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ABSTRACT 

The purpose of this dissertation is to derive a 

production possibilities curve illustrating alternative 

choices of agricultural production and rural environmental 

quality for the Willow Creek area of the Columbia Plateau in 

Oregon. The research was done as a supplement to the USDA 

Oregon Rivers Cooperative River Basin Nonpoint Pollution 

Study. The dissertation is primarily a methodology which 

can be expanded to address similar trade-offs between con

flicting goals. 

The study initially presented a methodology for mea

suring environmental quality. A hierarchical structure was 

introduced which allowed goals and sub goals to be measured 

in order of their importance. Linkages among these differ

ent goals were also defined. Then a preference function was 

introduced so that goals could be related to preferences or 

values. Technical indicators were used to measure how well 

different practices achieve various goals. Finally a model 

was developed which maximized the level of environmental 

quality subject to various profit constraints. The model 

used mathematical programming to develop a production pos

sibilities fontier giving various choices of economic pro

duction and environmental quality. 

x 



CHAPTER 1 

INTRODUCTION 

The purpose of this dissertation is to derive a 

production possibilities curve illustrating alternative 

choices of agricultural production and rural environmental 

quality for the Willow Creek area of the Columbia Plateau 

in Oregon. The results of this study can be used to deter

mine optimal combinations of agricultural practices to 

improve environmental quality in the area. The research 

has been done as a supplement to the USDA Oregon Rivers 

Corporative River Basin Nonpoint Pollution Study. The 

theoretical framework is addressed first and then the 

results for the Willow Creek are presented. 

The administration of water resources addresses 

an intricate problem involving multiple, controversial 

objectives and efforts. While there are numerous, sys

tematic approaches for water resources planning, none are 

fully acceptable. In some cases, physical facts alone 

are used as evaluative measures. No analysis is made of 

the relationship between human values or perceptions and 

the physical characteristics. For example, a controversial 

problem in arid regions is land subsidence due to 

1 



groundwater withdrawals. It is suggested that if the land 

subsides 10 meters at the basic center that this provides 

a direct indicator of human values. Fortunately, there is 

no systematic relationship between the distance the land 

surface sinks and human values. Enlightened decision making 

requires the merging of information on human values with 

physical facts. Methodologies must incorporate the value 

and perceptual process into the decision process. Then 

decisions among alternative proposed actions can be made 

more wisely in order to merge physical and value informa

tion. The real system is measured or evaluated by tech

nical indicators. These technical indicators are then 

translated into value indicators to determine appropriate 

policy. 

The objective of this dissertation is to develop 

and apply such a methodology. First a methodology for 

evaluating the level of environmental quality will be 

presented. Environmental goals will initially be deter

mined and their relationship to environmental quality will 

be analyzed. Once the goals have been identified, the 

relative importance of the various goals and goal compon

ents will be assessed. This assessment is accomplished 

empirically by developing preference functions which re

lates goals to values. Obviously some goals are more 

important than others and it is necessary to provide 

2 



decision makers with information on the relative importance 

of various goals. Once this has been accomplished, common 

farming practices of the Willow Creek area will be de

scribed. The effects of the farming practices on erosion, 

land productivity, and other aspects of the environment 

will be analyzed. A linkage will then be made between 

these farming practices and their effects on environmental 

quality. The costs of the farming practices will also 

be analyzed as well as their effect on profits. Thus de

cision makers will have information on various farming 

practices and their impact on environmental quality and 

profits. 

Principles and Standards 

The Principles and Standards (U.S. Water Resources 

Council, 1973) was the official government policy with 

respect to water resources planning and development. 

(The Water Resource Council of 1973 was replaced by the 

Water Resource Council of 1980.) The Principles and 

Standards defined the national objectives for the use of 

water and related land resources, and provides guidance 

with respect to how to measure beneficial and adverse 

effects. It emphasized two coequal objectives in water 

planning: national economic development (increased pro

duction of goods and services) and environmental quality 

3 



(the enhancement of physical, ecological, and aesthetic 

characteristics). Problems exist, however, in the latest 

Principles and Standards, in measurement methodologies, 

particularly in the measurement of qualitative variables, 

in assessing the relationship between measured variables 

and value (i.e., how to assess the value of a change in 

the mileage of wild and scenic rivers)~ and in aggregat

ing the various beneficial and adverse effects into an 

overall measure of benefit, (i.e., in determining the 

value trade-offs among the various measures). 

A systematic way of structuring the consider

ations involved in decision making and evaluation is needed. 

This would improve the planning or decision making pro

cess by allowing the decision maker to properly integrate 

the different components of a complex problem. This is 

the thrust of the research effort. 

Justification 

Benefit-Cost Analysis 

The benefit-cost ratio has been the traditional 

economic tool for determining the desirability of various 

projects and policies proposed by the government. The 

economic costs and benefits are listed in monetary terms. 

A project is determined feasible if the anticipated 

4 



monetary benefits exceed the expected monetary costs, or 

in other words, if the benefit cost ratio is greater than 

one. 

Benefit-cost analysis is most effective when all 

the benefits and costs of a project or policy implemen

tation can be estimated and easily formulated in monetary 

terms. Unfortunately, this is frequently not the case and 

estimating expected costs and benefits is a time consuming 

and often inexact process (Kruti11a and Fisher 1975). 

Because of these limitations of the traditional approach, 

the majority of environmental benefits and costs have not 

been computed. In the past, environmental-economic trade

off analyses have traditionally involved only estimated 

costs involved in meeting various physical and biological 

standards related to improving environmental quality. 

More information regarding the various trade-offs between 

economic and environmental costs and benefits is necessary 

to assist decision makers in evaluating the desirability 

of one proj ect over another. 

Methodologies are available that provide needed 

information to the decision maker through tools for inte

grating the "hard to quantify" benefits and costs into 

the process of evaluating the economic feasibility of a 

project. One such methodology is the Quantified Evaluation 

for Decisions (Q.E.D.) (Gum et a1. 1982) which is based on 

5 
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the work of the Technical Committee of the Water Resource 

Centers of the Thirteen Western States (Technical Committee 

1974). Q.E.D. allows for the consideration of multiple ob

jectives and is effective in evaluating non-monetary objec

tives such as environmental quality. Thus in the water 

resources planning process, it is possible to provide tools 

that assist in the measurement of qualitative or subjective 

variables that structure the value trade-offs from various 

perspectives. 

This dissertation will integrate Q.E.D. with an 

economic model to generate a production possibilities 

frontier analysis of the trade-off between economic pro

duction and environmental quality. Chapter 2 will intro

duce methods to measure environmental quality and explain 

Q.E.D. Chapter 3 will determine how the preference 

weights for the environmental goals are established. 

Chapter 4 will present the theoretical framework of the 

model, and Chapter 5 will analyze the results. 



CHAPTER 2 

ENVIRONMENTAL QUALITY 

There is an ever increasing need for the 

development of tools to analyze economic-environmental 

trade-offs. The public has become more concerned about the 

quality of the environment and more critical of governmen

tal accountability and efficiency. Current federal legisla

tion reflects these new interests of the general public. 

Environmental quality evaluations are required under the 

Water Resources Council's Principles and Standards, the 

Resource Conservation Act (RCA), the Resource Planning Act 

(RPA) , and for Environmental Impact Statements (EIS). 

Various governmental programs are now evaluated on a wide 

set of criteria in order to provide policy makers with 

information on the achievement or lack of achievement of 

various societal goals and objectives, with special emphasis 

on the quality of the environment. 

Rural Environmental Quality 

There has been increasing concern over 

environmental consequences that are directly or indirectly 

related to agricultural production. Some undesirable con

sequences include erosion of prime agricultural land, 
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groundwater pollution, fish kills due to pesticide 

application, destruction of aquatic habitat from sedimenta

tion, near extinction of some mammalian species due to land 

use changes, and desertification due to overgrazing. Be

cause of this concern over these negative environmental 

consequences, government programs have been introduced to 

improve environmental quality in rural areas. To evaluate 

the success or failure of these government programs in im

proving rural environmental quality, it is initially nec

essary to comment on the interaction of the rural environ

ment with agricultural production systems. 

A simple diagram which relates rural environmental 

quality with agricultural production systems is presented 

in Figure 1. This figure illustrates the interrelationship 

between agricultural production and environmental quality. 

Agricultural production will effect the ecosystem and the 

resource base (which in turn effects future agricultural 

production), and also human values or human goals. The 

ecosystem affects agricultural production as well as is 

affected by it. The ecosystem also has an effect on the 

achievement of human values or goals. From this illustra

tion the trade-off between agricultural production and 

environmental quality becomes apparent. It is these trade

offs which this dissertation will attempt to measure. 

These trade-offs will obviously have impacts on human 



Resource Base 

Ecosystem 

Agricultural Production 

Achievement of 
Human Values 

Figure 1. General System 
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values and must be evaluated in terms of their impacts on 

these human values rather than in physical terms. 

The Decision Process 

10 

Decisions are made when information is fed into the 

system on the achievement of human goals which are termed 

value indicators. These value indicators impact the physi

cal, biological, or social systems which are described as 

the real systems. 

It is 'of critical importance not to use technical 

indicators alone for the decision making process. If this 

is done, serious aberrations can occur in the decision 

process. The physical characteristic has no value in and 

of itself. It is only appropriate as a technical indicator. 

For example, gross sedimentation, a physical characteristic, 

could be used as a measure of water quality. By itself, 

however, it is not an adequate measure of water quality. 

Factors such as habitat types, particle size distribution 

of sediment, and timing of sedimentation events must be 

considered in physically or biologically describing the 

environment impact of sediment. Furthermore, human values 

related to the maintenance of land productivity, the aes

thetics of a water system, and wildlife habitats need to 

be considered explicitly in managing sedimentation. If 
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these are ignored, then decisions based entirely on ~hysical 

characteristics may not bring about desired goals. 

Government decision making demands that human values 

be considered in the selection process of alternative poli

cies. The consideration of only physical facts is inappro

priate as an evaluative measure. While scientists emphasize 

the importance of hard physical facts, this is inappropriate 

for decision making which is related to achievements of 

human goals. 

Two important tools have been used by government 

decision makers to assist them in making value decisions. 

Cost-benefit analysis has provided decision makers with 

quantified information on the economic values of proposed 

actions or projects. Environmental Impact Statements have 

provided descriptive information on the biological and 

physical impacts of proposed projects. Unfortunately to 

determine policy, many decision makers subjectively esti

mate human values on physical and biological impacts. 

Some have turned to hypothetical markets for the environ

mental grade and attempted to measure value in monetary 

units. Cost-benefit analysis requires the conversion of 

all values into monetary measures. With multiple objective 

planning, the development of nonmonetary indices is more 

appropriate. The multiple objective planning approach and 

Q.E.D. is the approach of this dissertation. Economic 
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development and environmental quality are the two 

objectives which will be pursued. Traditional economic 

measures will be used for economic development while an 

environmental quality index will be introduced to measure 

the quality of the environment. Because of the quantitative 

measures of environmental quality impacts, trade-offs be

tween the two effects can be evaluated. The next step is 

to develop an environmental quality index. 

Index of Environmental Quality 

To determine the level of environmental quality, it 

is necessary to measure its overall quality. A number of 

concepts will be introduced to assist in this process. 

The concepts are goals, subgoals, technical indicators, and 

plans. These concepts are organized into a hierarchial 

structure where information from lower levels is aggregated 

to form information for the higher levels of the hierarchy. 

The general structure of the system is displayed in Figure 

2. 

Several rules are followed with respect to 

structuring these goals and subgoals (Gum 1974). These 

include: 

1. The structure should be dendritic moving from the 

prime goals, through the subgoals to specific 

technical indicators; 
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2. The structure of goals, subgoals, and technical 

indicators should be nonoverlapping in nature, but 

each may appear in more than one place in the over

all structure; 

3. Each of the individual subgoals listed in anyone 

category should be independent within that category; 

4. All the p0ssible components of a goal or subgoal 

should be listed; and 

5. Because it has been estimated that individuals can 

judge simultaneously only six or seven items at one 

time (Schimpeler 1967, p. 146), the maximum number 

of subgoals in anyone category should be limited 

to six or seven. 

Now that the hierarchial structure has been 

introduced it is necessary to further elaborate on some 

definitions and linkages throughout the system. "Goals are 

positive attributes or characteristics for which individuals 

or society strive. While word stated, they are generally 

beyond precise meaning, and broad enough so that unanimity 

of acceptance is achieved for each goal." (Technical Com

mitee 1974, p. 3). A goal is a more general concept than 

an objective which is associated with a specific project or 

action. The goals in this paper are limited to environmen

tally related goals and economic goals. 
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Sub goals are a portion of the general attribute 

which a goal describes. Water quality is a subgoal of en

vironmental quality. which is the prime goal. There are 

superior sub goals (higher up on the goal hierarchy) and 

inferior subgoals (lower down the goal hierarchy). Directly 

perceived subgoals are the lowest level sub goal on any 

branch of the goal hierarchy. The lowest level subgoal on 

any branch of the goal hierarchy is the directly perceived 

subgoals. These can be observed by the general public with

out technical measurement. 

The technical indicators are a technical measure 

related to the condition or state of the directly perceived 

subgoals. Plans are the policies to be evaluated. These 

plans will directly effect the level of the directly per

ceived goals. 

There are also a number of linkages which need to 

be defined. The value connective is the preference function 

which allows the state of a superior sub goal to be defined 

as a function of the states of the corresponding inferior 

subgoals. The perceptual connective is the function which 

allows the state of a directly perceived subgoal to be 

defined as a function of the corresponding technical indi

cator. The impact connective is the function which allows 

the state of a technical indicator to be defined as a func

tion of the plan or policy to be evaluated. 
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In Figure 3 the flow of information of such a 

system is outlined. Initially a list of human goals for 

environmental quality must be developed. The general form 

of the goal list is hierarchical. General or abstract goals 

are listed first and then dis aggregated into more specific 

goals until a level of disaggregation is reached where 

lower level goals can be perceived directly. 

At the highest level in the structure, the goal is 

environmental quality. At this abstract level, goals de

scribe attributes or characteristics for which people strive. 

Specific components of the abstract goals are listed at the 

directly perceived subgoal level. For example, the general 

goal of environmental quality has a superior sub goal of 

natural resources with an inferior subgoal of water. This 

is further disaggregated into scenic beauty, appearance, 

and then directly perceived subgoals of odor, clarity, and 

debris. Consequently, various plans to improve environmen

tal quality can be evaluated on their impact on water qual

ity in terms of the hierarchical system. The effects on 

clarity of water from the various plans could be measured 

in terms of turbidity or concentration of suspended solids. 

Technical measures for odor and floating objects are also 

developed to evaluate the effects of various plans on water 

quality. For example, a plan involving a single component 

such as streambank protection could lower concentrations 



of suspended solids, thereby affecting water quality and 

finally environmental quality. 
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How well alternative plans for the development of 

water and related land resources achieve or improve environ

mental quality can also be determined. It is possible to 

quantify the results of streambank protection (acres of 

streambank protection = estimated decrease in sediment of 

x milligrams per liter) and then mathematically link this 

measure to subgoa1s at each level (Gum, Roefs, and Kimball 

1976). Through such a procedure, alternative plans could 

be ranked as to how they affect overall environmental 

quality. 

Once the goal structure has been defined the next 

step is to determine the relative importance of various 

goals and goal components. Goals describe rather than 

evaluate the strivings of an individual or group. It is 

necessary to determine the weight that should be assessed 

to each of the goals. This assessment is accomplished 

empirically by developing preference functions which relate 

goals to preferences or values. To accomplish this task, 

a preference function is defined relating the importance of 

water odor, clarity, and floating objects to water aesthet

ics. Then an additional preference function relating the 

importance of aesthetics to water quality, which in turn is 



one of the components of the environmental quality goal, 

is defined. 
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To derive preference functions surveys can be 

completed by the public interest groups or experts. Public 

input is a logical source for such information because tech

nical matters are not involved in determining the relative 

importance among perceived goals. 

The next step is to develop the technical indicators, 

i.e., measurable features of the directly perceived subgoa1s, 

and then to determine the effects on the indicators of the 

prepared plans. The planner then makes an estimate of the 

level of the technical indicator resulting from each of the 

alternative plans. 

The final step links the set of technical indicators 

to the hierarchy of goals. It is necessary to measure the 

impact of changes in the technical indicators on human goals. 

In this regard, both public and technical opinions are im

portant. In some instances, public inputs may be more 

relevant, i.e., in judging the scenic quality of public 

lands. In other cases, the public may lack the knowledge 

and expertise necessary to select among alternative plans, 

such as regarding environmental health. From this infor

mation, the decision maker is provided with a final set of 

environmental impacts to evaluate alternative policies. 
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Goal Tree 

A goal tree for a water policy problem regarding 

the management of soil loss in agricultural areas is pre

sented in Figure 3. In complying with the Principals and 

Standards for Planning Water and Related Land Resources 

(U.S. Water Resources Council 1973), the first level of 

environmental quality subgoals are determined. Lower level 

goals were derived according to the rules provided by the 

technical committee (Technical Committee 1974). 

The participation of both experts and the general 

public may be required for the derivation of a goal tree 

for any environmental problem. The public is needed to 

identify their own environmental goals. The experts are 

needed to arrange the goals hierarchically and to include 

goals that may not be perceived by the affected public. 

This goal identification procedure can be formalized as 

in terms of a survey for the public input and a Delphi 

procedure for experts (Brown, et al. 1970; Crawford, et al. 

1973). When the subject has already been addressed for

mally by other researchers, it might be more easily accom

plished informally. In this case, experts may be able to 

go to the literature for information on public perceptions 

o~y find the goals dictated by law or convention. In 

the case of water quality, similar goal structures have 

been defined by Technical Committee (1974) and Oswald (1978). 
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CHAPTER 3 

PREFERENCE WEIGHTS 

Value Connections 

All goals relevant to any given planning problem 

are not of equal importance.. Therefore, it is necessary to 

provide decision makers with information on the relative 

importance of the goals within the goal tree. One ap

proach is to determine which goals are perceived as more 

important by the people of the Willow Creek area. Various 

types of input is necessary to rate the relative impor

tance of the goals. These preference weights determine the 

level of importance of these goals. 

For the model, the preference weights must have the 

properties of ratio scales because of the dependence of 

the planning methodology on quantitative relationships 

within the hierarchical structure. There are several 

ratio-scaling techniques which are adaptable for these 

applications (Stevens 1968). The Metfessel General Alloca

tion test (Metfessel 1947) modified for use by phone sur

vey has been selected as the most appropriate method (Gum, 

Arthur, and Magleby 1978; Gum, et al 1973). The approach 

is a rank and distribution process. Respondents are 
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initially asked to rank a set of goals. Then they are asked 

to distribute 100 points among the goals to indicate the 

relative importance of each. 

An example of the procedure is as follows: Several 

factors affect the quality of water in rivers and streams. 

Considering the following factors, which is most important 

to you personally: 

1. That the water is at least as clear as it is now? 

2. That the smell doesn't get any worse? 

3. Or that there is no more litter or debris in the 

water than there is now? 

Which of the three do you feel is most important? 

(Answer) * 

Which of the two remaining are most important? 

(Answer) They are ';~ and * 

Now we would like you to distribute a total of 100 

points among the three to show the importance of each. 

You give the most points to the one that is most impor

tant and so on. But remember, you only have 100 points to 

distribute among the three. How many of the points would 

you give to (most important*)? Answer 

This leaves * points for (third most impor-

tant*) . 



Preference Weights 

The preference weights are determined directly 

from the rank and distribution question format. The 

weights are defined as the proportion of points allocated 

to each stimuli. For example, there were 100 points dis

tributed among the three components of water appearances 

(clarity, odors, and debris). The points were allocated 

in a manner which represented the respondents perceptions 

of each component's importance. The points can be dis-

tributed in any manner but must sum to 100. Hypothetical 

responses for 4 residents might be: 

RI R2 R3 R4 

Clarity 100 50 40 33 

Odor 0 0 40 33 

Debris 0 50 20 34 

The resulting numbers serve as indicators of the 

relative importance of all stimuli. The preference weights 

are simply the response divided by 100. The preference 

weights allow the aggregation of sub goals into more general 

goals or subgoals. The preference function most consistent 

with the psychophysical literature on perception and values 

is a function of the form: 

where, 

= rX. ei 
~ 
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P is the preference; 

X(i) are the measurable indicators; 

e (i) are the preferable weights. 

(See Gum, Roefs, and Kimball 1976.) 

The Sample 

Public committees were established to obtain the 

data for the preference weights. Committees were estab

lished to assist the State Soil and Water Conservation 

Commission in identifying nonpoint pollution source prob

lems as well as screening plans for pollution control 

practices. Committees were composed of members of the 

County Water Committees, members of local organization, 

and members of advisory groups of public agencies. The 

advisory groups included representatives from State Fish 

and Wildlife, United States Forest Service, and the United 

States Soil Conservation Service. 

To determine the preference weights for the five 

environmental quality factors, the following steps were 

taken. A questionnaire was distributed to identify the 

major pollution problems in the area as well as the over

all level of county water quality. For example, respon

dents were asked to identify which factors they felt were 

important in maintaining a high level of environmental 

quality in the following way: 
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When we think of our environment, many things come 

to our minds; natural resources, cultural resources, 

recreation, and human health. To have a quality environ

ment, do you feel it is more important 1) to maintain the 

quality of our natural resources, 2) to protect cultural, 

archeological, and scientific resources, 3) to provide 

quality recreation, or 4) to insure that the environment 

is healthy for humans? Rank these four concerns as to 

importance, putting a "1" next to the most important con

cern, a "2" next to the second most important concern, 

etc. 

Natural Resource Quality 

Cultural Resources 

Recreation Quality 

Health 

All the same 

Rank 

Check if appropriate. 

Don't know Skip to next question. 

Nest, distribute 100 points among the four to reflect your 

relative concern for each. Be sure to give the most points 

to the item you ranked as most important ("1"), and be 

sure your points sum to 100. 

Natural Resource Quality 

Cultural Resources 

Points 
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Recreation Quality 

Health 

Don't know 

100 

Check if appropriate. 

Our natural resources are an extremely important 

part of our environment. Air, water, land, plants, and 

animals that depend on a line within the basic resources 

are some primary concerns when we consider natural re

sources quality. We would like to know how you rank the 

importance of these concerns when you consider natural 

resource quality. Rank the items in the list below, 

placing a "1" next to the issue that concerns you the 

most, a "2" next to your second most important concern, 

etc., until you have ranked all four items. 

Air Quality 

Water Quality 

Land Quality 

Quality of Wildlife 

and Plant Habitats 

All the same 

Rank 

Check if appropriate. 

Don't know Skip to next question. 

Next, distribute 100 points among the four quality items 

to show your relative concerns for each. Be sure to give 
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the most points to your most important concern, and be 

sure your points sum to 100. 

Air Quality 

Water Quality 

Land Quality 

Quality of Wildlife 

and Plant Habitats 

Don't know 

Points 

Check if appropriate. 

In a similar manner, respondents were asked to 

identify and list their feeling about other choices in 

the goal structure. Then these results were tabulated 

to compute the preference weights below. 

The overall preference weights for the factors in 

the goal structure are given as follows. The four sub

goals of environmental quality include natural resources 

(.4), cultural resources (.1), human health (.3) and 

recreation (.2). The exponential values of these subgoals 

sum to 1. Then natural resources is further subdivided 

into land (.36), water (.26), air (.21), and biota (.17). 

These exponential values also sum to 1, as expected. Then 

to determine the value of the preference weight for land 

productivity in the sturcture. This is done by multiply

ing the relevant coefficienct (.7), (.36), (.4) which 

equals an amount .1008. In a similar procedure, the 
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preference weights for the other relevant environmental 

quality factors are scenic beauty (.0432), water clarity 

(.009320): riparian habitat (.017), and hunting (.08). 

To use these weights in the separable program portion of 

the model, it is necessary that these weights sum to 1. 

To accomplish this, the relative importance of the five 

goals is computed to give the following results: 

Land Productivity 

Scenic Beauty 

Water Clarity 

Riparian Habitat 

Hunting 

.41 

.17 

.03 

.07 

.32 

These weights are now in the desired form to use in the 

model. 

Perceptual Connectives-
Delphi Approach 

Once the goals to be achieved have been properly 

identified, technical indicators must be selected, 

measured, and connected to the human goals. Then infor

mation concerning impacts and preferences can be synthe-

sized. The necessary connectives are mathematical 

functions, typically resulting from judgements by experts. 

The amount by which a single indicator influences the 

achievement of a subgoal, however, is a matter for sub

jective judgements by those who understand the technical 
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nature of the indicators and are qualified to judge their 

perceived effects on subgoals. For a general discussion 

of the perception of environmental quality, see: Arthur 

(1977), Arthur, Daniel and Boster (1977), Craik and Zube 

(1976)~ and Barker (1971). For further discussion of the 

development of performance indices see: Lord, Deane, and 

Waterstone (1980) ~ Larson (1979), '..Jolf (1979) ~ Bell (1980)", 

McKee (1979), Garn (1976), Land (1975). Truett (1975), 

Landwehr, et al. (1975), Landwehr (1974), Judge, Everett, 

and Gum (1973), Thomann (1972)~ Schimpeler (1967), and 

Stevens (1959). 

This information can be obtained from the Delphi 

approach (Brown, et al 1970; Crawford, et al. 1973). The 

Delphi method consists of experts refining opinions based 

on their personal judgements and on anonymous statistical 

summaries of information collected from other experts in 

a previous round. The process is continued until a con

sensus is achieved (Dalkey 1969). 

Two major problems are encountered in quantifying 

the relationship of directly perceived subgoals to techni

cal indicators. The first problem is that goals are sub

jectively perceived. They are not measured in the same 

way that technical indicators are measured by a directly 

observable physical "yardstick." The second problem is 
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that the general public measures the achievement of social 

environmental goals. The technical measurement that under

lie the general public's perceptions are usually understood 

only by specialists. The first problem can be resolved 

by using surrogate measures or indices for goal achievement. 

The second problem can be solved by collecting information 

on connective relationship from groups or people that have 

both perceptions of goal achievement (and knowledge of the 

perceptions of others) and knowledge of technical measures. 

A multi-disciplinary group is usually necessary because 

of the wide range of technical indicators used to evalu-

ate environmental quality. 

Any decisions made in this regard must attempt to 

achieve consensus on the current value of a lower level 

subgoal, both in terms of the technical indicator and 

the surrogate index. Then the functional relationship 

between the technical indicator and the lower level sub

goal must be established. 

To accomplish this, the Delphi method can be used 

as the mechanism to develop the information necessary 

to define the various connectives. Delphi is a proven 

procedure to solicit and collate informed judgements. 

The Delphi method provides the framework for using expert 

judgements and to find better answers. 



31 

The Delphi method generally takes the following 

steps. First, the group of experts is asked to respond to 

a series of questions. The Delphi method assumes that 

these experts have an above average level of experience and 

understanding of different subject areas. Unfortunately, 

however, the opinions expressed by anyone expert can be 

biased and incomplete. To avoi"d biased results then, 

Delphi pools judgements of a group of experts in an effort 

to expand experience and understanding as well as cancel 

biases. 

The responses are tabulated by group judgement and 

diverse individual responses are replaced by a represen

tative opinion which is the median. At worse, the median 

of a ~et of judgements is at least as close to the true 

answer as ~ the group and is generally better (Dalkey 

1969). In other words, the median is more likely to be 

accurate than an individual response. 

The initial responses are fed back to the group, 

giving respondents the opportunity to re-evaluate their 

opinions in view of what others have responded. This 

controlled feedback reduces semantical noise. 

When responses are widely distributed, the same 

questions are asked again. Each successive round gener

ally produces less diverse results. Usually, there is a 

direct relationship between the deviation of the 



individual's response from the median and the proportion 

of change in response between rounds. Convergence towards 

the median, even if the median itself changes, gives the 

statistical response a greater degree of credibility. 

Conversely, in the case where individual responses diverge, 

uncertainty increases. The overall steps are repeated 

until near consensus is reached. 

The advantage to group decisions is that groups 

possess a greater sum total of knowledge. Da1key (1969) 

found overall group judgements were 45% more accurate 

than individual responses. The main disadvantage is that 

group decisions create varying degrees of manipulation, 

domination, competition and pressure to conform. For

tunately the group conductor can control most of these 

shortcomings. 

The application of the Delphi method to the quan

tification of an indicator to goal connectives is handled 

by a graphic questionnaire. Two questions are posed for 

each lowest level subgoa1. 

The first question is: Given the current technical 

indicator level displayed (on a graph) what is the current 

value of the goal level index? 

Each member of the panel then inputs his estima

tion of the goal level index. The upper extreme, lower 

extreme and average are calculated. Information on the 
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median is determined. This process is repeated until an 

acceptable distribution of responses is received. The 

average response may be used as a final answer but usually 

the median is used as the representative response. If a 

near consensus is achieved, the median and mean will not 

differ significantly. 

The second question is: For each level of the 

technical indicator displayed what goal level index do 

you expect? Indicator levels are represented on one 

axis of a graph. Each participant adjusts the-goal level 

index axis for each indicator level. Upper and lower 

extremes and the average goal level index for each indi

cator level are shown on a graph. This process is re

peated until an acceptable distribution (near consensus) 

of a response is achieved. The average functional re

lationship (graph) is used as the representative response. 

The first Delphi question established the current 

relationship between technical indicators and sub goals 

indices. The second Delphi question allows us to assess 

how a change in indicator level affects goal achievement. 

An example of the questionnaire forms that can be used 

is presented in Figure 4. Each individual on the panel 

draws in the technical indicator to goal function. After 

summary measures of the complete panel results are pre

sented, the procedure is repeated. 
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On the Y-axis is the index of water clarity with 

10 being the clearest possible water and 0 the worst pos

sible water. On the X-axis is the measure of suspended 

sediment concentration in mg/l. Water with no suspended 

sediment is clear and thus both experts started their 

function at the water clarity index of 10 and the cor

responding sediment concentration of O. The "experts" 
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in the example disagree how fast the water clarity de

clined with increasing concentration of suspended sediment, 

as indicated by lines A and B. After several rounds of 

the Delphi process, however, they did agree as indicated 

by the relationship displayed in line C. 

Jmpact Connectives 

To successfully evaluate a particular policy's 

achievement of the goals desired, it is necessary to quan

tify measurements of.the impact of that policy on the tech

nical indicators related to the goals. For specific 

applications the list of technical indicators could change. 

For a general discussion of social indicators see Inhaber 

(1976), and Bauer (1966). 

An example evaluating two alternative policies 

using the system is outlined as follows: for clarity, 

assume plan A and B are similar with respect to all tech

nical indicators except sediment concentration. Plan A 



results in a sediment concentration of 1400 mg/l while 

plan B reduces the average concentration of suspended 

solids 250 mg/l. From Figure X the level of the subgoal 

water clarity is 2.0 for plan A and 7.0 for plan B. The 

preference weights for water clarity debris and odor are 

.5, .3, and .2 respectively. If the subgoals measures for 

debris and odor for both plans are 8, the measure of 

water appearance for plan A is determined below: 

Water Appearance = 2. 5 x 8. 3 x 8. 2 = 4 

For plan B, the measure is computed below: 

Water Appearance = 7. 5 x 8. 3 x 8. 2 = 7.5 

By using the preference (weights) for the higher 

order subgoals, the information on changes in clarity can 

be aggregated into measures of changes in environmental 

o.uality. 

Environmental Ouality Information 
for Poficy Makers 
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Once the above steps have been completed, all of 

the information necessary to relate.proposed policy actions 

to the achievement of the environmental quality has been 

developed. Specifically the following has been accom-

plished: 

A. First of all environmental quality has been de

fined in terms of subgoals. Overall environmental 
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quality has been dis aggregated into a hierarchical 

array of sub goals (such as air quality and water 

quality). Then technical indicators have been 

introduced at the lowest level so that these 

goals can be directly perceived (i.e., odor, water 

clarity, etc.). 

B. Economic measures have been defined. 

C. The manner of determining the relative importance 

of each goal in achieving overall environmental 

quality has been defined. 

D. The technical indicators that allow the evaluation 

of lower level subgoals have been defined. 
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E. Functional relationships between technical indi

cators and lowest level subgoals have been defined. 

F. The process of evaluating the impact of policy 

actions upon the technical indicators has been 

defined. 

Using the set of information developed, the effects 

of a proposed plan can be measured in terms of an index of 

goal achievement for the goal of environmental quality. 

The process is to measure the impacts of alternatives 

upon the technical indicators; translate the technical 

measures into directly perceived subgoals, and finally 

aggregate the directly perceived subgoals into an index 



of environmental quality. Once an index of environmental 

quality has been determined, the alternatives can be easily 

compared as to their environmental impacts. However, 

for the case where many alternatives exist, a formal method 

to select only efficient alternatives is needed. Such a 

model is described in the next chapter. 
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CHAPTER 4 

FORMULATION OF THE MODEL 

Before introducing the empirical study that has been 

done, a linear programming example will be presented to de

scribe the model structure. This is done to clarify the 

procedure used. 

LINEAR PROGRAMMING - Q.E.D. LINKAGE 

Linear Programming 

Many problems in economics are basically concerned 

with the allocation of limited resources--land, labor, 

space, time--in order to maximize some measure of perfor

mance or minimize some measure of cost. Mathematical pro

gramming refers to the mathematical techniques for solving 

such allocation problems. Linear programming defines a 

situation where the performance of cost measure is a linear 

function of the controllable variables. Linear programming 

involves maximizing or minimizing a linear function of 

several variables subject to a set of linear constraints. 

Separable Programming 

Separable programming is a process by which a 

nonlinear objective function is approximated by a piecewise 
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linear function. The process is not constrained to second 

degree functions or to linear constraints. The objective 

function must be concave, however, if it is to be maximized 

and convex, if it is to be minimized. Separable programming 

reduces a nonlinear programming problem to a series of lin

ear approximations which can then be solved by linear pro

gramming. 

The reduction of a log function to a stepwise linear 

function is the key to combining the goal structure, with 

its power function formulation of goal achievement, and 

traditional linear programming analysis of least cost meth

ods of meeting pollution standards. The function f(x) = log 

x is plotted in Figure 5 along with a five segment approxi

mation. 

For the linear to the log example the range of 

values can be divided into segments. Then the nonlinear 

log function can be approximated by the linear functions 

which connect the points on the log function. To improve 

the accuracy of the results, it would be necessary to use 

a large number of line segments. For purposes of illustra

tion, however, five segments will suffice. 

The following formula can be used to determine the 

equation for each of the five lines, each with its own 

slope and intercept. 



f(x) 

6.00 

5.00 

4.00 

3.00 

2.00 

LX (54.9981.4.) 

x (20.0805.3.) 

(7.3890.2.) 

1.00 x (2.7182.1.) 

~1.0) 
o 25 

Figure 5. Separable Programming 
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f(x) = 

The subscripts k and k + 1 refer to consecutive points. 

The line segment connecting the two points (2.7182,1) and 

(7.3890,2), for example when substituted into the formula, 

becomes 

f(x l ) = 1 + (7,3~~0-- l~. 7182) (x - 2.7182) = .2140x 

- .5187 

All equations for all other line segments in the example 

can be similarly determined. 

With the linear approximations established, a 

linear programming model can be set up. First, it is nec-

essary to reduce the separate equations for the different 

line segments into one single equation. This is accom-

plished by the following: 

approximate log X = 1 + .2140X2 + .0787X3 + .0286X4 

+ .0107XS 

Where X2 is the number of units the variable X is above 

2.7182 (e). X2 is also constrained to be less than 4.6708, 

which is the number of units between the first point on the 

approximately 2.7182,1 and the next 7.3890,2. (Other points 

on the function f(x) - log x could have been chosen as 
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appropriate points (in the approximation). X3 , X4 , and Xs 

are defined in a similar manner. 

To approximate the log X as a function of X, X is 

divided into the appropriate X2 , X3 , X4 , Xs ' the approxima

tion slopes multiplied times the X2 , X
3

, X4 , Xs ' variables, 

and the results summed. To remove the possibility of nega-

tive logs, it is assumed that Xl will always be 2.7182. 

Therefore, the 1 appears in the equation to approximate the 

logs. 

How can this (approximation of a log function by a 

series of straight line segments) be used to combine Q.E.D. 

goals with traditional linear programming analysis. Con

sider maximizing a Q.E.D. index of environmental quality. 

The Q.E.D. index would be a power function of a set of 

environmental variables. For the example, the Q.E.D. for-

mulation of two components of an E.Q. index, X, Y, would be 

PWx PW 
E.Q. Index = X Y Y 

Where PWx and PWy are preference weights for achievement of 

subgoal X and subgoal Y. Assume the P values are .3 and .7 

respectively. Then 

E Q I d = X· 3y. 7 . . . n ex 

By use of our estimations: 

approximate log E.Q. Index = .3 (approximate log X) 

+ .7 (approximate log Y) 
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which is now linear equation in terms of XZ' X3 , X4 , XS ' 

YZ' Y3 , Y4 , YS " and can be used as the objective function 

of an environmental quality maximization linear programming 

problem. The following example illustrates such a problem. 

Linear Programming Model Example 

This section will demonstrate how to use a linear 

approximation of a power function to establish a environ

mental index for a linear programming model. By listing 

various profits or returns to the firm with the appropriate 

figure in the environmental index, a production possibili

ties table can be derived and graphed which emphasized the 

trade-offs that exist between environmental quality and 

profits. Profits are used as a proxy for the value of 

economic production. 

First, a linear programming Environmental Quality 

maximization model, as developed in the previous sections, 

is constructed. The objective function is 

E will yield the environmental quality index which is 

maximized. Assume X represents water quality and Y repre

sents land quality. E is maximized when the level of water 

quality and land quality are maximized. Initially, the 

levels of X and Y will be the result of a particular farm

ing practices. Then, alternative practices are introduced 
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which increase or decrease the levels of X and Y as well as 

affect costs of the operation. This will make it possible 

to construct a production possibilities table and curve. 

The entire tableau for the problem includes the 

objective function, linear estimation of the nonlinear func-

tion f (x) log x and the basic production and conservation 

activities. 

MAX . 3 FLOG X + . 7 FLOG Y , 

The following constraints are necessary 

FLOX X - .2140X2 - .0787X3 - .0286X4 - .0107X5 = 1 

which is the approximation for the log X. Furthermore the 

limits for the various X's according to the broken line 

segments must be set 

X2 ~ 4.6708 

X3 ~ 12.6965 

X4 ~ 34.9126 

X5 ~ 93,4050 

X - X2 - X3 - X4 - X5 2.7182 

The same steps can be taken for Y 

The profit equation that establishes the revenue 

that can be expected from farming practice FP1 and FP2 and 

the costs that are associated with the conservation prac

tices CP1 and CP2 is 
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Profit 50FP l + 30FP2 - 10CPl - 50CP2 = $5000 

FP l could represent the production of corn while FP 2 could 

represent the production of wheat. They could also each 

represent some particular technique or policy in the pro

duction of an identical product. FP l and FP2 add revenue 

to the entrepreneur's budget while CP l and CP2 are regarded 

as costs that must be paid to adopt a particular conserva

tion practice. They may improve the environment, but they 

subtract from overall profits. CP2 is considerably more 

expensive than CPl. 

Land 

Treatment 

lFP l + lFP 2 = 100 

lCP l + lCP2 100 

The land constraint, as well as the treatment constraint 

establish the limits on the amount of land available for 

the two farming and conservation practices. There are 100 

acres of land on which either FP1 , FP 2 or some combination 

of the two can be employed. The same is true for CP1 and 

CP 2 · 

Sediment X + .1FP l + .5FP2 .1CP l - .2CP 2 100 

Erosion Y + .2FP l + .lFP2 .3CP2 100 

The sediment and erosion constraints estimate the amount 

sediment and erosion generated or eliminated through the 

different farming and conservation practices. In this 

simple example the water quality variable X becomes 100 

of 
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less the sediment value (e.g. if sediment were to equal 

100 the water quality could be zero). The sediment equa

tion states that farming practice FP l produces .1 unit of 

sediment per acre while FP 2 produces .5 unit of sediment. 

Conservation practice CP l reduces sediment .1 unit per 

acre and CP2 reduces sediment .2 unit per acre. A similar 

description holds true for erosion in the land quality 

equation. 

Once the constraints are listed, a computerized 

solution algorithm is employed to compute the maximum 

environmental index subject to the constraints. The re-

suIt from the example is that 100 acres of land are appro-

priated to the use of FP l with an environmental index of 

73.6. By reducing the profit constraint to $4000, $3000, 

$2000, $1000 and $500, the environmental index is improved 

as seen below. (The environmental index is derived by 

taking the solution value in log form and calculating its 

antilog). 

Profit $5000 $4000 $3000 $2000 $1000 $500 

FP l 100 80 60 40 20 10 

FP 2 0 0 0 0 0 0 

CP l 0 0 0 0 0 0 

CP 2 0 20 40 60 80 90 

Environmental 
Index 73.6 78.0 82.7 87.6 92.8 95.5 
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As the profit is reduced from $5000 to $4000 this 

introduces an allocation of 20 acres to CPl' As a result 

of this shift, the envirolmenta1 index rises to 78.0. 

Further profit reductions cause additional changes until 

the highest environmental index of 95.5 is reached when 

only $500 profit is earned. The environmental index is 

improved only at a loss of profit which illustrates the 

trade-offs between the two. A graph of these trade-offs, 

the standard production possibilities curve, is shown in 

Figure 6. 

Alternative Formulation 

In the preceding section, separable programming is 

used to approximate a nonlinear function by a piecewise 

linear function. The first step in the formulation of a 

piecewise linear function is to express Xj as a sum of 

variables 

n. 
X. = ~J X

J
'
k J k=l 

where Xjk represents the level used of the kth segment of 

activity j, and nj is the number of segments. Consequently 

the piecewise linear function approximating fj (Xj ) becomes 

n. 
f.(X.) = ~J 

J J k=l 
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Figure 6. Production Possibilities Curve 
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where Sjk is the slope of the kth line segment. This is 

subject to the constraints that each Xjk has an upper bound 

Ujk and a lower bound zero. 

The linear programming formulation for the problem 

would be as follows 

n 
Maximize Z = l: 

j=l 

n 
subject to l: 

j=l 

and Xjk ~ Ujk 

Xjk ~ 0 

for i = 1, 2, 

for k = 1, 2, 

and j = 1, 2, 

for k = 1, 2, 

and j = 1, 2, 

[ 

n. 
l:J 

k=l 

a. . l:J 
[ 

n. 

1.J. k=l 

m 

n. 
J 

n 

n. 
J 

n 

The above formulation maximizes Z as the sum of 

the contributions from the respective line segments. On 

effect, this can be interpreted as moving from one break 

point to the next, and then just a proportion up the last 

segment xjk/Ujk . Consequently and alternative formulation 

would be to interpolate along that final segment a propor-

tion Wjk = xjk/Ujk . 

1ated 

Consequently, f.(X.) would be formu
J J 
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n. 
f. (x.) = rJ PjkWjk J J k=l 

n. 
subject to rJ Wjk ~ 1 

k=l 

and Wjk ~ 0 

for k = 1, 2, n. 
J 

The Wjk variables are interpreted as interpolation weights. 

The interpolation must be between the two end points of a 

single line segment. 

For this alternative formulation, the linear 

programming formulation is 

n 
Maximize Z = r 

j=l 

n 
subj ect to r 

j=l 

n. 
rJ 

k=l 

a .. 
1.J 

b. for i = I, 2, m 
1. 

n. 
rJ Wjk ~ 1 

k=l 
Wjk ~ 0 

[ ~j [~ u .1] W. k] 
k=l 1=1 J J 

for j = I, 2, m 

for h = I, 2, n. 
J 

and j = I, 2, n. 

This alternative formulation has only (m + n) 

constraints as contrasted with the first formulation that 

has (m + r j=l nj) constraints. The fewer constraints 

substantially reduces computational time. 
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The entire tableau for the problem establishing 

an environmental index using the alternative formulation 

can now be constructed. The objective function becomes 

MAX .3 (lwl + 2W2 + 3W3 + 4W4 + 5~v5) 

+ .7(lZl + 2Z2 + 3Z3 + 4Z4 + 5Z5) 

The coefficients in the objective function are the natural 

logs of the various values of e. For example, 3 is the 

natural log of 20.0805. 

Then the following constraints must be added: 

WI + W2 + W3 + W4 + W5 + W6 ~ 1 

X - 2.7182Wl - 7.2890W2 - 20.0805W3 - 54.9981W4 

148.4031W5 0 

In the above constraint, the values of Ie, 2e, 3e, etc., 

are the respective coefficients. 

Zl + Z2 + Z3 + Z4 + Z5 + Z6 ~ 1 

Y - 2.7182Z1 - 7.3890Z2 - 20.0805Z3 - 54.9981Z4 

148.4031Z5 = 0 

The profit, land, treatment, sediment, and erosion 

constraints remain the same. 

Through this formulation the number of constraints 

is reduced to nine. An additional advantage is that in

creasing the number of line segments in the approximation 
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adds only additional columns to the tableau. The number 

of rows remain constant. 

Summary 

Through a linear programming model, an 

environmental index was constructed which then make it 

possible to establish a production possibilities table and 

curve illustrating the trade-offs that exist between en

vironmental quality and production. In this example, 

improvement in the quality of the environment can be 

achieved only at the cost of production. Furthermore, 

because of the separable programming model, it is possible 

to measure the trade-offs that exist and to make better 

informed decisions on the choices available to society. 



CHAPTER 5 

MATHEMATICAL PROGRAMMING MODEL 

The initial step in the construction of an 

Environmental Quality maximization model, as developed in 

the previous section, is the construction of the objec

tive function. The objective function (Cobb Douglas) is 

MAX E = Va Wb XC yd Ze. 

E will yield the environmental quality index which is 

maximized. The five environmental quality factors are 

land productivity (V), scenic beauty (W). hunting (X), 

riparian habitat (Y), and water clarity (Z). The overall 

goal structure can be seen in Figure 3 as well as the role 

of the five environmental quality factors in the overall 

structure. These five factors were selected because they 

are affected by the various farming practices which will 

be examined in the study. 

Weights 

The preference weights, as determined in the 

previous chapter, are listed as follows: 
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Environmental Quality Factor 

Land Productivity 

Scenic Beauty 

Hunting 

Riparian Habitat 

Water Clarity 

Farming Practices and Costs 

Weight 

.41 

.17 

.32 

.07 

.03 

There are a number of farming practices which wil] 

affect yield, erosion and sediment levels, costs, and also 

the level of the environmental quality factors. These 

are grassed waterways, sediment basins, terraces, some 

terracing, no till, and conservation tillage, which are 

described in the following pages. Following the descrip

tion of the farming practices are the estimated budgets 

for each practice for the year 1980. 

Basic Budget 

To determine the level of profits, it is necessary 

to analyze the costs associated with various farming 

practices. A basic budget is initially introduced to 

use for comparing with costs of specialized or conserva

tion practices (Table 1). The costs listed include the 

basic machinery needed for operating a medium size farm 

(plow, rod weeder, cultivator, disk, truck, combine, 

etc.). To compute the costs associated with each machine 
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Table 1. Basic Budget 

Cost Item Tractor Implement 

Plow, Chisel 5.375 3.504 
Rod Weeder 6.785 2.939 
Cultivator 2.217 1. 550 
Drill, Disk 1. 729 1.114 
Truck, 1.5T 0.000 3.734 
Combine, Hi11g 0.000 10.276 
Fert Sp Free 4.778 0.000 
NH3 
Banve1/oz. 
Sulphur/lb. 
2,4-D-LB6/Pt. 
GND Spray Rent 
Wheat Seed/Lb. 
Interest Charge 

TOTAL PRODUCTION COST 

Cost Per Acre 
Labor Material 

Dollars 

1. 276 
1. 611 

.526 

.410 
1.485 
1. 071 
1.134 

10.068 
.465 

.500 

Total 

10.155 
11.335 

4.293 
3.253 
5.219 

11.347 
5.913 

10.068 
.465 

2.484 
1.413 

.500 
5.520 

11.198 

83.162 

Quantity 

2.00 Times Over 
4.50 Times Over 
l. 50 Times Over 
1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
60.00 1bs. 
1.50 oz. 
12.00 1bs. 
1. 00 Pt. 
1. 00 Acre 
60.00 1bs. 

Ln 
~ 



used, the purchase price of the machine was determined as 

well as its salvage value, annual hours used, depreciation 

per hour, interest per hour, taxes per hour, etc. It was 

assumed that the machinery would last for five years. Then 

it was possible to compute the cost per hour for each 

machine. This was accomplished by a standard computer 

budget generator. Then the number of times the machine is 

used per acre is estimated, as well as the tractor, labor, 

and implement costs per acre for the machine. For example, 

the chisel plow is used twice per acre with a $5.38 tractor 

cost, $3.50 implement cost, and a $1.28 labor cost. This 

brings the total cost to $10.16. The same computations 

are made for the other machinery used. 

Next is listed the various herbicides, pesticides, 

fertilizer and seed which is used in the normal operations 

of the farm. Individual farmers may prefer one particular 

type of herbicide or fertilizer over another but this will 

not generally affect the overall nature of the budget. 

Finally the interest charge is listed. It assumes a 9% 

interest rate which results in $1.58 cost for tractor 

investment, a $5.32 cost for other equipment investment 

and a $1.18 cost for annual operating capital with a total 

interest charge of $11.20 per acre. Finally the total cost 

per acre is estimated to be $83.16. It is assumed that 

there is a yield of 40 bushels per acre with this practice. 
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Terracing 

Terracing is a conservation practice introduced to 

prevent erosion. While it is the most expensive conser

vation practice, it is also the most effective. The 

practice has no significant impact on yield. Cost esti

mates on terracing (Table 2) vary widely depending on the 

slope. For gentle slopes, the cost is estimated to be 

approximately $.40/foot. For steeper slopes the cost is 

estimated as high as $l/foot. The space between terraces 

is also much less for steeper slopes which adds greatly 

to production costs. For moderately sloped land, terrac

ing would cost approximately $.60/foot. Assuming that 

there is 1320 feet of terracing over 15 acres, it would 

entail an annualized cost of $53 per acre. This cost is 

added to the standard costs introduced in the basic budget. 

There are no significant differences in the machinery used 

in terracing or the fertilizer, herbicides or pesticides 

that are used. The total production costs would then be 

$136.16. 

Conservation Tillage 

Conservation tillage includes a range of systems 

that limit inversion of the soil and retain protective 

residue. Strip till~ no till, etc. are all practices that 

fall under the category of some type of conservation 
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Table 2. Terracing 

Cost Item 

Terracing 
Plow, Chisel 
Rod Weeder 
Cultivator 
Drill, Disk 
Truck, 1.5T 
Combine, Hi11g 
Fert Sp Free 
NH3 
Banve1/oz. 
Sulphur/lb. 
2,4-D-LB6/pt. 
GND Spray Rent 
Wheat Seed/lb. 
Interest Charge 

TOTAL PRODUCTION COST 

Cost Per Acre 
Tractor Implement Labor Material Total Quantity 

Dollars 

$ 53,000 
5.375 3.504 1.276 10,155 2.00 Times Over 
6.785 2.939 1.611 11.335 4.50 Times Over 
2.217 1.550 .526 4.293 l. 50 Times Over 
1.729 1.114 .410 3.253 1.00 Times Over 
0.000 3.734 1. 485 5.219 1.00 Times Over 
0.000 10.276 1.071 11. 347 1.00 Times Over 
4.778 0.000 1.134 5.913 1.00 Times Over 

10.068 10.068 60 1bs. 
.465 .465 1.50 oz. 

2.484 12.00 1bs. 
1.413 1. 00 pt. 

.500 .500 1.00 acre 
5.520 60 1bs. 

11.198 

$136,162 

VI 
\0 



tillage. The practices vary on the amount of tillage that 

is done, if any, and the machinery used in the farming 

practice. 

A modified conservation tillage practice is intro

duced in this dissertation. The machinery used in this 

practice is very similar to what is used in the basic 

budget (Table 3). The chisel plow, the rod weeder, the 

cultivator, and the disk are all used considerably 

less to limit inversion of the soil. The only new ma

chinery used is the harrow which is a replacement for 

discing activity. These changes in the machinery used are 

obviously for conservation measures. To compensate for 

the reduced cultivation, additional herbicide is used. 

The total cost of production, however, declines from $83.16 

to $71.36, a reduction of $11.81 per acre. The yield for 

conservation tillage increases to 43 bushels per acre. 

No Till 

No till is another type of conservation tillage 

where all tillage is curtailed and the soil is disturbed 

only during planting. It is the most extreme type of 

conservation tillage and reduces the inversion of the soil 

to a minimum. 

No till involves fewer machinery operations than 

was introduced in the basic budget (Table 4). The chisel 
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Table 3. Conservation Tillage 

Cost Per Acre 
Cost Item Tractor Implement Labor Material Total Quantity 

Plow, Chisel 
Harrow, Sprin 40 
Rod Weeder 
Cultivator 
Drill, Disk 
Truck, loST 
Combine, Hi11g 
Fert Sp Free 
NH3 
Banve1/oz. 
Sulphur/lb. 
2,4-D-LB6/pt. 
GND Spray Rent 
Wheat Seed/lb. 
Interest Charge 

TOTAL PRODUCTION COST 

2.208 
1. 322 
2.477 
1. 214 
1.420 
0.000 
0.000 
3.925 

1.752 
.281 

1.306 
1.033 
1.114 
3.734 

10.276 
0.000 

Dollars 

.638 

.382 

.716 

.351 

.410 
1.485 
1.071 
1.134 

10.068 
.465 

2.00 

4.598 
1.985 
4.499 
2.598 
2.944 
5.219 

11. 347 
5.059 

10.068 
.465 

2.484 
3.531 
2.000 
5.520 
9.042 

71.359 

2.00 Times Over 
1. 00 Times Over 
4.50 Times Over 
1. 00 Times Over 
1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
60.00 1bs. 
1.50 oz. 
12.00 1bs. 
2.50 pt. 
4.00 acre 
60.00 1bs. 

0'\ 
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Table 4. No Till 

Cost Item Tractor Implement 

Crill, NT King 
Truck, 1.5T 0.000 3.734 
Combine, Hi11g 0.000 10.276 
Fert Sp Free 3.925 0.000 
NH3 
2,4-D-LB6/pt. 
Sticker 
GND Spray Rent 
Roundup / pt. 
Wheat Seed/lb. 
Phosphorous/lb. 
Interest Charge; 

TOTAL PRODUCTION COST 

Cost Per Acre 
Labor Material 

Dollars 

1.485 
1. 071 
1.134 

10.068 

2.00 
23.031 

1.350 

Total 

25.169 
5.219 

11.347 
5.059 

10.068 
3.531 

. 420 
2.00 

23.031 
5.520 
1.350 

12.561 

105.376 

Quantity 

1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
60.00 1bs. 
2.50 pt . 
6.00 gal. 
4.00 acre 
2.75 pt. 
60.00 1bs. 
15.00 1bs. 

0\ 
N 



plow, rod weeder, cultivator and disk are no longer 

used, but the use of the truck and combine remain the same. 

The only additional equipment needed is the king drill 

which is used in planting. There is an increase, however, 

in the number and amounts of pesticides used to compensate 

for the fewer machinery opera'tions. While banvel and sul

phur are no longer used, the number of applications and 

amounts of 2,4-P are increased. An application of the 

herbicide roundup and a sticker and phosphorous fertilizer 

are also applied. This increases the total production 

cost for no till to $105.38 per acre which is an increase 

of $2.22 per acre over the basic budget. The yield for no 

till remain at 40 bushels per acre. 

Sediment Basin 
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Sediment basins are used to collect eroded soil and 

debris and prevent this sediment from being delivered into 

streams. The basin pond is built to collect the soil 

eroded from the land, is dredged and the dredged material 

returned to the field. Once farmers introduce such a 

practice and realize the amount of soil that 'is lost, more 

sophisticated conservation practices are frequently 

adopted. 

The cost of sediment basins varies depending on the 

size of the basin and the number of acres that it serves. 



There is also a high maintenance cost associated with 

sediment basins because they are dredged annually. A 

sediment pond could serve between 20 and 120 acres. The 

cost of a small basin servicing 40 acres would be $500 

with a cost per acre of $12.50 (Table 5). Because a 

basin has to be rebuilt annually, the cost remains the 

same every year. This cost is added to the basic budget. 

Other costs do not change. Consequently, when the addi

tional cost of building a sediment basin is added, it 

brings the total production cost to $95.66 per acre. The 

yield remains at 40 bushels per acre. 

Grassed Waterways 

A grassed waterway is a natural or constructed 

waterway or outlet, vegetated, and positioned to dispose 

of excess surface water. It is designed to dispose of 

concentrated runoff without further erosion and to slow 

the velocity of the runoff, so that some of the eroded 

sediment may settle out and not be delivered to streams. 

The initial cost of installing or constructing 

such systems is high but they require very little mainten-

ance once completed. The construction of a grassed water

way does not necessitate a significant change in machinery, 

fertilizer, herbicide, or pesticide used. An average 

sized waterway in the area costs approximately $20 per 
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Table 5. Sediment Basins 

Cost Item Tractor Implement 

Construction of 
Sediment Basin 
Plow, Chisel 5.375 3.504 
Rod Weeder 6.785 2.939 
Cultivator 2.217 l. 550 
Drill, Disk 1.729 1.114 
Truck, 1.5T 0.00 3.734 
Combine, Hi11g 0.00 10.276 
Fert Sp Free 4.778 0.000 
NH3 
Banve1/oz. 
Sulphur/lb. 
2,4-D-LB6/pt. 
GND Spray Rent 
Wheat Seed/lb. 
Interest Charge 

TOTAL PRODUCTION COST 

Cost Per Acre 
Labor Material 

Dollars 

l. 276 
l.611 

.526 

.410 
1.485 
1.071 
1.134 

10.068 
. 465 

.500 

Total 

12.50 
10.155 
1l. 335 

4.293 
3.253 
5.219 

1l. 347 
5.913 

10.068 
.465 

2.484 
1.413 

.500 
5.520 

1l.198 

$95,66 

quantity 

2.00 Times Over 
4.50 Times Over 
1.50 Times Over 
l. 00 Times Over 
1.00 Times Over 
1.00 Times Over 
1.00 Times Over 
60.00 1bs. 
l. 50 oz . 
12.00 1bs. 
1.00 pt. 
1.00 acre 
60.00 1bs. 

Cl' 
VI 
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acre (Table 6). This cost is added to the basic budget and 

total production costs increase to $103.16 per acre. The 

yield remains at 40 bushels per acre. 

Qbjective Function for Model 

The objective function for the environmental quality 

maximization model is as follows: 

E gives the environmental quality index which is maximized. 

The various factors which measure the level of environmental 

quality are represented by V, W, X, Y, and Z, as indicated 

previously. They are defined as land productivity, 

scenic beauty, water clarity, riparian habitat, 

and hunting. The preference weights for each of these 

goals are also listed in the equation, as computed pre

viously. Consequently, the goal of the model is to maxi

mize environmental quality as measured by land productivity, 

scenic beauty, water clarity, riparian habitat, and hunt-

ing. The relative importance of each of these goals is 

determined by the preference weights. 

Profit Constraint 

Next the profit constraint is introduced into the 

model as follows: 

L P X > 'IT 

jk jk jk -



Table 6. Grassed Waterway. 

Cost Per Acre 
Cost Item Tractor Implement Labor Material Total Quantity 

Dollars 

Construction of 
Grassed Waterway 20.00 
Plow, Chisel 5.375 3.504 l. 276 10.155 2.00 Times Over 
Rod Weeder 6.785 2.939 l.611 1l. 335 4.50 Times Over 
Cultivator 2.217 l. 550 .526 4.293 1.50 Times Over 
Drill, Disk l. 729 l.114 .410 3.253 1.00 Times Over 
Truck, lo5T 0.000 3.734 1.485 5.219 1.00 Times Over 
Combine, Hi11g 0.000 10.276 l.071 1l. 347 1.00 Times Over 
Fert Sp Free 4.778 0.000 1.134 5.913 1.00 Times Over 
NH3 10.068 10.068 10.00 1bs. 
Banve1/oz. .465 .465 l.50 oz. 
Sulphur / 1b . 2.484 12.00 1bs. 
2,4-D-LB6/pt. 1.413 l. 00 pt. 
GND Spray Rent .500 .500 1.00 acre 
Wheat Seed/lb. 5.520 60.00 1bs. 
Interest Charge 1l.198 

TOTAL PRODUCTION COST $103.162 

0\ 
-....J 



P. k = profit per acre, per crop, per practice 
J 

Xjk = acres of crops 

J = practice 

k = soil type, slope 
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Profits are determined by computing the total revenue which 

is yield per acre multiplied by the price per bushel of 

wheat. It is assumed that the price per bushel of wheat 

is $3.00 which was the approximate price when this study 

was completed. The price could vary with market conditions 

with no effect on the basic structure of the model. The 

wheat yield per acre varies depending on the farming prac-

tice, land fertility, slope, etc. Then the cost per acre 

is subtracted. The cost per acre depends primarily on 

the farming practice employed as introduced in the pre

ceding chapter. The model works with two different soil 

types designated by S1 and S2, five different land slopes 

designated by L2, L7, LB, L9, and LO, and finally seven 

different types of farmiri.g -:practices which are no practice 

(NO), conservation tillage (CT), some terracing (ST), ter

racing (TT), grass waterways (GW) , and sediment or debris 

basins (DB). The profits per acre are based entirely on 

the farming practice which is used. Given these condi

tions, the following, Table 7, gives the appropriate 

profits; 
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Table 7. Profits for Farming Practices 

Practice Profits 

No practice $ 96.84 

Conservation tillage $10l. 45 

No till $ 54.83 

Some terracing $ 70.34 

Terracing $ 43.84 

Grass Waterways $ 57.04 

Debris Basins $ 64.54 



The right hand side of the profit equation will be allowed 

to vary to generate the production possibilities trade

offs between environmental quality and profits. If a 

higher profit is required the practices designated will be 

the ones with the least costs and highest yields. As 

profit] are allowed to decrease, those practices will be 

seLected which will give higher environmental quality 

figures. This will then give data concerning the trade

offs between production and environmental quality. 

Land Constraints 
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The next series of equations are the land constraint 

equations. The land constraints establish the limits on 

the amount of land available. These are two different 

areas which are classified under soil type 1 and soil type 

2. In each soil category, there are five different slopes 

with the result that there are ten different subregions for 

the area as a whole. In each subregion, any of the six 

farming practices can be introduced. This situation is 

described by the following equation. 

Ek Xjk < ~ 

A = total acres 

Xjk = acres 

J = practice 

K = soil type, slope 
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Erosion and Sediment Constraints 

The next two constraints introduced are the 

erosion and sediment constraints. These two constraints 

determine the amount of soil lost in the ten subregions 

with each of the ten farming practices. The amount of 

soil lost will vary depending on the soil, slope, and 

farming practice. (The loss is measured in tons per acre.) 

For example, given soil type I, the loss will be greater 

if some terracing (ST) is employed as compared to a more 

extensive terracing (TT) , no matteOr what the slope. (See 

Table 8.) Terracing (TT) is a more effective type of con-

servation practice than some terracing (ST). The exact 

coefficients were determined by agricultural experts in 

the Oregon area based on two different soil types, five 

degrees of slopes, and six farming practices. 

To integrate these coefficients into the overall 

environmental quality model, it is necessary to introduce 

the erosion and sediment equations. They are as follows: 

Erosion E S.L.FPk < 1,000,000.00 
1. J 

Sediment E S.L.FPk < 1,000,000.00 
1. J 

Separable Programming Linkage 

The linkage between the objective function and 

the other constraints in the model is performed by the 

separable programming sections, as developed in the 



Table 8. Sediment Coefficients 

CT NT 

Soil 1 

L2 .17136 .09119 
L7 .17136 .09119 
L8 .58550 .31158 
L9 1. 98783 1. 05784 
LO 6.96883 3.70852 

Soil 2 

L2 .46379 .24681 
L7 1. 61061 .85710 
L8 3.08630 1.64240 
L9 4.04761 2.15397 
LO 6.96883 3.70852 

ST TT 

.21734 .20531 

.21734 .20531 

.74259 .70147 
2.52120 2.38158 
8.83868 8.34920 

.58823 .55565 
2.04176 1. 9264 
3.91441 3.69763 
5.13365 4.84935 
8.83868 8.34920 

GW 

-30.51367 
-30.51367 

-104.25505 
-353.95860 

-1240.89000 

-82.58342 
-286.78971 
-549.55515 
-720.72806 

-1240.89000 

DB 

-30.51367 
-30.51367 

-104.25505 
-353.95860 

-1240.89000 

-82.58342 
-286.78971 
-549.55515 
-720.72806 

-1240.89000 

"'" tv 



Table 9. Erosion Coefficients 

CT NT 

Soil 1 

L2 .57213 .30514 
L7 .57213 .30514 
L8 1. 95478 1. 04255 
L9 6.63672 3.53959 
LO 23.26667 12.40889 

Soil 2 

L2 1.54844 .82583 
L7 5.37731 2.86790 
L8 10.31416 5.49555 
L9 13.51365 7.20728 
LO 23.26667 12.40889 

ST TT 

.72470 .68656 

.72470 .68656 
2.47606 2.34574 
8.40652 7.96407 

29.47112 27.92001 

1. 96136 1.85813 
6.81126 6.45277 

13.05193 12.36499 
17.11729 16.21638 
29.47112 27.92001 

GW 

.00763 

.00763 

.02606 

.08849 

.31002 

.02065 

.07170 

.13739 

.18018 

.31022 

DB 

.00763 

.00763 

.02606 

.08849 

.31002 

.02065 

.07170 

.13739 

.18018 

.31022 

-....J 
W 



previous chapter. This section links the environmental 

goals to the various farming practices so that the environ-

mental quality index can be ,computed. It performs the 

necessary.mathematical links. 

The objective function for the model is recorded 

as: 
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Max V ( la I + 2 a 2 +. . . + Sa S) + W (l b 1 + 1 b 2 +. . + S b S) + 

X(lcc + 2c2 + ... + ScS) + Y(ldl + 2d2 + ... + SdS) + 

Z(le l + 2e2 +. . + SeS) 

It is subject to the following constraints: 

a l + a2 + a 3 + a4 + as < 1 -

bl + b2 + b3 + b4 + bS < I -

c l + c2 + c3 + c4 + Cs < I -

dl + d2 + d3 + d4 + dS < I -

e l + e2 + 33 + e4 + e S < I -

V - 2.7182al - 7.3890a2 - 20.080Sa3 - S4.998l0a4 

- l48.40310aS = 0 

W - 2.7l82bl - 7.3890b2 - 20.080Sb3 - S4.99810b4 

- l48.403l0bS = 0 

X - 2.7l82cI - 7.3890c2 - 20.080Sc3 - S4.99810c4 

- l48.40310cS = 0 



Y - 2.7182d1 - 7.3890d2 - 20.080Sd3 - S4.99810d4 

- 148.40310dS = 0 

Z - 2.7182e1 - 7.3890eZ - 20.080Se3 - S4.99810e4 

- 148.40310eS = 0 

Once the constraints are listed, a computerized 

solution a1ogorithm is employed to compute the maximum 

environmental index subject to the constraints below: 

v - rq .. ks.L.FPk = 0 l.J 1. J 

w - rq .. kS.L.FPk = 0 l.J 1. J 

x rq .. kS.L.FPk = 0 l.J 1. J 

Y - rq .. kS.L.FPk = 0 l.J 1. J 

Z rq .. kS.L.FPk = 0 l.J 1. J 

The coefficients for the equations are listed in Table 

They were computed based on the effects that the various 

farming practices had on the specific environmental goal. 

Land productivity, for example, is affected by the 

level of erosion. Obviously, the greater the level of 

erosion, the less productive the land. The formulas for 

computing the land productivity index are given below: 

Ero2ion x 100 = X 

1nX = Y 

Y 
Total acres = land productivity coefficient 
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The erosion coefficients are given in the erosion table. 

The (~ factor is the erosion the soil can tolerate and 

still maximize the productivity index. It is assumed to 

be .3 which means that the soil can tolerate a 1/3 ton 

loss per acre. The total number of acres is 25,317. To 

show how the transformation from the erosion index to 

the land productivity index is performed, a brief example 

is given. The erosion level for S2L8CT equals 10.31416, 

as given in the Table 10. 

10:~1416 x 100 = 290.86227 

In 290.86227 = 1.0676797 

1.0676797 = .00004 
25,317 

Consequently, the land productivity coefficient is .00004. 

The greater the level of erosion, the smaller will be the 

land productivity coefficient. 

The coefficients for the other environmental 

quality factors were computed in a similar manner. For 

scenic beauty, riparian habitat, and hunting (Table 11), 

it was assumed that they were not affected by various 

farming practices or slopes. The coefficients for water 

clarity (Table 12) are computed in a manner similar to 

land productivity. The lower the level of sediment in the 

water, the higher will be the water clarity index. 
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Table 10. Land Productivity Coefficients 

CT NT ST TT GW DB 

Soil 1 

L2 .00070 .00130 .00055 .00058 .05217 .05217 
L7 .00070 .00130 .00050 .00058 .05217 .05217 
L8 .00020 .00038 .00016 .00016 .01527 .01527 
L9 .00006 .00011 .00005 .00005 .00450 .00450 
LO .00002 .00003 .00001 .00001 .00128 .00128 

Soil 2 

L2 .00015 .00028 .00012 .00013 .01138 .01138 
L7 .00004 .00008 .00003 .00004 .00328 .00328 
L8 .00004 .00007 .00003 .00003 .00290 .00290 
L9 .00002 .00003 .00001 .00001 .00130 .00130 
LO .00002 .00003 .00001 .00001 .00128 .00128 

-.....J 
-.....J 



Table 11. SCl~nic Beauty, Hunting and Riparian Habitat Coefficients 

Scenic Beauty (Sl and S2) 

L2, L7, L8, L9, LO .00016 .00025 .00022 .00016 .00036 

Hunting (Sl and S2) 

L2, L7, L8, L9, LO .00020 .00025 .00020 .00020 .00021 

Riparian Habitats (Sl and S2) 

L2, L7, L8, L9, LO .00020 .00021 .00020 .00020 .00021 

.00017 

.00022 

.00020 

-....J 
co 



Table 12. Water Clarity Coefficients 

CT NT ST 

Soil 1 

L2 .00039 .00039 .00039 
L7 .00039 .00039 .00039 
L8 .00038 .00038 .00038 
1.9 .00035 .00037 .00034 
LO .00026 .00032 .00020 

Soil 2 

L2 .00038 .00038 .00037 
L7 .00036 .00037 .00035 
L8 .00033 .00036 .00032 
L9 .00031 .00035 .00029 
LO .00026 .00032 .00022 

TT GW 

.00039 .00099 

.00039 .00099 

.00238 .00243 

.00035 .00732 

.00023 .02469 

.00038 .00201 

.00035 .00601 

.00032 .01115 

.00030 .01451 

.00023 .02469 

DB 

.00099 

.00099 

.00243 

.00732 

.02469 

.00201 

.00601 

.01115 

.01451 

.02469 

-....J 
\0 
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Illustrative Example 

Before presenting the actual results from the model, 

I will develop one last example for illustrative purposes. 

The purpose of the model is to maximize environmental 

quality as determined by land productivity (V), scenic 

beauty (W), hunting (X), riparian habitat (Y), and water 

clarity (Z). 

Max E = V· 41 W· 17 X· 32 y.07 Z·03 

First of all, it is necessary to derive the values 

for V, W, X, Y, and Z. This is accomplished by determin

ing the number of acres allocated to a particular farming 

practice, soil, and slope and then quantifying the impact 

on the particular environmental quality factor. For pur

poses of this illustration let us assume that there is a 

conventional management and tillage practice (e) to which 

all the acres are allocated. Then coefficients are given 

for each soil, slope, and farming practice (see Table 13). 

Given these coefficients, every acre of land allocated to 

S2L2e will add .00030 of a point to the index for land 

productivity. If there are 5,106.3 acres of SlL2e, then 

there will be a contribution of 1.53183 (5106.3 x .00030) 

to the land productivity index. To determine the X value, 

it is therefore necessary to compute the contribution of 

each acre to land productivity. Assume that the acres 



Table 13. Conventional Management and Tillage Practice* 

Land (V) Scenic 
Productivity Beauty (W) Hunting (X) 

SlL2C .00030 .00010 .00029 

SlL7C .00005 .00010 .00027 

SlL8C .00030 .00010 .00028 

SlL9C .00001 .00010 .00019 

SlLOC .00001 .00010 .00019 

S2L2C .00001 .00010 .00019 

S2L7C .00005 .00010 .00030 

S2L8C .00001 .00010 .00025 

S2L9C .00001 .00010 .00030 

S2LOC .00001 .00010 .00022 

*Soi1 Groups 1 and 2; Slopes 2, 7, 8, 9, and O. 

Riparian 
Habitat (Y) 

.00012 

.00012 

.00012 

.00012 

.00012 

.00012 

.00012 

.00012 

.00012 

.00012 

Water 
Clarity (Z) 

.00014 

.00014 

.00014 

.00014 

.00014 

.00014 

.00014 

.00014 

.00014 

.00014 

ex> 
f-' 



allocated to each soil, slope, and practice are given 

below. 

Sl L2C 

SlL7C 

SlL8C 

SlL9C 

SILOC 

S2L2C 

S2L7C 

S2L8C 

S2L9C 

S2LOC 

5106.3 

3652.0 

7336.3 

2423.9 

1228.1 

2294.6 

1680.6 

290.9 

290.9 

1228.1 

Then the X value can be calculated by multiplying the 

number of acres by the appropriate coefficient and summing 

the results. For the results, see below. 

SlL2 C 

SlL7 C 

SlL8 C 

SlL9 C 

SILO C 

Land Productivity (V) 

1.531830 

.366815 

1.095600 

.024239 

.012281 
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S2L2 C .012281 

S2L7 C .114730 

S2L8 C .016806 

S2L9 C .002909 

S2LO C .002909 

Total 3.1804 

In a similar manner, the values W, X, Y, and Z can be 

calculated as follows: 

W 2.5317 

X 6.913595 

Y 3.063804 

Z 3.574438 

Once these results have been obtained, they can be substi

tuted into the equation. 

Max E = (3.1804. 41 ) (2.5317)·17 (6.913595)·32 

(3.063704)·07 (3.574438)·03 

Max E = (1.6070061) (1.1710625 (1.7565441) (1.0815292) 

(1.0389538) 

3.925883 

This result is in log form and yields an environmental 

index of 50.6978. 

The analysis can be carried one step further and 

the profit for the area can be computed. Assuming a 

yield of 40 bushels per acre, total acres of 25,531.7, 
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and a price per bushel of $3, the total revenue would be 

$120 per acre. Assuming a basic budget cost, the cost per 

acre would be $83.162 with a profit per acre of $36.838. 

The total profit would then be $940,536.76. 

In summary, the total profit for the region would 

be $940,536.76 and an environmental index of 50.6978. In 

a similar manner, the profits and level of environmental 

quality were computed for the entire region given various 

farming practices, as presented in the next section. 

Production 

Given this model that has been developed, the 

results show the trade-offs that exist between the level 

of environmental quality and the level of profits. As 

the level of profits is allowed to increase, acres are 

placed into less costly farming practices which allows 

profits to increase, but at the same time, causes a de

terioration in the environmental quality. For example, 

84 

if the level of profits is $1,445,971.45, then the environ

mental quality index is 2.87464 in log form or 17.8. The 

acres are allocated in Table 14. 

Allowing the profit level to increase to 

$1,448,795.09 causes the environmental quality index to 

decline to (2.87446 log form) or 17.7. The change that 

has occurred results from using debris basins or sediment 
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Table 14. Acre Allocation 1 

Grass Waterways No Til 

81L2 5,106.3 81L9 2,423.9 

81L7 3,652.0 82L7 1,680.6 

81L8 7,336.3 82L8 290.9 

81LO 1,228.1 82L9 290.9 

82L2 2,294.6 4,686.3 

82LO 1,228.1 

20,845.4 



basins on the 290.9 acres of S2L8 where no till was 

previously used and conservation tillage on SlL2 where 

grassed waterways were used before. The results can'be 

seen in Table 15. 

Allowing the profit level to increase further to 

$1,675,566.87 causes the environmental quality index to 

fall to (2.85707 log form) or 17.4. The farming practice 

that has changed is that now the 3652.0 of SlL7 which were 

allocated to grass waterways are now allocated to conser

vative tillage, as indicated in TablG 16. 
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The following Tables (17-22) list the various levels of 

profits and environmental quality and note the change in 

the farming practice that has occurred. The level of 

profits are constantly increasing while the level of en

vironmental quality is constantly declining. 

Summary of Changes 

Table 23 below summarizes the various levels of 

profit and environmental quality, as well as illustrates 

the changes in farmingpractices which increases profits 

and lowers environmental quality. There is a movement 

generally away from using no till as a farming practice 

to increase profits. Then there are constant readjust

ments between grass waterways and conservation tillage 

to increase profit, although generally there is a decrease 
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Table 15. Acre Allocati.on 2 

Grass Debris Conservation 
Waterways No Till Basins Tillage 

SlL7 3652.0 SlL9 2423.9 S2L8 290.9 SlL2 5106.3 

SlL8 7336.3 S2L7 1680.6 290.9 5106.3 

SILO 1228.1 S2L9 290.9 

S2L2 2294.6 4395.4 

S2LO 1228.1 

15739.1 

Table 16. Acre Allocation 3 

Grass Debris Conservation 
Waterways No Till Basins Tillage 

SlL8 7336.3 SlL9 2423.9 S2L8 290.9 SlL2 5016.3 

SILO 1228.1 S2L7 1680.6 290.9 SlL7 3652.0 

S2L2 2294.6 S2L9 290.9 8758.3 

S2LO 1228.1 4395.4 

12087.1 
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Table 17. Acre Allocation 4 

Grass Debris Conservation 
Waterways No Till Basins Tillage 

S~.L7 2440.0 SlL9 2423.9 S2L8 290.9 SlL2 5106.3 

SlL8 7336.3 S2L7 1680.6 290.9 SlL7 1212.0 

S2L2 2294.6 S2L9 290.9 6318.3 

S2LO 1228.1 4395.4 

14527.1 

i(Profits: '$1,"729",388.90. Environmental Quality: 2.85295 
(log), 17.3 

Change: The farming practice that has changed is that 
the 3,652 acres of SlL7 which were previously allocated to 
conservation tillage are now divided among grass waterway 
(2440.0) and conservation tillage (1212.0). 

;-:",' 
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Table 18. Acre Allocation 5 

Grass Waterways No Till Conservation Tillage 

SlL7 2323.7 SlL9 2423.9 SlL2 5106.3 

SlL8 7336.3 S2L7 1680.6 S1L7 1328.3 

SILO 1228.1 S2L8 290.9 6434.6 

S2L2 2294.6 S2L9 290.0 

S2LO 1228.1 4686.3 

14410.8 

~\"Profits : $1,731,731. 81. Environmental Quality: 2,85273 
(log), 17.3 

Change: The changes that have occurred are now less land 
on SlL7 is allocated to grassed waterways and the land on 
SlL8 which was previously allocated to debris basins is 
now allocated to no till. 
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Table 19. Acre Allocation 6 

Grass Waterways No Till Conservation Tillage 

SlL7 3414.5 S2L7 1680.6 SlL2 5016.3 

SlL8 7336.3 S2L9 290.9 SlL7 237.5 

SlLO 1228.1 S2L8 290.9 SlL9 2423.9 

S2L2 2294.6 2262.4 7767.7 

S2LO 1228.1 

15501.6 

i"Profits: $1,796,293.60. Environmental Quality: 2.84666 
(log), 17.2. 

Change: There is more land on SlL7 allocated to grass 
waterways and less land on conservation tillage and the 
2423.9 acres of SlL9 previously allocated to no till is 
now allocated to conservation tillage. 
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Table 20. Acre Allocation 7 

Grass Waterways No Till Conservation Tillage 

81L7 3545.4 82L7 1680.6 81L2 5016.3 

81L8 733c.3 82L8 290.9 81L7 106.6 

81LO 1228.1 197i.5 81L9 2423.9 

82L2 2294.6 82L9 290.9 

82LO 1228.1 7927.7 

15632.5 

-"I"Profi ts: $1,804, 04l. 86. Environmental Quality: 2.84593 
(log), 17.2. 

Change: There is more land on 81L7 allocated to grass 
waterways and less allocated to conservation tillage and 
82L9 is now allocated to conservation instead of no till. 
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Table 21. Acre Allocation B 

Grass Waterways No Till Conservation Tillage 

SlL7 13.3 S2L7 l6BO.6 SlL2 5106.3 

SlLB 7336.3 S2LB 290.9 SlL7 3629.7 

SlLO l22B.l 1971.5 SlL9 2423.9 

S2L2 2294.6 S2L9 290.9 

S2LO l22B.l 11450.B 

12100.4 

*Profits: $1,960,900.67. Environmental Quality: 2.B2052 
(log), l6.B. 

Change: There is more land on SlL7 allocated to conser
vation tillage and less allocated to grass waterways. 
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Table 22. Acre Allocation 9 

Grass Waterways No Till Conservation Tillage 

SlL7 250.0 S2L7 1680.6 SlL2 510.6.3 

SlL8 7336.3 S2L8 290.9 SlL7 3393.0 

SILO 1228.1 1971. 5 SlL9 2423.9 

S2L2 1168.5 S2L2 1126.1 

S2LO 1228.1 S2L9 290.9 

11211.1 12340.2 

*Profits: $2,000,000.00. Environmental Quality: 2.81394 
(log), 16.7. 

Change: There is less land on SlL7 allocated to conser
vation tillage and more land allocated to grass waterways 
and the 2294.6 acres of S2L2 which were previously allo
cated to grass waterways are now divided between grass 
waterways and conservation tillage. 



Table 23. Profits and Environmental Quality 

Practice (acres) 
Grassed No Debris Conservation 

Profit EQ (log) Waterways Till Basins Tillage 

$1,445, 97l. 45 17.8 2.87464 20,845.4 4,686.3 
$1,448,796.08 17.7 2.87446 15,739.1 5,106.3 290.9 4,395.4 

(-5,106.3) (+5,106.3) (+290.9) (-290.9) 
$1,675,566.87 17.4 2.85707 12,087.1 8,758.3 290.9 4,395.4 

(-3,652.0) (+3,652.0) 
$1,729,388.98 17.3 2.85295 14,527.1 6,318.3 290.9 4,395.4 

(+2,440.0) (-2,440.0) 
$1,731, 73l. 81 17.3 2.85273 14,410.8 6,434.6 4,686.3 

(-116.3) (+116.3) (-290.9) (+290.9) 
$1,796,293.60 17.2 2.84666 15,50l.6 7,767.4 2,262.4 

(+1,090.8) (-1,090.8) (-2,423.9) 
(+2,423.9) 

$1,804, 04l. 86 17.2 2.84593 15,632.5 7,927.7 1,97l.5 
(+130.9) (-130.9) (-290.9) 

(+290.9) 
$1,960,960.97 16.8 2.83052 12,100.4 11,450.8 1,97l.5 

(-3,523.1) (+3,523.1) 
$2,000,000.00 16.7 2.81394 11,211.0 12,340.2 1,97l.5 

(-889.4) (+889.4) 

\.0 
~ 



in the amount of land allocated to grass waterways. These 

acres are placed into conservation tillage which is a much 

less costly farming practice than grass waterways. Alto

gether there is a decrease of 4,331.1 out of grass water

ways, a decrease of 2,714.8 acres out of no till, and an 

increase of 4,331.1 acres into conservation tillage. 

Production Possibilities 
Table and Curve 

Given the preceding table, the trade-offs between 

production and environmental quality can be graphed into 
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a production possibilities (see Figure 7) curve. Overall 

these are only slight variation in the level of environ

mental quality because of the relatively small changes in 

the amount of land allocated to the various farming prac

tices. A wider range of trade-offs could have been gener

ated by allowing profits to increase further. This would 

have given decision makers a much broader range of infor

mation. Th-e'purpose of this study, however, was to develop 

a methodology to show how this information could be pro

duced rather than to develop all the possible alternatives. 

Thus the various trade-offs between production and 

environmental quality can be easily seen. A point on the 

curve can be chosen which will emphasize production or 

which will emphasize environmental quality. The costs to 

achieve one or the other can be studied and determined. 
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Summary and Conclusions 

In summary, the purpose of this dissertation was 

to derive a production possibilites table and curve 

illustrating choices of economic production and environ

mental quality for the Willow Creek area of the Columbia 

Plateau in Oregon. The research was done as a supplement 

to the USDA Oregon Rivers Cooperative River Basin Nonpoint 

Pollution Study. The dissertation is primarily a methodo

logy which can be expanded to address similar trade-offs 

between conflicting goals. 

This study initially presented a methodology for 

measuring overall environmental quality. A hierarchical 

structure was introduced which allowed goals and subgoals 

to be measured in order of their importance. Linkages 

among these different goals were also defined. Then a 

preference function was introduced so that the goals could 

be related to preferences or values. Technical indicators 

were used to measure how well different plans or practices 

enable the achievement of different goals. 

Finally, a model was developed which maximized the 

level of environmental quality subject to various profit 

constraints. The five environmental quality factors which 

determined the overall level of environmental quality are 

land productivity, scenic beauty, hunting, riparian habi

tat and water clarity. Preference weights for these five 
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environmental quality factors were determined. Then farming 

practices and t~eir costs were introduced and related to 

the different environmental quality factors. The farming 

practices studied were grassed waterways, sediment basins, 

terraces, some terracing, no till and conservation tillage. 

Then the actual model was presented. The model 

used mathematical programming to develop a production pos

sibilities frontier giving various choices between economic 

production and environmental quality. In a similar way, 

the model could be used to measure the trade-offs between 

any two conflicting goals. The model used a separable 

programming procedure. Profit equations for the various 

soil types, slopes, and farming practices were used as a 

measure of economic production. Land constraints were 

added as well as sediment and erosion constraints to 

measure the effects of various farming practices on land 

productivity. Then the results were presented which gave 

the various levels of environmental quality that could 

be achieved subject to various profit constraints. The 

vario,us farming practices which were employed to achieve 

these various leveles were also summarized. Finally, a 

production possibilities table and curve were presented 

to show the trade-offs between production and environmen

tal quality. 
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