ETc), IE rates and stream flow between a

restricted and an unrestricted market. Base case water deliveries total 460,000 acre feet

(af) of water made up of 394,000 af of surface water and 66,000 af of ground water. The

ETc for the base case is 414,000 af of water. Subtracting the ETc forecast from total

irrigation supply results in an outflow forecast of 46,000 af. The base case project

irrigation efficiency rate is 90 percent.

Outflow differs from base case as a result of four effects: 1) a decrease from the

inflow reduction, 2) a decrease due to changes in land use and/or land fallowing, 3) a

decrease due to increasing irrigation efficiency and 4) in the case of a restricted market,

an increase in outflows due to the 'tax' (equal to Sg (i - IE_g) where the subscript g

refers to a seller and -g to a buyer of water). The first effect, a change in outflow due to

inflow changes, is easily calculated. The second two effects enter the outflow calculation

through a change in ETc. The last effect, due to the restricted market 'tax', is a function

of the volume of water traded in the market. Table 6.2.10 shows each of these effects for

each market under the heading of 'Total differential'.
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Table 6.2.10 Agricultural Return Flow - Restricted Versus an Unrestricted Water
Market

Outflow Percent of base case surface water available
calculation

100 90 80 70 60 50 40 30 20
Water deliveries: (taf) (tat) (tat) (tat) (tat) (tat) (tat) (tat) (tat)
Surface water 394 355 315 276 236 197 158 118 79
Ground water 66 66 66 66 66 66 66 66 66
Total water 460 421 381 342 302 263 224 184 145
Water use under the restricted market:
ETc 414 382 352 320 290 255 216 176 133
Outflow 46 38 29 22 13 8 7 8 12
lErate 90 91 92 94 96 97 97 95 92
Total differential:
Inflow -39 -79 -118 -157 -197 -236 -275 -315
Land use -40 -82 -127 -170 -222 -274 -326 -374
Technology 12 24 38 50 68 81 90 93
Positive 4
externality

4 5 5 6 4 2 1

Total difference
frombasecase -8 -17 -24 -33 -38 -39 -37 -34
Water use under the unrestricted
market:
ETc 414 378 353 325 292 258 222 183 138
Outflow 46 43 28 17 10 5 1 1 7
lErate 90 90 93 95 97 98 100 100 95
Total differential:
Inflow -39 -79 -118 -157 -197 -236 -275 -315
Land use -43 -79 -122 -173 -222 -278 -334 -370
Technology 7 18 34 51 66 87 103 93
Positive externality 0 0 0 0 0 0 0 0

Total difference
from base case -3 -18 -29 -36 -41 -45 -45 -39

Restricted higher (-i-) or lower (-) than unrestricted:
-4 1 5 3 3 6 8 5
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When surface water deliveries are reduced to 90 percent of base case the forecast

of the restricted market ETc is 382,000 af, generating 38,000 af of outflow. The 1E rate at

that level of surface water supply is 91 percent. Under the unrestricted market at that

level of surface water deliveries, the forecast of ETc is 378,000 af, generating 43,000 af

of outflow. The IE rate is unchanged from the base case. In this example the restricted

market returns 4,000 af less outflow than the unrestricted market. Forecasting less

outflow under a restricted market runs counter to the hypothesized outcome. In this

situation it occurs because the tax reduces trading volume and because the increased price

of water makes investment in irrigation efficiency more profitable than buying water. For

all other levels of surface water supplies, from 80 percent to 20 percent of base case, the

outflow under the restricted market is more than under the unrestricted market.

Despite the positive externality built into the restricted market the difference in

the forecast outflow between the two market allocation methods when surface water

supply is 80 percent or less of base case is not large, ranging between 1,000 af and 8,000

af. For example when surface water supply is 50 percent of base case the contribution of

the positive externality to market outflow is 6,000 af. The other effects are a decrease of

197,000 af due to inflow, a reduction of ETc of 222,000 af due to land use changes and a

68,000 af increase in ETc due to technology adoption. The positive externality does not

contribute substantially to the outflow because the imposition of the 'tax' reduces market

volume. Additionally, outflow is not substantially higher under the restricted market

because the higher market price of water brought on by the imposition of the 'tax'
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provides an incentive for farmers to increase efficiency rates above those generated under

the unrestricted market.

Table 6.2.11 shows the difference in the volume of transactions between the

restricted and unrestricted markets. Examination of Table 6.2.11 shows that the volume

of trade under a restricted market is much lower. As was stated above this is due to the

'tax' on trades in the restricted market. To understand the large disparity between the

volume of trade between the restricted and unrestricted markets it is helpful to understand

the size of the 'tax' that is equal to the inverse of the 1E rate. For example, if a farmer has

an JE rate of 70 percent the 'tax' they pay is 43 percent.

Table 6.2.11 Volume of Trade Under the Restricted and Unrestricted Markets

Market type Percent of base case surface water
90 80 70 60 50 40 30 20

(tat) (tat) (tat) (tat) (tat) (tat) (tat) (tat)

This section analyzed the change in profit, resource use and agricultural outflow

under four surface water allocation methods. The forecasts of profit per acre foot of ETc

revealed that either of the market allocation methods result in higher profit per acre foot

of water than traditional allocation mechanisms. The restricted market provides a slightly

higher agriculture outflow than the unrestricted market. Despite the fact that the

restricted market provides a positive externality by increasing agricultural outflows, the

forecast of the volume increase in outflow was relatively small due to the 'tax' on water

Restricted 14 15 18 18 22 23 18 11

Unrestricted 61 56 53 51 49 46 38 33
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traded. However small the third party impact the restricted market prevents negative third

party effects and for that reason is the superior to the unrestricted. The next section

analyzes the effect of reducing total surface water to the Project by state under the four

allocation methods.

6.2.3.2 The Effects Of Allocation Method On Profit By State

Results presented in this section focus on the impact by state of reductions in

profits arising from reduced surface water deliveries. How an allocation method affects

the level of farm profits by state when surface water deliveries are reduced is important to

state and county personnel responsible for forecasting changes to the local area tax base.

The effects of an A/B/C allocation method on profits by state and priority use are

shown in Table 6.2.12. In order to explain the forecast under the prior appropriative

A/B/C allocation method, the first column of Table 6.2.12 shows the percent of total

profit by priority use right and state. Twenty-nine percent of Project profits come from

California land. In both California and Oregon, the A users receive full surface water

deliveries until total surface water is 65 percent of base case. Nearly all of California

land is classified as an A priority and nearly all of the B land is in Oregon. Therefore,

California profits remain at a higher level than Oregon profits for the same percent of

surface water. For example, when surface water is 50 percent of base case, profit in

California is 83 percent of base case versus the profit in Oregon that is only 67 percent of

base case levels. Additionally, California B and C users maintain higher profit levels



than those in Oregon due to larger ground water supplies in California (California

Department of Water Resources).

Table 6.2.12 Percent of Base Case Profit by State and Priority Use Right under the
A/B/C Water Allocation Method
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Table 6.2.13. shows the effect of the proportional, unrestricted market and

restricted market allocation methods on profit by state. Notable is the relatively even

distribution of profits between the two states compared to the A/B/C allocation method.

The difference between the two state's profits under either market allocation method is

approximately 1 percent to 3 percent. The proportional allocation method leads to a

somewhat larger difference, particularly when water is 50 percent of base case and below,

ranging from a difference of 5 percent to 19 percent. As before, the disparity is due to

groundwater supplies in California.

State Priority
Use Right

Percent
of Total

Percent of base case surface water available

90 80 70 60 50 40 30 20
(%) (%) (%) (%) (%) (%) (%) (%) (%)

California A 25 100 100 100 97 92 87 80 74
B 1 90 75 53 38 38 39 39 39
C 3 17 17 17 17 17 18 18 18

Subtotal California 29 91 91 90 87 83 78 73 67

Oregon A 43 100 100 100 97 92 84 73 61
B 27 91 74 40 10 10 10 10 10
C 0 4 4 4 4 4 4 4 4

Subtotal Oregon 71 96 90 77 63 60 55 49 41
Total 100 95 90 81 70 67 62 56 48
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To further understand regional economic impacts that may occur under either

market scenario it is important to quantify the volume of water imports and exports

between the two states. Since the Klamath Project straddles the border between two

states it may be that one state is a net exporter of water. Although the water market

equates VMP across all users, an acre foot of water used in agricultural production may

generate more economic activity in the local economy due to multiplier effects than an

acre foot of water exported. It is beyond the scope of this study to predict the effect of

water scarcity on the regional economy. However, information on the volume of water

traded across states is reported in Figure 6.2.12.

Table 6.2.13 Percent of Base Case Profit By State under the Proportional,
Unrestricted Market and Restricted Market Water Allocation Method

Allocation State
Method

Percent of base case surface water available

90 80 70 60 50 40 30 20
(%) (%) (%) (%) (%) (%) (%) (%)

Proportional California 97 94 90 86 82 77 72 66
Oregon 97 93 88 82 77 69 59 47
Total 97 93 88 82 77 69 59 47

Market- California 101 96 91 83 75 69 66 61
unrestricted Oregon 97 94 90 87 83 77 67 53

Total 98 94 91 86 81 75 66 56

Market - California 98 94 89 86 78 71 67 62
restricted Oregon 97 93 89 85 80 73 64 50

Total 97 93 89 85 79 73 64 54



Initially, in both the unrestricted and restricted cases, California imports water.

However, as scarcity increases and the effectiveness of continued improvements in

irrigation technology decrease, Oregon becomes the net importer.

Figure 6.2.12. Volume of Trade by State
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Before concluding the analysis of results by state, the impact of groundwater on

profits should be discussed. Recall that California uses more ground water in production

than Oregon and that the two state's laws differ regarding the rights to ground water. If a

market allocation method is adopted there is potential for California farmers to sell

ground water to Oregon farmers. The sale would take the form of California farmers
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replacing surface water they sold to Oregon with ground water. This may or may not be a

desirable option. It affords the opportunity to adopt a conjunctive use plan that could

benefit all parties by augmenting supply. It also has potential for creating negative

externalities if one farmer's pumping decreases the supply of a neighboring farmer by

lowering the water table. At this time little is known about ground water supplies in the

Kiamath Basin. However, investigations are beginning in both states to understand

ground water supplies and these issues may become relevant at that time.

The analysis of results by state revealed that Oregon experiences a larger

reduction in profit than California under the AJBIC allocation method because the percent

of total land that is classified as A is larger in California than Oregon. Under all

allocation methods, California maintains a higher level of profit because of groundwater

supplies. Conceptually, the multiplier on the proceeds of a water sale is less than the

multiplier on agricultural production. Therefore, in the case of the two market allocation

scenarios, the regional Oregon economy would be disrupted less than the regional

California economy because California is a net exporter of water. In reality, most

economic transactions within the Kiamath Basin occur in the town of Kiamath Falls,

Oregon. Therefore, the market allocation methods may not provide less economic

disruption in Oregon despite the importation of water.



7 CONCLUSION AND EXTENSIONS

The objective of this research is to measure changes in on-farm profits,

agricultural production and water use patterns in the Kiamath Project under various water

supply and allocation mechanisms. Accomplishing the objective requires 1) the

development of an economic model of on-farm decision making, 2) utilization of the

model to simulate on-farm response (measured in terms of cropping pattern changes and

adoption of technological improvements in irrigation methods) to changes in surface

water supply and distribution mechanisms and 3) estimation of the quantity and location

of changes in water use and return-flows that occur as a result of the on-farm responses.

Combining a CES function for evapotranspiration with a quadratic land yield

function creates the yield function used in the on-farm decision making model. Positive

Mathematical Programming was used to generate parameter values for the coefficients of

the model. The model uses these coefficients to predict on-farm response to a range of

water endowments. An analysis of the model output conformed to knowledge of area

agriculture, regional soil types and irrigation technology.

Results show profit levels and resource use are concave with respect to the total

endowment of surface water. For example, when surface water supplies are 50 percent of

base case the percent of base case land in production and profit is 60 percent and 78

percent, respectively. This result is consistent with the findings of Adams and Cho who

also found Klamath Project farmers can mitigate potential economic losses due to

reductions of surface water with on farm management techniques. Specifically, the

118
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results of this analysis showed the potential for farmers to respond by changing cropping

patterns and/or increasing irrigation efficiency through the adoption of new technology.

The research demonstrated the importance of the role of technology adoption in

measuring basin wide water use. For example, ignoring technology adoption when

forecasting on-farm water use under decreasing total supplies of surface irrigation water,

results in forecasts of water use that are between 2 percent and 9 percent too low. Under

estimating agricultural water use in this way leads to unexpected reduction in critical in-

stream flows for endangered fish in the Klamath River. Furthermore, the analysis of

technology adoption revealed that farmers choose to maintain cropping patterns by

augmenting dwindling surface water supplies with adoption of more efficient irrigation

technology before switching to crops that have larger returns per acre foot of water. The

reductions of surface water supplies analyzed in this research were sufficiently severe that

eventually the model predicts changes in land use. However, at the low, initial level of

reductions of surface water, (approximately 10 percent) the model forecasts more changes

in ETc due to technology adoption than to a change in land use. Lastly, when including

technology adoption in the on-farm model, the percent reduction on surface water is not a

good predictor of agricultural return flow. For example reducing surface water supplies

by 50 percent virtually eliminates agricultural outflow (only 4 percent of base case). This

result is critical to understanding effects on habitat in the wildlife refuges, which depends

on return flows.

The measurement of on-farm response to changes in allocation methods support

the hypothesis that a restricted water market is superior to either an unrestricted market, a
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proportional reduction or the current A/B/C prior appropriation method. Both market

allocation methods generated higher total profit and profit per acre foot of water than the

other two allocation methods. The difference between the restricted and unrestricted

profit levels was negligible (within 1 to 2 percent). Additionally, the restricted market

avoids negative third party effects with the added benefit of providing slightly larger

agricultural outflows. The magnitude of the difference in the outflows was not large

(between 2,000 af and 5,000 af) due to the imposition of the 'tax'. The 'tax', calculated

as the inversion of the field level IE rate is relatively large, thereby depressing the trading

volume in the restricted market. The magnitude of the 'tax' suggests that the positive

third party impact of increased agricultural outflows will only be large if there is a large

disparity between the VMP of water within the trading region. This suggests that a

restricted water market within a somewhat homogeneous agriculture area may not

generate large trading volumes. Lastly, an analysis of the effect of Project water

reductions by state showed that California is impacted less than Oregon because of the

quantity of land classified as holding most senior (A) priority rights is greater in

California.

One unanticipated result occurred which may be an exception to the hypothesis

that the restricted market may be superior. In the range of 100 percent to 80 percent base

case water the unrestricted market is superior (barring any third party effects) in that

profits are higher and ETc is lower. ETc is lower in the unrestricted market than the

restricted market because potential sellers in the restricted market do not enter the market

until scarcity drives the price of water high enough to cover the cost of the 'tax'. Until

then, relatively less efficient crops remain in production. Assessing the trade-offs
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between the two market scenarios at this level of surface water availability depends on the

existence of third party effects. It is feasible that there would be no third party effects at

or around 90 percent of baseline surface water availability, because canal flows may be

large enough to avoid them. If this were the case an unrestricted market would be

superior to the restricted market.

Extensions to this work would include introducing uncertainty in the supply of

agricultural water. A common complaint among farmers in the Project is that the U.S.

Bureau of Reclamation's forecast of water availability occurs too late for farmers to act

upon, or the forecast is not realized, If the forecast of availability is incorrect, the

shortfall is most likely to occur late in the growing season as a curtailment of irrigation

water. Late season curtailments can be particularly damaging because it occurs during

critical phenological stages for many high valued crops. Inclusion of uncertainty requires

knowledge of the effects of stress irrigation on crop yield. Field trials are currently

underway in the Basin to begin gathering such yield data.

Other extensions would include creating a dynamic model that divides the

growing season into three or four time steps. In this way the model would introduce a

temporal step in addition to the spatial aspect that would serve to aid in understanding the

timing of water deliveries. Increasingly, as maintenance of critical habitat for fish and

wildlife has become a priority, the timing of water deliveries can be of equal or greater

importance than the quantity. Where there is conflict between the needs of agriculture

and the needs of fish and wildlife, a temporal model can address these issues.
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APPENDIX A NET RETURN PER ACRE AND PER ACRE FOOT OF EVAPOTRANSPIRATION

Table A. 1 Base case net return per acre by crop and region.
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Crop ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SMGRN
Region ($) ($) ($) ($) ($) ($) ($)

ADID 228 257
AREAK 228 52
CAIC 324 355 78
CALL 323 506 441 333 93
CAWR 323 257 408 189 355 333 78
COLR 323 408 355 93
EDIC 323 256
HID 322 256 188 268 77
KBID 323 257 189 355 203 78
KDD 134 256 104 52
KID 323 256 189 355 203 78
KIDFR 78
KIDGE 323 256
KIDTL 256 355 333 78
KIDWR 323 256 189 355
KRIC 323 256 78
LRIC 323 256 355 78
LVID 181 256 182 52
MDIC 323 256 355
MID 324 257 355 78
ORIC 323 256 355 203 78
PCNL 276 256 104 52
PDIC 323
PGID 323 256 78
PUBL 323
PVID 276 256
REFUGE 52
SPECC 256 78
SVID 323 257 355 104 78
lID 323 256 408 188 398 332 77
TIDD 324 257 355 78
TIDR 323 256 408 188 398 332 77
UKLC 228 256 355 52
VBDCC 322 355
VBDCO 323 256 355 281 78
WHTLK 52
Average 300 256 427 189 351 239 72
StdDev 49 0 44 0 49 97 13
Average! .16 n!a .10 nla .14 .41 .18
Std Dev



Table A.2 Base case net return per acre foot of crop evapotranspiration by crop and
region.
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Crop ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SM_GRN
Per acre ETc
requirement

2.7 2.6 2 2.9 1.7 2.2 1.8

Region ($) ($) ($) ($) ($) ($) ($)
ADID 109 99 0 0 0 0 0
AREAK 109 0 0 0 0 0 30
CAIC 154 0 0 0 209 0 45
CALL 154 0 253 0 260 151 53
CAWR 154 99 204 65 209 151 44
COLR 154 0 204 0 209 0 53
EDIC 154 99 0 0 0 0 0
HID 154 99 0 65 158 0 44
KBID 154 99 0 65 209 92 44
KDD 64 99 0 0 0 47 30
KID 154 99 0 65 209 92 44
KIDFR 0 0 0 0 0 0 44
JUDGE 154 99 0 0 0 0 0
KIDTL 0 99 0 0 209 151 44
KIDWR 154 99 0 65 209 0 0
KRIC 154 99 0 0 0 0 44
LRIC 154 99 0 0 209 0 44
LVID 86 99 0 0 107 0 30
MDIC 154 98 0 0 209 0 0
MID 154 99 0 0 209 0 45
ORIC 154 99 0 0 209 92 44
PCNL 131 99 0 0 0 47 30
PDIC 154 0 0 0 0 0 0
PGID 154 99 0 0 0 0 44
PUBL 154 0 0 0 0 0 0
PVJD 131 99 0 0 0 0 0
REFUGE 0 0 0 0 0 0 30
SPECC 0 99 0 0 0 0 44
SVID 154 99 0 0 209 47 44
TID 154 99 204 65 234 151 44
TIDD 154 99 0 0 209 0 45
TIDR 154 99 204 65 234 151 44
UKLC 109 99 0 0 209 0 30
VBDCC 154 0 0 0 209 0 0
VBDCO 154 99 0 0 209 128 44
WHTLK 0 0 0 0 0 0 30
Average 143 99 214 65 206 108 41
Std Dev 23 0 22 0 29 44 7
StdDev/ .16 n/a .10 n/a .11 .41 .17
Average



APPENDIX B SHADOW VALUES FOR THE CROP-SPECIFIC PMP CONSTRAINT

Table B.1 Shadow values for the crop-specific PMP constraint.
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Value Crop
ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SM_GRN

($Iacre) ($/acre) ($/acre) ($/acre) ($Iacre) ($/acre) ($/acre)
ADID 37
AREAK 148 10
CAIC 203 279 16
CALL 179 399 351 216 19
CAWR 203 142 319 60 279 235 16
COLR 179 302 264 19
EDIC 56
HID 203 142 60 193 16
KBID 1 203 142 60 279 105 16
KBID2 203 142 60 279 105 16
KBID3 203 141 60 279 105 16
KDD 53 179 39 10
KID 1 203 141 60 279 105 16
KID2 203 141 60 279 105 16
KID3 203 141 60 279 105 16
KIDGE 57
KIDTL 141 279 235 16
KIDWR1 147 87 244
KID WR2 147 87 244
KRIC 203 141 16
LRIC 1 203 141 279 16
LRIC2 203 141 279 16
LRIC3 203 141 279 16
LVID 101 179 132 10
MDIC 57 187
MID 203 141 279 16
ORIC1 203 141 279 105 16
ORIC2 203 141 279 105 16
ORIC3 203 141 279 105 16
PCNL 196 179 39 10
PGID 203 141 16
PVID 9
SPECC 141 16
SVID 203 141 279 6 16
TID 203 141 319 60 323 235 16
TIDD 203 141 279 16
TIDR 203 141 319 60 323 235 16
UKLC 148 179 304 10



Table B.1 Continued
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Value Crop

ALF_HAY IRR_PAS ONIONS OTHER POTATO S_BEETS SM_GRN

VBDCC
VBDCO

($Iacre)

203

($/acre)

141

($Iacre) ($Iacre) ($Iacre) ($Iacre) ($Iacre)
152

279 183 16
Average 171 139 332 60 268 132 16
Std deviation 56 27 39 0 46 74 1



APPENDIX C PARAMETER VALUES FOR THE EVAPOTRANSPIRATION CONSTANT ELASTICITY
OF SUBSTITUTION FUNCTION

Table C. 1 Parameter values for the ETc CES function

CROP REGION EFFICIENCY
PARAMETER

SHARE PARAMETERS
TECHNOLOGY WATER

ALF_HAY ADD
AREAK
CAIC
CALL
CAWR
COLR
EDIC
HID
KBID1
KBD2
!KBID3
KDD
KID1
KID2
KID3
KIDGE
KIDWR1
KID WR2
KRIC
LRICJ
LRIC2
LRIC3
LVID
MDIC
MID
ORIC1
ORIC2
ORIC3
PCNL
PDIC

0.6907876
0.4481963
0.5288437
0.5831589
0.5398229
0.5833576

0.722693
0.54112511
0.54075181
0.5446098
0.5288437
0.4472009!
0.5407518!
0.5446098
0.5288437
0.7227938
0.6309179!
0.6345023
0.5436231
0.5407518
0.5446098
0.5288437!
0.44445 34j
0.72296051
0 52884371
0.54075181
0.5446098!
0.5288437
0.4472009

0.758756

30

0.04 8 0.3092124
0.04 8 0.55 18037
0.047 0.471 1563i
0.048 0.4168411
0.048 0.4601771
0.048 0.4166424
0.04 8 0.277307
0.04 8 0.4588749
0.048 0.4592482
0.04 8 0.45539021
0.047 0.4711563
0.04 8 0.5527991
0.048 0.4592482
0.048 0.4553902
0.047 0.4711563
0.048 0.2772062
0.04 8 0.3690821
0.04 8 0.3654977
0.04 8 0.4563769
0.048 0.4592482
0.0481 0.4553902
0.047 0.47115631
0.048 0.5555466
0.04 8 0.2770395
0.047 0.4711563
0.04 8 0.4592482
0.04 8 0.4553902
0 047 0.4711563
0048 0.5527991
0.04 8 0.24 1244



Table C. 1 Continued

ALF_HAY PUBL
PVID
SVID
TID
TIDD

ITIDR
UKLC
VBDCC
VBDCO

IRR_PAS ADD
CAWR
EDIC
I-liD

KBID1
KBID2
KBID3
KDD
KID1
KID2
KID3
KIDGE
KIDTL
KIDWR1
KID WR2
KRIC
LRIC1
LRIC2
LRIC3
ILVID
MDIC
MID
01UC1
iORIC2
ORIC3
PCNL
PGID
PVID
SPECC

0.7595358
0.7197461
0.5291219
0.5400651
0.5288437
0.5400651
0.4472009
0.7595446
0 5446098
0 62742931
0.46929611
0.6626798
0.4706021
0.4702277

0.474102;
0.4598885;
0.38156261
0.4721191
0.4761121;

0.4598885;
0.66361981

0.471 i61
0 564339211

0.5682072
0.47508931
0.4721191

0.476112
0.4598885

0.37856
0.6636647
0.4598885
0.4721191

0.4761121
0.45988851
0.3815626

0.4761121

0.66017851
0.476112

1131

CROP REGION EFFICIENCY SHARE PARAMETERS
PARAMETER TECHNOLOGY J WATER

0.048 0.2404642
0.048 0.28025391
0.048 0.47087811
0.048 0.4599349
0.047 0.4711563
0.04 8 0.459934
0.048; 0.55279911
0.04 8 0.2404554
0 048 0.4553902
0.064 0.3725707
0.064 0.5307039
0.064 0.3373202
0.065 0.5293979
0.064 0.5297723
0.064 0.525898
0.064 0.5401115
0.064 0.6184374
0.064 0.5278809
0.064 0.523888
0.064 0.5401115
0.064 0.3363802
0.064 0.52884
0.064 0.4356608
0.064 0.4317928
0.064 0.52491071;
0.064 0.52788091
0.064 0.523888
0.064 0.5401115;
0.064 0.62144
0.064 0.3363353
0.064 0.54011151,
0.064 0.5278809
0.064 0.523888
0.064 0.5401115
0.064 0.61843741;
0.064 0.523888
0.064 0.3398215
0.064 0.523888



Table C. 1 Continued

CROP IREGION

IRR_PAS SVID
TID
:TIDD
TIDR
UKLC
VBDCO

EFFICIENCY
PARAMETER

0.064
0.064
0.064
0.064
0.064
0.064

T1DR
POTATO CAIC

CALL
CAWR
COLR
KBID1
KBID2
KBI1D3

KD1
:KID2
KID3
KIDTL
KIDWR1
KID WR2
LRIC 1

LRIC2
LRIC3

0.005 0.4725139 0.52748611
0.005 0.5165114 0.4834886
0.005 0.4723101 0.5276899
0.005 0.5162679 0.4837321
0.005 0.5162679 0.4837321
0.014 0.4478538 0.5521462
0.014 0.4469291 0.5530709
0.014 0.4430898 0.5569102
0.014 0.4587889 0.5412111
0.014 0.4469291 0.5530709

0.4430898 0.5569102
0.4587889 0.5412111
0.3575823 0.6424177

0.354047 0.645953:

0.4476127 0.5523873
0.4476127, 0.5523873

0.797385911

0.2026141E

0.7594714 0.24052861
0.790163 1 0.2098369
0.759322 0.240678

0.7895423 0.2104577
0 7869476 0.2130524
0.7973859 0.2026141
0.7895423 0.2104577:
0.7869476 0.21305241
0.7973859 0.2026141
0.790163 1 0 2098369
0.7209908 0.2790092
0.7178775 0.2821225
0.7895423 0.2104577
O.7869476 0.2130524
0.7973859 0.2026141

0.014
0.014
0.014
0.014
0.014
0.014
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004
0.004!
0.004
0.004
0.004
0.004
0.004
0.004
0.004

SHARE PARAMETERS

0.523888. 0.476 1 12

32

TECHNOLOGY WATER
0.5403667 0.4596333
0.5290633 0.4709367
0.5401115 0.4598885
0.5290633 0.4709367
0.6184374 0.3815626

ONIONS CALL
CAWR
COLR
T1D

TIDR
OTHER CAWR

KBID1
KBID2
KBID3
KID1
KID2
KID3
KIDWR1
KID WR2
TID



Table C. 1 Continued
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CROP REGION EFFICIENCY SHARE PARAMETERS
PARAMETER TECHNOLOGY 1 WATER

POTATO !LVID 0.004 0.8466605 0.1533395
MDIC 0.004 0.6286299 0.371370 1
MID 0.004 0.7973859 0.2026141
ORIC 1 00O4 0.7895423 0.2104577
ORIC2 0.004 0.7869476 0.2130524
ORIC3 0.004 0.7973859 0.2026141
SVID 0.004 0.7972054 0.2027946
TID 0.004 0.7900014 0.2099986
TIDD 0.004 0.7973859 0.2026141
TIDR 0.004 0.7900014 0.2099986
VBDCC 0.004 0.5830616 0 4l69384.
VBDCO 0.004 0.7869476 0.2130524',

S_BEETS CALL 0.009 0.4539695 0.5460305
CAWR 0.009 0.49787 0.50213
KBID1 0.009 0.496935 0.503065
KBID2 0009 0.4930491 0.5069509'
KB ID 3 0.009 0.5089007 0.4910993
KDD 0.009 0.5897898' 0.4102102
KID1 0.009 ft496935 0.503065

D2 0.009 ft4930491 0.5069509
KID3 0.009 0.5089007 0.4910993
KIDTL 0.009 0.49787 0.50213
ORIC 1 0.009 0.496935 0.503065
ORIC2 0.009 0.493049 1 0.5069509
ORJC3 0.009 0.5089007 0.4910993
PCNL 0.009 0.5897898' 0.4102102
SVID 0.009 0.5086217 0.4913783
TID 0.009 ft4976263 0.5023737
ITIDR 0.009 0.4976263 05023737
VBDCO 0.009 0.4930491 0.5069509

SM_GRN AREAK 0.053 0.6317163 0.3682837
CAIC 0.053 0.5538214 0 446 1786'l
CALL 0.053 0.4989678 0.50103221
CAWR 0.053 0.5428933 0.45710671
COLR 0.053 0.4987634 0.5012366
HiD 0.054 0.54159 19 0.4584081:

KBID1 0.053 0.5419651 0.4580349



Table C. 1 Continued

BID3
KDD
KID1
KID2
KID3
KIDFR
KIDTL
KRIC
LRIC 1

LRIC2
LRIC3
LVID
MID
ORIC1
ORIC2
ORIC3
PCNL
PGID
REFUGE
SPECC
SVID
TID
TIDD
TIDR
UKLC
VBDCO

IWHTLK

0.053
0.053
0.053
0.053
0.053

0.053
0.053
0.053
0.053
0.053
0.053
0.053
0.053t
0.053
0.053
0.053
0.053
0.053
0.053

0.053
0.053
0.053
0.053

0.053
0.053
0.053

i 34

CROP REGION EFFICIENCY SHARE PARAMETERS
PARAMETER TECHNOLOGY WATER

SM GRN EKBID2 ft053 0.5381037: 0.4618963
0.5538214: 0.4461786
0. 63 2 65 24 0.3673476
0.54 1965 1 0.4580349
0.5381037 0.4618963
0.5538214 0.4461786
0.538 1037 0.4618963
0.5428933 0.4571067
0.5390922; 0.4609078
0.5419651 0.4580349
0.5381037i 0.4618963
0.5538214 0.4461786

0.635233 0 364767
0.5538214 0.446 1786
0.541965 1 0.4580349
0.5381037 0.4618963;
0.5538214 0.4461786
0.6326524i, 0.3673476:
0.5381037 04618963
0.6326524 0.3673476
0.5381037 0.4618963
O.5535454 o 4464546
0.5426514 0.4573486
0.5538214 0.4461786
0.5426514 0.4573486
0.6326524 0.3673476
0.5381037 0.4618963
0. 63 265 24 0.3673476



APPENDIX D PARAMETER VALUES FOR THE QUADRATIC YIELD FUNCTION

Table D. 1 Parameter values for the quadratic yield function

ALF HAY ADID
AREAK
CAIC
CALL
CAWR
COLR
EDIC
HID
KBID1
KBID2
KBID3
KDD
KID1
KID2
KID3
KIDGE
KIDWR1
K1DWR2
KRIC
LRIC1
LRIC2
LRIC3
LVID
MDIC
MID
ORICI
PRIC2
ORIC3
.PCNL
PDTC

PGID
PUBL
PVID
SVID
TID

135

INTERCEPT SLOPE
5.48 2.19
6.73 0.96
8.40 18.45
8.20 3.08
8.40 3.98
8.20 16.891:

7.16 5.86
8.40 0.31
8.40 3.56
8.40 0.86
8.40 1.93
4.73 0.29
8.40 1.05
8.40 029
8.40 0.84
7.16k 41.53
7.931 470.72
7.931 41.03
8.40 5.79
8.40 4.27
8.40 9.78
8.40 3.04
573 0.19
7.16 5.03
8.40 2.83
8.40 8.12
8.40 1.72
8.40 6.47
773 4.85
6.68 1.30
8.401 4.59
6.68 136.16
6.16 5.52
8.40 1.99
8.40 21.40

CROP REGION



Table D. 1 Continued
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[cROP REGION INTERCEPT SLOPE

±X_ TIDD 8.40! 3.891
TIDR 8.40 3.98
UKLC 6.73 24.41

TVBDCC 6.68 17.02
VBDCO 8.40 1.92!

IRR PAS ADID 11.77! 8.22
CAWR 13.59 10.25
EDIC 11.12! 16.94
HID 13.58 2.78!
KBID1 13.59 12.00J
KBID2 13.59 2.89!

KB1D3 13.58 648
KDD 14.24 0.67
KID1 13.57 1.88.
KID2 13.57 O.52
KID3 13.58 1.51!.

KIDGE 11.12 372.39
KIDTL 13.57 39.69
KIDWR 1 12.63 239.55:
KID WR2 12.63 20.88
KRIC 13.57 2.85
LRIC1 13.57 10.67
LRIC2 13.57 24.40!
LRIC3 13.58 7.60:

ILVID 14.24 0.51
MDIC 11.12 6.37!,

MID 13.58! 12.82!
ORIC1 13.57! 27.53
ORIC2 13.57! 5.82
ORIC3 13.58! 21.98
PCNL 14.241 471
PGID 13.57! 13.94
PVID 11.12 0.44
SPECC ! 13.57 26.84
SVID 13.58 17.89
TID 13.57 4.03!
TIDD 13.58 8.34
TIDR 13.57 10.21!



Table D. 1 Continued

IRRPAS UKLC
;VBDCO

ONIONS CALL
CAWR
COLR
TID
TIDR

OTHER CAWR
HID
1(BID1
KBID2
KB ID 3

KID1
KID2
KID3

IKJDWR1
KID WR2
TID
TIDR

POTATO CAIC
CALL

COLR
HID
KBID1
KBID2
KBID3
KID1
KID2
KID3
KIDTL
KIDWR1
KID WR2
LRIC 1

LRIC2
LRIC3
LVID
MDIC
MID

14.24
13.57
26.30
24.44
24.30
24.44
24.44

3.08
3.08
3.08
3.08
3.08
3.08
3.08
3.08
2.95
2.95
3.08
3.08

24.41
26.27
24.41
24.27
22.4 1

24.41
24.41
24.41
24.41
24.4 1

24.411
24.4 1

24.09
24.09
24.41
24.41
24.41
20.64

24.41

1.17!

5.101

13.52!

53.82:
41.24

3.49
53.81
25.92
17.91

44.10
10.62.

23.93!
18.01

4.97
l4.46
91.83
7.98
0.27

25.89,
79.36

1.46
48.74
14.87
12.05
69.81
16.82
37.83

9.02
2.49
7.23
4.60

457.78
39.93
34.16!
78,16
24.29
10.27
60.88

4.16

137

CROP REGION INTERCEPT SLOPE



Table D. 1 Continued

CROP
POTATO

S_BEETS

SM GRN

138

REGION INTERCEPT SLOPE
ORIC1 24.41 64.57
ORIC2 24.41 13.65
ORIC3 24.41 51.50
SVID 24.41 2.84
TID 25.41 0.56
TIDD 24.41 28.441
TIDR 25.41 55.87
UKLC 24.64 7.19
VBDCC 23.23 37.09
VBDCO 24.41 11.371
CALL 30.88 7.54.
CAWR 31.2 26.43
KBID1 25.81 153.35
KBID2 25.81 36.93
KBID3 25.81 83.11
KDD 22.24 2.05
KID1 25.81 11.34
KID2 25.81 3.13
KID3 25.81 9.10

IKIDTL 31.21 66.90
ORIC1 25.81 57.l41

JORIC2 25.81 12.081
ORTC3 25.811 45.59
PCNL 22.24 5.361
SVID 21.701 3.34
TID 31.20 1.06
T1DR 31.20 220.16
VBDCO 29.051 24.73
AREAK 0.03
CAIC 2.90 2.49
CALL 3.08 0.02
CAWR 2.90 0.48
COLR 3.08 0.241
HID 2.9th 0,30
KBID1 2.90 1.31
KBID2 2.90 0.31
KBID3 2.90 0.71
KDD 2.601 0.0 11



Table D. 1 Continued

CROP
SM GRN
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REGION INTERCEPT SLOPE
KID 1 2.90 0.19
KID2 2.90 0.05;
KJD3 2.90 0.15
KIDFR 2.90 2.47
KIDTL 2.90 0.21:
KRIC 2.90 0.52
LRIC 1 2.90 4.27
LRIC2 2.90 9.75
LRJC3 2.90 3.05
LVID 2.60: 0.15
MID 2.90 o.ii
ORIC 1 2.90 2.27
ORIC2 2.90 0.48
ORIC3 2.90 1.82
PCNL 2.60 0.15
PGID 2.90 1.51
REFUGE I 0.05
SPECC 2.90 0.69
SVID 2.90 0.13
TID 2.90 0.01
TIDD 2.90 0.75
TIDR 2.90 0.47
UKLC 2.60 0.03
VBDCO 2.90 0.21j
WHTLK 2.60j 0.08.
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