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Abstract:

The commonality problems associated with groundwater use have led to inefficient allocation and
economic waste of the resource. Under an institutional regime of poorly defined property rights,
groundwater users fail to consider both the true cost of current extraction activities and the stock value
of the resource in their pumping decisions.

This study examines groundwater management in Montana. State groundwater law is reviewed and
various management approaches are briefly evaluated. A cursory review of Western states' laws related
to groundwater management in areas where use conflicts exist indicates that current Montana statutes
provide greater flexibility than most. This is seen as a positive feature in promoting efficient resource
use.

A case study using linear and dynamic programming is made of the Crow Creek Valley in
Southwestern Montana to demonstrate the use of an optimization model in determining the most
efficient temporal allocation of groundwater. Results of the analysis indicate that when groundwater
systems are confined, there is a decided economic advantage in maintaining the artesian pressure in the
system by not exploiting the stock component of the resource. Marginal pumping costs rise rapidly
when groundwater is mined from a confined system. If stocks are depleted to the point where the
piezometric surface falls below the confining stratum, the system becomes unconfined and the artesian
pressure is lost. If stocks continue to be depleted beyond this level, eventually the system moves to a
second equilibrium state.

Sensitivity analysis is used to examine the impact of changes in the discount rate, size of the basin,
energy costs and land productivity on the derived decision rule. Energy costs have the greatest impact
on the general structure of the optimal use policy. Assumptions about land productivity also have a
critical influence. When land is treated as homogeneous, the optimal allocation is identical to that under
a common pool setting. With diminishing marginal land productivity, however, the difference in the
two decision rules is more pronounced.
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ABSTRACT

The commonality problems associated with groundwater use have led
to inefficient allocation and economic waste of the resource. Under an
institutional regime of poorly defined property rights, groundwater
users fail to consider both the true cost of current extraction act-
ivities and the stock value of the resource in their pumping decisions.

This study examines groundwater management in Montana. State
groundwater law is reviewed and wvarious management approaches are
briefly evaluated. A cursory review of Western states' laws related
to groundwater management in areas where use conflicts exist indicates
that current Montana statutes provide greater flexibility than most.
This is seen as a positive feature in promoting efficient resource use.

A case study using linear and dynamic programming is made of the
Crow Creek Valley in Southwestern Montana .to demonstrate the use of
an optimization model in determining the most efficient temporal allo-
cation of groundwater. Results of the analysis indicate that when
groundwater systems are confined, there is a decided economic advan-
tage in maintaining the artesian pressure in the system by not ex-
ploiting the stock component of the resource. Marginal pumping costs
rise rapidly when groundwater is mined from a confined system. If
stocks are depleted to the point where the piezometric surface falls
below the confining stratum, the system becomes unconfined and the
artesian pressure is lost. If stocks continue to be depleted beyond
this level, eventually the system moves to a second equilibrium state.

Sensitivity analysis is used to examine the impact of changes in
the discount rate, size of the basin, energy costs and land produc-
tivity on the derived decision rule. Energy costs have the greatest
impact on the general structure of the optimal use policy. Assump-
tions about land productivity also have a critical influence. When
land is treated as homogeneous, the optimal allocation is identical
to that under a common pool setting. With diminishing marginal land
productivity, however, the difference in the two decision rules is
more pronounced. '




CHAPTER 1

INTRODUCTION

Water has always been a vital yet limiting resnurce to the
economy of the arid West. In the past surface diversions provided. the
bulk of water used in agricultural, domestic and mining acrivitiesL
But over the last sgveral decades groundwnter -- subsurface water in
éoils and geologic formations beneath the water'tanle — has become an
increasingly important source. In 1970, i9 percent of the water used '
in the U.S. came from groundwater sources-(Free?e.and'Cherry, 1979).
By 1980 this figure had grown to 25 percent (Newnweek, Feb. 23, 1981).

Increases in groundwater use have béen particularly drama;ic in
the West where it now accounts for 46 percent of the public supply and
44 percent of the industrial use (Freeze and Cherry, 19795. According
to Frederick (1981), growth in western irrigation over the last three .
décades has been based“on the use of groundwater. He reports a
three—foid increase in gronndwater withdrawals for irrigationinetween
1950 and 1975. Today these withdrawals acnount for 39 percenr of all
western irrigation water (Frederick 1981, p 21).

In Montana more than 95 percent of the total water withdrawn is
for irrigation (Montana Department of Natural Resources and'
Conservation, 1975). While currently 99 percent of this water comes

from surface sources, the use of groundwater for irrigation has grown




A 2
significantly since the 1950s (Figure 1.1).

Unfortunately grbundwater users often face leés long-term
security than'do surface water right holders. Supplies and extraction
costs are affected by the addition of.new wells, increaées‘in pumping
rates from existing wells, polluti9n and higher energy prices. Thus
groundwater resources are depletable in both an economic and physical
sense. This &epletable nature, along with the failure of individual
pumpers to consider the true costs of their actions, has created a
‘host of environmental and use problems.‘ Frederick (1981) estimates
that more than 22 million acre feet of groundwater is being mined (use
in excess of natural recharge) from wesﬁern aquifers each year. 'In
some areas chronic overdraft has caused wells to go dry, land to
subside, aquifers to_be'tainted with saltwater and pollutants, and
surface flows to be altered.

In the past.management efforté to combat these prbbiems primarjly
conceptratéd on strategies to increaée supplies rather.than impfove
the efficienc§ of water use and the allocation of water rights.

Today, howe§er, supply side solgtions involving large-scale water
frojects are no longef feasiBle for economic, political and physicdl
reasons (Ingram et al., 1979). Thus if groundwater is to'continue to
be an important part of our water economy, ﬁew institutions must be

'developed to improve the efficiency with which this resource is used
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and managed.

Study Objectives

The primary objective of this study i1s to establish the
conditions neééssary for efficient groundwater use in Montana and to
evaluate various management strategies froposed for achieving this
goal. An optimization model using dynamic pfogramming is develéped
for the Crow Creek Valley basin iﬁ Southwestern Montana to demonstrate
the welfare gains achieved under an optimal allocation policy versus
on open access rule. The empirical results of the optimization and

their implicafions for groundwater management are analyzed.

Organization

This thesis is divided into essentially two parfs. The first
part is a theoretical discussion of the commonality proElem aslit
relates to groundwater use, groundwater la@ (bbth in Montana and
' elsgwhere) and ménagement options. The second section is an empifical
applicafion of an optimization model for groundwater use. .Pertinént
literature is reviewed within each section.

Specifically, the second chapter describes the common pool
problem and why it exists, commonality aspects of groun&wa;er,'thé
definition of an eéxternality, and theofefical solﬁtions to |

externalities. The third chapter explains what is meant by economic




efficiency, why it is used as the primary objective in ;his étudy, and
various violations in the marginal conditions necessary for
efficiency. Chapter four fociuses on groundwater law —-- the basic
doctrines, key‘characteristics of a wéll-defined property right, the
historical development of groundwater law in Montana, criticisms of
curfent groundwater law, and the managemeﬁt of groundwater basins in
Montana and other states. Chapter five évaluatesAvarioﬁs_groundwatér
management strategies described in the literature or curfently in
practice. The strategies are briefly\evaluated in terms of how well
they restore the marginal conditions necessary‘for economic
gfficiency, their informational needs, ease of administration and
implementation, enforcement potentiai and overall- flexibility.
Specifié centralized management options éonéidered are; strict
tempdral priority; use preferenceé; well drilling mofatbria; well;‘
spacing regulations; use rotation reguiations; quota systems; aﬁd, use
taxes. Décentralized options include deed systems and‘water banking.
The sixth chapter describes the optimization model used in the ‘
empirical ﬁart of the analysis, assumptions ﬁade in its cénstruct;on,
and the physical and economic setting 6f the study area. Results of
ghe baseline model are'described. 'Sensitifity analysis is used to
examine the impact of changes in the discount_raﬁe, size of the basin,

energy costs and land prodqctivit& on the derived decision rule.




Finally, chapter seven summarizes the major conclusions of the study

and makes recommendations for further research.




Chapter 2

THE COMMONALITY PROBLEM AND GROUNDWATER -

' The prbblems associated with common pool or open access resources
have occupied -an extensive segment of economic literature related to
natural resources in the last several decades. Sweenéy et al. (1974) .
identify the lack of explicitly defined property rights as the set-
ting in which common pool problems arise:

The fundamental cause of.any common-pool problem is the

difficulty of identifying, keeping track of, and asserting

property rights over some part of the resource in question.

As a consequence, each person with access to the resource

has an incentive to exploit currently as much as he profit-

ably can, thus reflecting the effects of his actions on re-

source availability in the future. . . . (p. 182).

In his seminal article on the commonality of the fishery, H. Scott
Gordon (1954) describes how '"wealth that is free for all is valued by
none because he who is foolhardy enough to wait for its proper time
of use will only find that it has been taken by another" (p. 135).
Clark (1976) explains that the open access institutional setting
forces resource users, fisherman in his exampley to evaluate future
revenues from fishing at an infinite discount rate. Thus, returns
from fish stocks preserved for future use are given a zero value. The
inevitable result, concludes Gordon, is a competitive race for posses- .

sion by current users '"with attending overexpansion of productive

facilities and groés wastage of the resource” (Gordon, 1954, p. 135).




More than a decade ;ater, Garrett Hardin (1968) terms this waste
"the tragedy of the commons."

In a more rigorous mathematical treatment of the commonality pro-
blem associated with extractive resources, Peterson and Fisher (1977)
describe how firms operating with a common podl resource drive economic
rents to zero due to overexploitation. Since ownership of the resource
is implied only by seizure, firms have no incentive to maximize the
present value of their resource use. As a result, external disecon-
emles due to crowding and the user cost of stock depletion are ignored
or underestimated. McDonald (1971), in his economic analysis of petro-
leum conservation in the U.S., finds similar consequences to .the "rule
of capture" in oil field production.

Hirshleifer et al. (1960), in their classic treatment of water
supply,extend the commonality problem to water:

It is important to note that the common pool problem is a

manifestation of the "fugative" nature of water resources.

The span of property rights in such resources fails to in-

clude all the significant consequences of the private ex-

ploitation decision., Ordinarily the inducements are such

as to encaurage excessive exploitation, since a decision to

conserve for future use does not provide a property right
in the preserved resource still subjected to the law of

capture ‘(p. 60).

COMMONALITY AND GROUNDWATER

A number of economists have explored commonality problems as they

relate to groundwater use (Renshaw, 1963; Burt, 1966; Bredehoeft and




~ Young, 1970; Jaquette and Moore, 1978; Noel et al., 1980, and others).
- Milliman (1956) observes that the "commonality of use prevents the
onus of cost from falling upon the particular pumper and causes al
divergence between private and social costs. As a resulé,.optimum
allocation of water is hampered" (p..426). Likening groundwater to
the Joil—pool" example, Milliﬁan identifies tﬁe two basic spill-over
costs or eiternal.diseconomies associatéd with the commonalitf of
groundwater. First, sincé property rights are not secure in the future
(particularly in the case of an aduifer with little ér no natural re-
charge) there is little incentive to maximize- the present value of
total extractions over time., Hence, the individual user pumps as long
as current marginai beﬁefifs exceed c¢urrent marginal costs. The
resulting tendency is to over—-utilize the stored supply. A second
spill—over'cos; is the negative externality which results when oﬁe
pumper.lowers the water level (due to his‘extraction.activitiesf,
thereby spreading the éost of the extra pump lift to all pumpers.
Explains Milliman, "Tt is cleér in this type of spill-over cost as
weli as in the first one that production Will tend to exceed the
social optimum because the decision makers do not bear &1l of the

costs attributable to their production decisiens” (Milliman, 1956,

P. 429 .

These problems perhaps can.be best conceptualized by using a

simple example. TImagine twe children, John and Sarah, sharing an
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ice cream sodé on a hot summer afternoon. Both are given identical
straws., As they put their straws into the glasé, the "race for bosses—
'sion"'begins. Sarah likes to savor her soda and normally would sip it
slowly, letting the ice cream melt. .However, she knows that with John
also sharing thg soda, the more slowly she d?inks, the more John will
get and the less will be left for her. So she"décides to drink the
soda as fast as she can ——- so fast that she gets a headache from the
cold ice crgém. In fact, the soda is conéumeq so quickl§ that Sarah
reélly isn't sure if she enjoyed it or not; certainly she enjoyed it
less than she would have had she sipped at her own leisure. In the
context of economic jérgon, ngah ignores the future valﬁe of her iée
cream soda due to the uncertainty of its availability. By éonsuming
all the soda now.and forgoing the pleasure of drinking some fivé
minutes later, she fails to maximize thevpresent value of the drink
over timg( Hence, she consumes it at a suboptimal rate.

But there:is another facet to‘the story. - John is so concerned
about getting as much of the. soda as he can hg doesn't notice that
every time he tékes a siﬁ.fhe ;evel gf the drink in the élaés droﬁs.
With eaéh'sip,'John has to suck a little more forcefully to get the
soda up the straw. At the same time, each of his sips ;lso makes it
ﬁore difficult for Sarah to get the soda. But that doesﬁ’t matter to
John; .All he considers is the effortlréquired'on his part'to‘get‘more

of the drink. Returning to the context. of economics, without the .
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‘restraint of a clearly defined allocation of soda, John ignores the

total social impact (on himself and Sarah) of his sipping activities.

THE EXTERNALITIES OF GROUNDWATER USE
Within the context of two children sharing a soda the présence of
spill-over effects hardly seems worth much attention. But where other

resources are concerned, the results can be critical.

Traditionally, technical externalities are said to exist when
there is some physical interdependence between economic decision
units, e.g. some activity by X imposes a cost or benefit on Y for

which X is not charged or compensated for by the pricé system of ‘a

market economy.
For the consumer, an externality is represented by an additional
variable in his utility function,
= f ces B, Z
UY f (al n’ X) s
where a; - - .'an are activities under Y's control and 2, is the

external effect produced by X and not under Y's control. Similarly,

for a producer an externality is represented in the cost function:

C = f(a, ... z ),
y ( 1 %0’ _x)
When technical externalities are present there is a divergence

between private and social costs and resources are misallocated. Re-

source allocation is said to be efficient if it is Pareto optimal.
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That is, no otﬁer ailocation of that resource is possible withdut-
making some users worse off. Wifhin the context of production under.
éonditions of Pareto optimality the private cost of produciné a unit
of output must equal the social cost of producing that unit.

Technical externéiities can be either economies or diseconomies.
An external diseconomy exists when the social marginal cost of an
output is greater than the private marginal cést (Figure 2.1). For
example, a manufacturer of tires produces noxiﬁus fumgs as a by-product
of his production process. These fumes are vented into the air sur=-
rounding the manufacturing plant. -While the fumes pose a cést on area
rééidents in the form of air pollution, the firm is not held account-
able for this cost. Thus, it is not included in'the firm's production
cost calculations; 'The firm maximizes its profits By producing Qp
units of tires. However, from society's point of view only QS tires
should be produced. Resources are being misallocated into the pro-
duction of too many tires.

By éontrast, an external economy results when social marginal

cost is less than private marginal cost (Figure 2.2). An example might

involve a farmer who drains his mérshy fiel&s-By pumping water out,
thereby improving the productivity of his lands and those adjacent.to
them (Hirshleifer, 1980). While the majority'of the egternalitiés
vassociated with groﬁndwater use are in the form of diseconomies, eco-

nomies of thié nature can and do occur. In the case of the external
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economy, the farmer 1s not compensated for thg beneficial effecté his
pﬁmping has on neighboring farmers, and thus his coéﬁ dalculétion is
higher than society's. TFrom society's point of view he shouid be
extracting more grqundwater (QS). Resources are being misallocated

in the sense that too little groundwater (Qp) is being withdrawn.

" In the market economy, prices are the primary'signalling
device for directing the allocation of resources. Scitovsky (1954)

argues that when externalities exist, this pricing system fails

to accurately "transmit information about present piahs and future
conditions as they are determined by prasent plang" (Scitovsky, 1954,
p. 150). Thus, resource allocation diverges from Pareto optimality.

As discussed in the previous section, literature on the common-
ality problems.associated with groundwater identifies two areas where
market-mechanisms fail to properly function in the allocation of ground-
water. First, individual pumpers do rot properly account for the fore-
gone opportunities associated with current use. Secondly, given the

moBility of groundwater and the resulting interdependence among users
~- termed congestion externalities (Brown, 1974) -- individual pumpers
ignore the effects of their actions on other users.

The implicatiéns of these spill-over effects are borne out by
real life problems. They include saltwater intrusion and other water

quality problems, economic and/or physical exhaustion of aquifers,
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land subsidencé, aﬁd conflicts over water level and pfessure decline.
Oq the High Plains of Texas.researchers have quantified the benefits
a;sociated with use limitation programs designed to exteﬁd the life
of water supplies from the Ogallala'Aquifer, a non-recharging ground-
water basin (Hardin and Lacewell, 1980). Heavy groundwgter pumping
along the San Joaquin Valley in California over the last 50 years

has caused an area the size of Connecticut to subside, in soge places
as much as 30 feet. Once compactibn occurs, the aquifer can never
fully.recharge (Camby, 1980). More dramatically, in Florida large
sinkholes have suddenly appeared as a result of prolonged groundwater
extraction from various basins. In Savannah, Georgie, heavy pumﬁing
from the Ocala Aquifer has created a cone of depression 50 miles

wide beneath the city, slowly drawing salt water toward the city's
wells (NéWSQeek, 1981). Incidents of sea water‘intrusioﬁ have been

reported in other coastal states, including California, Texas, Florida,

and New York.

APPROACHES TO THE EXTERNALiTY PROBLEM
Economic literature considers two basic approaches to dealing
with the externality problem. Burton (1980) terms the two as the
"intervention solution" and the "private property solﬁﬁion."
Similarly, WhitcomB (1952) classifies them as either a "centralized"

or "decentralized" approach.
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The so-called intervention solution has its roots with the work
of Pigou on welfare (1952) in which he argues that the presence of
market failures (with the resulting ekternalitiés).necéssitates cor-
rective governmental interven£ion in the form of taxes, subsidies,
regulations, or other control measures to induce firms to produce
socially optimal levels of output.

Beginning with the work of Coase (1960), a growing ségment of the
theoretical 1itérature'on externalities has aptacked the Pigovian
approach and instead'advocated a decentralized or private bargaining
solution. Under Coase's énalysis, giﬁen perfectly defiped property
rights —— fully enforceable and transferable -- and_zefo transaction
costé, parties affected by an externality will trade unfil-an effi~
cient sqlution is reached, rggardless of the initial distribution of
the resource. The underlying logic fehind this.approach rests witﬂ
the invisible hand of the free market system; Sihée the socially

optimal level of oﬁtput maximizes combined profits, firms affected by
externalities have an incentive to agree to produce the optimal output
and redistribute profits such that each firm faces a profit greater
than or equal to the one earned without bargaining. Thus téxes or
subsidies are not needed.

Considerable debate has centered on the relative merité of these

two approaches. Whitcomb (1972) notes that while the tax/subsidy

scheme is decentralized in the decisional sense ——- firms are free to
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decide how much of an.externality to produce —- it is informationally
centralized; That is,-the "center" must know the cost functions of
each firm to calculate the correct tax/subsidy 1evgl. He considers

this a "severe requirement,"

noting that it is often advantageous for
the firm to transmit incorrect information. "imperfect information
gives imperfect results; and, like a stern religion, wglfare economics
condemns all degrees of imperfection eqpally” (Whitcomb, 1972, p. 89).
.Others have criticized Coase's anaiysis on the‘basis of his
assumption qf costless transactions. Dahlman (1979) argues fhat it is
the very presence of transact}on costs which prevents Pareto 6ptimalit§
from "ruling suElime." "Transaction costs are therefore a necessary
condition for the persistence of unwanted effects from externalities,
for with zero transaction costs side effects will be internalized and
will not negatively affect resource allocation.. The conclusion is thus

unambiguous: in the theory of externalities, transaction costs are

the root of all evil" (Dahlman, 1979, p. 142).

Still others have taken issue with Coase's claim £hat a Pareto-
efficient outcome will result regardless of the 1iabilitylrule in
force; that is, regardless of whether the écting of affécted parties
must pay (in the context of a neéative externality). .Raﬁdall (1972)

argues that the two liability rules are nmot allocatively neutral

and that the degree of externality abatement critically depends on
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which rule is in force. He concludes "that market solutions can be
seriously considered in a world with pervasive externalities only if

something approaching a full liability rule [acting party is liable]

" is established. Even then, excessive transaction costs may limit the

success of market solutions" (Randall, 1972, p. 175).
Within the context of groundwater several alternative institu-

tional arrangements have been suggested for dealingiwith the extern-

"ality problem. Maddock and Haimes (1975) emphasize that an enforce-

able policy must be established which forces recognition of future
values of water while providing recourse for external effects between

pumpers. Hirshleifer et al. (1960) list three approaches: i) central~-

ized control of the groundwater supply; 2) assignment of pro rata

production rights or quotas; and 3) impositionlof "use" taxes. Fol-
lowing the decentrélized, bargaining approach, subsequent studies

have calle& for greatér reliance on the private market and associated .
price system (McKeachnie, 1970; Johnsomn, 1971; Ditwiler, 1975;
Tregarthen, 1977; Oeitjen and Fischér, 1978; and others).. Smith (1977)
proposes a water deeds solution wheféby-groundwater rights are com—
posed of.an annual entitlement to the flow component of ;he resource
and a one-time allocation of the stock portion. Regardless of fhe
specifie institutiopal recommendations made, all of the studies under—‘

score the need for better definition of groundwater property rights.




Chapter 3

THE EFFICIENCY OBJECTIVE

From the economist's point of view, efficiency is the yardstick
by which most policies are evaluated. While other goals are con-
sidered, inevitably attention is focused upon. the promotion of economic
efficiency. This chapter attempts to jusfify the use of the efficiéncy
objective, both in terms of general policy. and as it relates to ground-

water management in particular.

MAXIMIZING "SOCIAT, WELFARE"

Whether from a centralized or decentralized perspective, few
would argue that a policy which maximizes overall social welfare is an
undesirable one. Invyater resources literature there is almost uni-
versal agreement on maximization of national welfare as being the
primary objective of water resource policy (Marglin, 1962). Unfor-
%unately, as ﬂarglin points out, there is little hope that this ob-
jective is directly operational as a criterion for policy design and
evaluation. !'Translation would require not only agreement on a
definition for the deceptively simple phrase 'national welfare' but
also some assurance that the defined concept is measurable" (Marglin,
1962, p. 17).

In.the cdntext of conventional economic theory, welfare is maxi-

mized at the point of tangency between the social production




20

possibilities frontier and the social utility indifference curve

_representing the greatest aggregation of individual utilities. But

because interpersongl comparison of utility is not possible, econo-
mists are unable to strictly define social indifference curves. Thus
the concept of welfare maximizafion in this context reﬁains only .
theoretical. | |

In an effort to overcome some of the pragmatic limitations of
welfare maximiéation, welfare economics has evolved. Welfare eco-
nomics recognizes essentially twa objectives: 1) efficiency, max-

imizing the size of the economic pie; and, 2) income redistribution,

distributing the pieces of this pie according to society's values

(Hirshleifer et al., 1960).

| While the second objective still requires knowledge of elaborate
value judgemenfs, economists belieﬁe they can make definitive state-
menés about efficiency (Henderson and Quandt, 1980). Under the Pareto
criterion, a.change which makes at least one individual better off
without making .anyone else worse off repfesents'an increase in welfare.
Pareto optimality occurs when no further Pareto moves are possible
-— that is, no changes are possible which make no one worse off.
Efficiency is maximized at the point of Pareto optimality.

However, even the Pareto optimality condition is not:a decisive

criterion since mere than one point can satisfy it. /In fact, any of

the infinite number of points which make up the social production
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possibilities frontier represents a Pareto optimality. To eliminate
this ambiguity, economists have introduced the concept .of compensating
side payments to achieve a Pareto redistribution. These side payments
are-a form of bribery in that they can be paid to compensate those
made worse off by a particular transaction. Or compensation payﬁents
can be made to those made better off by the transaction to prevent it
from taking place. With side payments, a Pareto optimum occurs at the
point where neither party is willing to accept further compensation to
affect a change. Thus, all possible gains have been exhausted and an
efficient outcome is reached.

While the level of income is not a direct measure of well-being
(Hirshleifer, 1980), from a practical standpoint, an increase in
national income is. often viewed as a proxy for an increase in welfare
according to the Pareto criterion. Ciriacy¥Wantrup (1956) explains
why:

The Pareto 'with' [with side payments] criterion is con-

ceptually not identical with the criterion 'increase of

national income.' But the latter criterion may be regarded

as a practical, first approximation of the former, provided

that the policy under consideration does not appreciably

increase inequality of income distribution, but provided

further that other policies operate independently and

continually in the direction of greater equality of income

distribution. (Ciriacy-Wantrup, 1956, p. 307).

Henderson and Quandt (1980) warn that Pareto optimality does not
guarantee that distribution of income and utility are optimal. As a

]

result, McKean (1958) notes that the efficiency criterion is only a
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partial test in that it says nothiqg about which position is best in
any ultimate sense. A complete evaluation, however, requires know~
ledge about the relative "social worth" of wealth to different people.
Given that utility is a subjective conéept, efficiency remains'the

primary tool economists use to weigh and measure policy alterna-

tives.

PARETO OPTIMALITY/EFFICIENCY CONDITIONS

As stated previously, Pareto optimality occurs when no change is
possible where at least one individual is not made worse off. This
result implies some rather specific conditions which must be met in
both the consumer and proéucer sectors, In the following discussion
these conditions are cursorily reviewed, appealing to their
general intuitive interpretation. A more detailed derivation is
available fromlany intermediate level microeconomic text.

For consumeré, Pareto optimality.reqﬁires that the marginal rate
of substitution (MRSC) between goods X and Y be equatéd among all
individuals. Those rates, in turn, must equal the ratio of the
goods' prices (PX/Py){

2

(3.1) Mesc' = MRSC', = B[P |

Very simply this states that the slope of individual 1's indif-

ference curve where it is tangent to the budget line must equal the

slope of individual 2's indifference curve where it 'is tangent to
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the budéet line. If this condition does not hold, both partiés could
benefit from a further .reallocation (trade)nof the goods, |

Iﬁ the producerhséctor the‘valﬁe of the-mafginal product of an
input (vmpa) must Be equal among all fifms. This, in turn, is equal
to the "hire" or>factor price (ra) of that input.

(3.2) vmpla = vmp2a =,

This aiso implies that the ratieo of thé margiﬁal physical pro-
ductivities of inpufs (mPPa/mppb) ~— the rate of technical substitu;
tion (RTSab) — are'equal for all firms.

Given the direct correspondence between the factor and prodpct
marketé, the producer conditions can be described in térms of output
prices and costs. The marginal cost of an output must be the same for
all firms.and equalAfé.the price. of that output.

1 2

(3.3) MCT_=MC_ =P
g X X X

An inequaiity among producers implies a different marginal physi-

cal productivity for a particular input among the firms. Thus pro-
ducers could improve profits by shifting their use of that input.

' Firms with larger mpps should use relatively more of that input while

firms with smaller ﬁpps should use less. Such a reallocation will
eventually bring about tﬁe necessary equality, exhausting all possible
gains.

The mediating role of price, in turn, results in an 'additional

y
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equality between the consumers' marginal rate of substitution and the
producers' rate of technical substitution. In aggregate, these candi—
tions can be generalized by the fundamental principle of equimarginal
value in use (Hirshleifer et al., 1960): all users derive equal value

in use from the marginal unit consumed or used.

VIOLATIONS OF EFFICIENCY CONDITIONS

It should be obvious from the gbove discussion that Pareto con-
ditions fail to hold in disequilibrium or when markets are not per-
fectly competitive. TFor example in the case of a monopoly market,
the profit-maximizing producer equates marginal revenue with mdrginal
cost. But because the firm.is a monopolist, to sell additional units
of output prices musf be lowered. Thus, marginai revenue (set equal'
to marginal cost) is less than price, and condition (3.3) is violated.
From an efficiency standpoint, too little output is produced.

Efficiency conditions are also violated With'the case of so-called

public goods where the marginal cost of producing additional wmits of

the commodity is zero. TFor Pareto conditioﬁs to hold, the price of
the good should equal the sum of consﬁmers' marginal ratés of .substi-
tution rather than the individual rates.

In the context of groundwater, it is the presence of external-
ities (discussed in detail in CGhapter 2) which prevent economic

efficiency conditions from automatically being satisfied. When exter-

3 d
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nalities are present individual maximization results in marginal con-
ditions which are "wrong" or irrelevant from society's point of view
(Henderson and Quandt, 1980). Society's opportunity cost in terms of
the resources which must Be given up to produce an additional uﬁit of
output is not the same as that for the private firm. Thus, private
and social rates of product transformation are no longer équivalent.
Iﬁ the Ease of an external disecoﬁomy, private marginal costs are
lless than the social cost and too much output is produced. With ex—-
ternal economies, social margina; costs are less fhan private costs
and too little is produced. 1In either case, resource allocation is
not efficient. Gains thét could be made by improved allocation are
not experienced due to the presence'of externalities, .
In terms of groundwater management,‘economics provides a much

less ambiguous guide for evaluating how well the efficiency (and
externality) question is handled. A policy which increases net

benefits or income closes the gap somewhat between the gains which are

possible and those which are reaﬁedﬁf Society moves closer to an
efficient allocation of the resource, and as a result, total welfare
increases. Whether these gains are distributed optimally, e.g. to
those who deserve them the most, is a qﬁestion economics cannot answer.
For that requires the résolution of an additional question -- a
question which is beyond the scope of this 'study and the values of

one individual.




Chapter 4

GROUNDWATER LAW

Fundamental to the management-of water resources ié the legal
regime under which water allocation and distribution activities operate.
A large body of law has evolved designed to deal with the common pool
nature of water, both surface and ground. Despite the intent of this
body, criticisms have been raised over the adequacy of present water
laws to effectively address water man;gement préblems (Ciracy-Wantrup,
1956; Hirshleifer et ;1., 1960; Ditwiler, 1975; Johnson, 1971;

Qeltjen and Fischer, 1978; Tregarthen, 1977; énd others).

Trelease (1977) argues that the primary objec£i§e of any water
law should be the promotion of’an efficient allocation of water
resources. Using economic efficiency as the point of reference, he:
defines such an allocation as “that combination-of labor, capital,
and resources which will produce the greatest net benefits."
(Trelease, 1977, p. 62.) 'He emphasizes that.to achieve such
efficiency a system of water laws must be devised which provides
"both security and flexibility of water rights" (Trelease, ‘1977,

P 64.) N

| Milliman (1959) further adds that to utilize fhe ipstitutions
of private p?operty and the markef systeﬁ to address the common-
ality problem associated with water, two basic qualities must be

present in a water right:- "(1) the wdter right must be clearly de-




27

fined and have legal certa;nty, and (2) the right must be capable of
being transferred between competing uses and users' (Milliman, 1959
p. 46). Such condifioés must exist if wéter is to move to its most
highly valued use. How well do existing water léws as the& apply to
groundwater use meet:these criteria?

In order to evaluate this question it is first necessary to under-
stand the basie legal doctrines governing groundwater use in the United
States today. In this chapter the basic legal doctrines are described,
followed by a brief'discussion of their limitations witﬁ resﬁect to‘
the criteria established above. Next,‘Montaﬁa’s groundwater legisla-
tive history is ekpldred, culmingting with a description éf provisions
under current law. Finally, legal approaches to'the managémeﬁt of
"critical" groundwater areas in various other staﬁes.are briefly ex-

amined.

GENERAL DOCTRINES

It is importanf to recognize that law is not a static institution,
but rather continueé to evolve and re—sﬁape over time (Anderson and
Hill, 1976). This is particularl§ trﬁe of groundwater law. Notes
Treléase (1976), "It cannot be simply pictured, as in a snapshot . .
... Groundwafer law is as dynamic and acfive as any law I know" (p.
271). Despite thié dynamic natufe, it is possible to classify the Ba—
sic approaches,fo groundwater law according to>four>genera1 docfrines.

While few of these doctrines are applied in their purest form in the
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United States today (Hutchins, 1974), it is possible to trace exist-
ing laws back to these basic approaches.
Accofding to Corker (1972), Anglo-American law has its roots with

the 1843 English "rule of absolute ownership.” The ruling came out of
a dispute between a minér and leather tanner over groundwater use.
Under’fhis doctrine the owner pf overlying land has the right to use
the water beneath that land in ény way he éhoosgé.&ithout 1iébilit;.
Trelease (1976) comments that this ruling reflecféd~;he court's

"scientific and jﬁdicial ignorance" (p. 272):of the nature of ground-

water. Several states (Connecticut, Illinois and Texas) still adhere

to the absolute ownership doctrine (U.S. Dept. of Eﬁergy, 1980), ai—’
though in Texas a statute provides for the fofmation of ﬁnderground,
water gonsérvatién digtricts with special regulatory powefs.'

Initially there were few prgblems with the ébsolgte ownership
doctrine (Tfelease, 1976) . But as more and more individualé turned
to groﬁndwater as an additional source of water and with the advent
of high-capacity pumping technology, problems of well-interference
and dewatering began to develop. As a result, American courts
created a modified version of the English doctrine, the "rule of
reasonable use." ‘This doctrine limits the .water an overlying land-
owner can use to an amount that can be reasonably and benefic-
ially used on thét land. The water cannot be used wastefully

or transported for use elsewhere if other overlying land-
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owners are deprived of the reasonable use of.their.waters on their
land (Hutchins,'1974). The reasonable use rile is most commonly
applied in the Eastern states.

- .The correlative.r;ghts doctrine originated in California as a
variation. of the American reaéﬁnable'use rule (Corker, 1972). This.
doctrine basically stipulates that in times of shortage or overdraft
in a groundwatér_b;sin, each overlying owner is limited to a propor-
tionate share of the water based on historical records of use.
Arkansas, California and Florida utilize various versions of the
correlative rights 40ctrine in their groundwater management laws (U.S.
'Department of Energy, 1980).

Watef is not uniformly distributed throughout the United States
or even regionally. As a result, water léw has been modified according
to the conditioﬁs tyﬁically present in a particular region. In general
the eastern portion of the nation is endowed with far greater quantities.
of atmospheric moisture and surface and subsurface watér than is the
West. Thus, legal doctrines which tie water use rights to lands
adjacent to or overlying sources of water have Been found to be too
inflexible for agricultural and mining practices of the arid West,
Instead, a doctrine of prior app?opriation has evolved. (For an
interesting and concise discussion of how this particular institution
evolved see Anderson and Hill, 1975.) Corker (1972) notes that this
doctrine originated with surface water, but_was 1at¢r adopted to

groundwater beginning with New Mexico in '1927. Under the prior
! : ;
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appropriation system, ; person, regardless of land ownefship, can
obtain Water by diverting or.pumping (capturing).water and putting

it to beﬁeficial use. The first date of,use establishes'the right
‘holder's priority rélative to otherjusers, Qith senior right holders
ha?ing preference over iunior right holders. Thus, in times of
shortage senior right holders must have their rights satisified.before
junior right holders can exercise their water rights - Hence the de-
scriptive phrase Yfirst in time, first in right." ‘Unlike the absolute
owneréhip or reasonable use doctrines, under prior appropriatioﬁ the
_water must be usea to establish or "perfect" the right. Depenaing

on the specific requirements of the gtate, non-use for a Eertaiﬁ

period of time is viewed as abandonment and results in éhe loss of

the water right.. The prior appropriation doctrine is.typicélly applied
in the Western stétes.. Currently most appropriation statés require
that a'permit be filed with the designate& state agency befbre water
can be utilized. The agéncy generally issues a permit once it has been
determined that unappropriated water is avyailable and that the proposed
use will not "unreasonably" interfere ﬁith the uses of existing right
holders (U.S. Dept. of.Energy, 1980). There is’a growing tregé for
states operating undér the reasonable use doctrine to also require

permits before water can be used (Trelease, 1977).

CRITICISMS OF CURRENT GROUNDWATER LAW

Facets of all four doctrines have been criticized in- terms of
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their ability to provide secure and flexible water.rights with
respect to both ground and surfaée water use.

According to Hirshleifer et al., (1960) certainty (or in
Trelease's terminology, security) ié perhaps the most impo¥tant
characteristic of a real property law. By the very stochastic
nature of water, ;heré always exists some unceftainty regarding the
physical'supply of water that will.beAayailable at a given point in
time. Obviously little can be done legisiatively to eliminate the
Iphysical dimension of uncertainty. However, laﬁs governing the use
of water have a very direct impaét on the certainty of tenure; that
is, the certainty regarding the legal right to uée water. A basic
tenet of economic theory is that individuals respénd to incentives.,
W;thout certaintvaith respect to a water right there is little
incentive for an individual to invest in or develop water resources.
For example, it would be irrational for a farmer to expend a large
sum of money on-a new irrigation system this season if there was a
good chance his water right would be invalid the next séason.

Initially it might appear that a doétrine of absolute owner-
‘ship would provide the greatest degree of certainty with respect to
groundwater. However, as Trelease (1976) points out, sucﬁ pwuership
is not as absolute as the name would imply. With a sﬁfficiently
powerful pump a landowner can extract Water‘underlying adjacent lands
as well; making the water his property while at the éame time leaving

neighboring landowners dry.
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- With the reasonable use doctrine there is uncertainty with respect
to how a "reasonable" use is defined. What is reasonable foday may not
be so judged tomorrow. Similar uncertainties exist when use ﬁreferQ"‘
enceé are administratively.or legislatively specified, or, in the éase
of an appropriation doctrine, when the use must be a "beneficial" one.

The correlative rights doctrine does not specify the actual

. amount . an individual pumper is entitled to and, thus, the uncertainty

associaté& with a common pool resource persists.

As mgntioned previously, water rights are not lost through non-,
use under the absolute ownership, reasonable use or correlative rights
doctrines. While from_an efficiency point of view it'may be more
profitaﬁle for an individual to let his_righfs lie "dormant" until a
more appropriate time, the uncertainty of groundwatef availability
under the law of capture discourages such behavior (see Chapter.Z).
The non-use loss provision of the -prior appropriation doctrine, hdweyer,
leaves the individual water uéef no choice as to.when tovexercise his
right.

Hirshléifer et al. (1960), Trelease.(1977), and others suggest
that the prior apﬁropriation doctrine provides more legal certainty
than do the.other doctrines since ac£u31 quantities and priofities are
specifie& in the water right. This is true only for the most senmior
right holders, however. In times of shortage the most senior right

holder is guaranteed his right. Whether junior right holders receive
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all or only a fraction of their appropriatién depends on their reiative
priority and the total supply of water available; "Also, as discussed
above, the definition_of."beneficial" use.is not known witﬂ certainty
but subject to the whims of'judicial interpretation or even 1egislé—
tive action. for example, in Montana the ﬁée of water.ﬁor the slurry
transport of coal is singled out’ as nph—beqeficial under the 1973

Water Use Act (Rogo;en, 1980).

ManQ‘state laws have provisions for the creation of épécial or
"eritical grouﬁdwater zones where conflicts have arisen between
groundwater users (U.S. Dept. of Energy, 1980). In manf instancés
the appfopriate maﬁagement entity is granted almost complete éuthority
in deciding how the water is to be allocated, existing water rights
not withstanding. The uncertainty of water rights under such a.set— :
ting is obvious. |

Frequently - under the prior appropriation doctrine é water right
is granted only for the gég'of water (a usufructuary fight) and not .
for outright owngrship of thé water. This occurs in states such as

Montana where waters are declared to be ". . . the property of the

state, for theuse of its people" (Constitution of Montana, Art. IX,
Sec. 3).‘ The certainty associated with a use right as contrasted
with a property right is unclear and is subject to judicial interpre-

tation.
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The certainty question also extends tq water quaiity attributes
of a water right. In many instances Water'quality is as important
as quantity. A dqmestic well—wate; user finds little solace in,a
well capaﬁle of producing 15 cubic feet of water per second if the
coliform count of the water is too high for safe consumption. Hirsh-
leifer et al. (1960) suggest that definition of a water right in terms
of the full condition of the diversion, including water quality, is
an important element in promotihg certainty. Unfortunately, from a
technical point of view, such conditions may pose serious enforcement
problems in the case éf groundwater. If an individual's well becomes
contaminated it ié extremely difficult to pinpoint the source (or the
individual) responsible for the water quality decline. It is not clear
clear whether water quality deterioration would be construed as pre-~
Venting.the reasonable éxercise of a water right by 6ver1yiﬁg land-
owners under reasonahble use.andtcorrélative rights doctrines‘or by
senior right holders under the prior app?opriation doctrine.

With this dfscussion it is importént not to lose sight §f why
certainty is such a critical component of a water right. Certainty
is intimately tied with flexibility or the ability to transfer water
rights among competing users. Without certainty to the title qf a
water fight, the marketability or transferability of this right is
impaired (Tregarthen, 1977), opportunity costs are ignored and a less

efficient allocation results. In common sense terms, uncertainty
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means an individual is not sure of what he has. How, then; can he

trade something he is not sure he even owns?

Turning to the concept of flexibility, it can bé shown how 'a’”
water right must be tramnsferable ifjwater is to move to its most .
highly wvalued use. Uses for water are nét static. Given techno-
logical advanée, changes in population, fastes and preferences and
general economic conditions, it ig obvious that Wha£ was a valuable
use of water 50 years ago may not be so today. ' Similarly while water
ﬁay be very valuablé today in a particulaf use;'there is nothing tb.
guarantee it will still be so next &ear. Yet if water is locked into
certain prevailing use patterns it cannot be allocaéed to ther uses
with possibly greatér vaiue. Inefficiency results; fhe opportunity
cost of using-'a unit of water is ﬁo longer equal to its marginal value
product. It is this sort of flexibility of water use or transfer-
ability which Trelease (1977) refers to when he states that water law
must be structured so as to promote economic efficiency (see page 26).

Under the prior appropriation doctrine in most states certain
conditions must be met before water rights can be sold or purchase&
or conditions of tﬁe right changed (such as type of use, place of
withdrawal, place of usé) without the.loss of priority. The most
coﬁmon stipulation is that such changes must be approﬁed by thé
appropriate management aﬁthority (state or local). Often approval
requirés that the changes cannot ﬁe detrimental to éxisting:right

holders. From an economic perspebtive this is a perfectly legitimate
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requirgment in that it provides' third.party protection and thereby
serves to further .strengthen the certainty of other water :ights.
Howevéé; in mény sfabeSEadditional\conditions are specified which
limit trénsférability. Obviouslytphe.hew use must be a beneficial one.
In some States} howevér, a.reqﬁést:tdxchaﬁge 6r transfer:a_waper right

is interpreted as meaning that the water is not needed for its ‘current

" use and, thus, is not being put to.beneficial use. Loss of that right

may result. Anglides and Bardach (1978) 'suggest that the California
étate Constitution can be interpreted in tﬁis manner.

Under all the docﬁrines, restrictions’are often placed as to Whére
the &ater can be fransfered. Ohio, Pennsylvania, TennéSSee, Virginia
and West Virginia egplicitly prohibit transfer of water ﬁse to nonover-
lying 1ands'(U.S.‘Dept. of Energy,I1980).' Under the priqr appropria-
tion doctrine many states empower local districts with thé'authority
éb forbid the transfer of water outside the basin or nafural watershed
(California,'Coloradé, New Mexico; U.s. Dept. of Energy, 1980). Fre-
quently states:prohibit the transfer of water out-of-state eiEher
entirely or subject téhlegislative approval. Such approval also ﬁay
reduire reciprocal agreements between states.

In addition to these broad-based limitations to the transferability

of water rights, most states have more subtle restrictions directed at

specific uses or geographic regions. An examination of virtually any

state water code will reveal isolated restrictions. For example in
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Montana, fhe law specifically prohibits an appropriator of mofe than
15 cubic feet per second from éhanging the purpose of use from an.
agricultural use to an industrial one (MCA §85-2-402 [3]).

Use preferences, while not restrictions on transferability per
se, do pose serious limitations on the attain ment of water use
efficiency. In some states a list of statutorily preferred uses is
specified and allocation of water is in accordance with tﬁis list.
For example, in Arizona the state water commissioner gives preference
" to water use applications according to a list ranked by
their relative value to the public: (1) domestic and municipal
uses; (2) ifrigation and stock uses; (3) power andlmining uses;

(4) recre;tion and fish and wildlife. (AR Rev. Stat.‘Annf

§ 45-147). <California's Water Rights Board is guided by the leicy‘
that domestic use is the highest use and irrigation is the next high-
est use. (Similar pfovisions are present in Texas, Oklahoma, and
Nebraska statutes.) The effect of these preference clauses is to
freeze water use into certain allocation patterns which reflect market
values only by sheer coincidence (Oeltjen and Fischer, 1978;
Tregarthen, 1977). In other states (Colorado, Idaho, Montana, Nebraska,
Oregon, and Utah) preference clauses can be used to ration water
supplies during times of shortage, giving certain right holders
"preferred" staﬁus over others regardless of the initial priorities.

As mentioned previously, this can also limit the legal_certaihty of a
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water right...

In the past many states have treated ground and surféce waters
separately.in their 1aws'aS'well as distiﬁguishing betwéen so—cailed
percolating waters and definite underground streams (Hutchins, 1974).
Such artificial divisions are at odds with the principles of hydrology
and, as a result, have been the focus of much criticism. Thomas (1961)
explains, | | | -

In makiﬁg such a distinction in the classification of under-

ground water, the courts have been at variance with hydrologic

principles which recognized that all groundwater . . . con-
stitutes a part of the generally available water supply and

has a common ultimate disposal with surface streams by means

of outflow to the ocean or other large body of water, becom-

ing inseparable from surface flows in the process (p. 640).

Today a great po;tion of the states are modifying laws to allow for

the conjunctive treatment of ground and surface waters. For example,
Montana water statutes now use a comprehensive definition: “'Water'

means all water of the state, surface and subsurface, regardless of its

character or maﬁner Qf occurrence, including but‘not 1imited to

geothermal water, diffuse surface water, and sewage effluent." (MCA

§85-2-102 [14].)

Another area of concern often néglected by state water laws
involves liability for land subsidence induced by groﬁndwater extraction.
As cited in the pre&ious chapter (page 15) such oécurrences are be-

coming more widespread and are likely. to grow in intensity as ground-

water resources are more fully developed. It appears that in this




39
instance there is room for overlap between land and water property

right laws to provide additional security for the-land‘right.

MONTANA GROUNDWATER LAW

Compared to other western sfates, Monténé was rather slow ;n
a&dressiﬁg~groundwater use in its state laws (Dunbér, 1976). To a
large extent‘this reflgcts‘the relatively minor folé grouﬁa4 ‘ |
-water played in the state's water profile;_its use, during the 1aFe
1800s and early 1900s was primarily limited fo stoék and domestic
© purposes except for a few mining and rgilroad—felated activities.
As aresult, conflicts over groundwater rights were virtually’
non—existent_and.the doctrine of absolute ownership, bﬁrrowed from .
the water-rich East, was applied to the use-of percolating waters.
The only restriction was that the use be made without malice or
negligence (Ryan_v. Quinlan, 1912).

By the late 19303, however, individuals began to turn more
and more to'groundwater as an addifional source of irrigatioﬂ
water. The_évéilability of betfer’pumﬁs and éheap rurallélectrigity
expanded the ﬁse'of groundwater. By 1950 records of the Montana
Bureau of Miﬁes and Geology (MBMG) indicated that there were 221
irrigation wells in the state. In contrast, Dunbar (1976) repdfts
that census—takeré in 1899 found no acrés ifrigafed frém_weli—water

in Montana.
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It wés not untii 1945 that the Montana State Legislature passed
a bill whicﬁ, to a ﬁery'limitéd extent, éttempted'té address sdme Sf
the concerns raised over the use of artesian wells. The "Artesian
Well Act,"aéfit is sometime; termed,réaffirmed absqlute ownership of

artesian water but prohibited its waste and required that artesian

wells be .cased and effectively capped. In addition, it required well-
drillers to filé a log with the state engineer describing the well and
the depth, thickness, and characteristics of strata penetrated. Dunbar
(1976) notes that the act was onl& a small beginning since it affected
only a limited portion of the groundwater resources of the state and
failed to modify the property rights structure.

By this time the doctrine of prior appropriation had Been firmiy'
es;aﬁliéhed for surface Water allocation in most of the Western states,
including ﬂoh;ana; Beginning wiéh NeW'Me#ico in 1927, many of these
states began to extend this'doétrine to g;oundwatef as well.

Despite several attémpté to produce a coﬁprehénsive groundwater
" code which would establish a legal method for appropriating groundwater
in Montana, it was not until 1961 that‘the state legislature enacted a
.grsundwétef iaw.(Chapter 237, R.C.M, 1947). The law applied the
do;trine of prior appropriatioﬁ to grounéwater and established bene-'
ficiél use as the extent and limit‘of the appropriative right.. It
récognized groundﬁ;tér put to a béneficial use prior to Jangary 1,.

1962, as a water use right. To obtain a water right after January 1, .

Y
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11962, an individual had to éompiete four forms and submit them to the
County Clerk and Recorder befﬁre a right was legélly recognized. The
state engineer was désignated as the "Administrator'" to carry out
provisibns of the law. In addition, the 1961 Groundwater Law provided

for the establishment of controlled groundwater zomes (to be detailed

later in this section), the investigétion of groundﬁatefjéréés, the
prohibition 6f graundwater waste and-cgntamination, and permitted the
change in 1ogation of a water right without loss of priority. The
appropriativg right established under the 1961 law applied only to the
quantity of water used and not the condition of use, ingluding water
levels, means of use or ease of withdrawal (R.C.M., 1947, §89-2912).
In describing the bill signed iﬁto law Dunbar, (1976) questions
whether the 1961 legislation actually changed the property rights
structure of groundwater in Montana. While the law éstablished-that
"first in time is fi#st in right," the ﬁill reported out of the House
Judiciary Cdmmittee éna eventually signed into law.did not contain
"the key declaration'" (Dunbar, 1976, p. 36.) of the original Senate
version: '"The use of groundwater now appropriated, or that may here-
after be appropriated for a beneficial use shall be held to be a public
use." According to Dunbar the question remained unresolved un;il
1972 when a new constitution. was appfoved, declaring that all waters

"within the boundaries of the state are the property of the state,

-

for the use of its people." (1972, Constitution of Montana, Art.IX,
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Sec._3).

In 1973 the state legislature enacted the ﬁater.Use Act;leréating
a compreﬁenSive water code regulatiné both grouhd and.éurface waters
undef s single_admini.st.:rative unit. Thus, ground and_sm":'fa.ce waters
are no longer treated as separate hydrologic systems.

Provisions of the current law afe ;dministered By the state
Departmeﬁt of Natural Resources aﬁd Conservation (DNRC), with a seven—
member board overseeing its actions. Water resources are to be managed
in a way which provides for "the wise utilization, development, and
conservation of the waters of the state for the maximum beﬁefif'of its
peopie with the least possible dégradation of the naturalvaquatic
éco—systemsh (MCs885-2-101 [3]). |

The law further recognizes ;nd confirms all existing water rights
(pfior to 1973), with new rights (post-=1972) being conditional upon
existing claims. Quantification of these existing rights, however,
has become é major administrative task. Prior to the 1973 Act (p;ior
to 1961 in the case of groundwater) an individual could acquire a water
right simply by-appropriaping the water and putting it fp a beneficial
use. Suéh a:right was termed a "use right." No records o; notices
were required. Any records that were képt were scatfered in county
courthouse files, often only partially complete.‘ At 1eést one
estimate indicates that nearly 76 peréént of the state's water

rights fall under the category of "use rights" with no records
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available (Lessley, 1981).

To avoid some of thése problems, the 1973 law initiated a per-
mit and certificate program for administering water rigﬁts and a

centralized record-keeping system. Under provisions of the law

individuals seeking new water appropriations must_ébtain a permit
from the DNRC before they can use the'water° Thesé_permits are
considered provisional until all éxisting rights are adjudiqafed ﬁy
the courts (on an area-by-area baéis). The ohly exception to this
is for wells withdrawing less than 100 gallons per minute. in these
cases certificates of water rights are autématically issued once a
notice of éompletion of .groundwater development is submitted to the
DNRC. |

Currentl& mﬁch‘of the DNRC's water program is directed at
expediting the adjudication process. At the preéeﬁt time nine field

offices have been established across the state to aid individuals

seeking to confirm their water rights or abply_for new ones. Initially
existing right holaérs,had until January 1, 1982 toifile a statement

of claim-containing evideﬁce supporting the claim. 'This déadline was
eventually.extén&ed until April 30, 1982 to-givé e%isting right holders
additional time to file their claims, Objections to claims are

handled by the courts with the burden of proof falling §n the
individual(s) éqntesting the claim. Four water judges have been -

appointed to handle the adjudication process. After various periods in
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which objections can be réised, a final decree is iésued'by the
water judge with the assistance of a watermaster.. ~This decree
.establishes all valid existing rights and priorities for a particular '
bésin or‘érea. Right holders are then iésued a certificate of water
rights by the DNRC which specifies the  following (Mca §85—2v234)}

-name and address of right holder
—amouht of water included in the right: rate and volume.
-date of priority of right

-purpose for which the water is to be used

-place of use and a description of land, if any, to which the
right is appurtenant

-source of water
-place and means of diversion
—inclusive dates during which the water is used each year

-any other information necessary to fully define the nature and
extent of the right. :

As noted above, Persons apblying for new appropriations of water
(post-1973) are granted provisional permits. Permits are- issued if
the department détermines that: there are unappropriated waters in
the source of supply which will meet the conditions specified in the
application; the rights of prior appropriators (both senior‘right
and permit holders) Qill not Be adversely affécted; the use is a_'
benéficial one; and the proposed means of diversion or construction

are adequate. Once a permit is issued water can be applied to its
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proposed use. In general the DNRC will specify a-time limit within
which actual application of the water must begin. Howeﬁer, until a
final decree is issued by the courts, the water use permit retains its
provisional status —— it is conditional on the outcome of the final
decree. Once the final decree is issued the provisionai permit may be
revoked, reduced or modified however the DNRC deems necessary to
protect existing right holders (MCA§85—2;213). In the "Crumple
Horn'" case (DNRC v. Crumple Horn, No;'7076 MT 9th Jud. Dist., May 16,
1978), the court held that a permit issued by the DNRC estéblishes'
the right to "hunt" for water but does nog guarantee that the permit
holder will find or receive water. Thus for some permit holders their
water development activities involve risk —- they are'gambling on
the outcome of an unknown decree.

As with claims to existing water rights, objections cén be raised
" to permit applicétions. However, unlike existing water fight claims,
these objections are handled by DﬁRC“s Water Rights Bureau.- According
to Compton (1981) if objections are taken to‘a hearings examiner, the
burden of proof falls on the applicant for the new appropriation to-
show why his request for water should be approved. If the applicant
cannot devise a workable agreement with the objectiﬁg ﬁarty(s), the
hearings examiner may refuse to issue the permit or may specify. addi-
tional conditions on the permit to satisfy all parties.

Once a final decree has been issued, permit holders are gfanted
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certificates of water rights on the basis of the availability of
unappropriated water and their relative priority (the date of their
initial permit application). To date only one basin, the Powder River
in Southeastern Montana, has been adjudicated.

As specified in the state constitution, outright ownership of
water by ép individual or group is not permitted.’ Ingtead righ;s are
usufructurary; they are established for the use of water (Moon aﬁd
Bowman, 1978), and this use must be Beneficial. The Act defines a
beneficial use as:

- . . ause of water for the benefit of the appropriator,

other persons, or the public, including, but not limited to,

agricultural (including stock water), domestic, fish and wild-

life, industrial, irrigation, mining, municipal, power and

recreational uses. (MCA§85—2—102[2].)
Only the use of water for the slurry transport of coal (MCA [1979]
§85-2~104) is specified as non—beneficiai. Tﬁe law specifically
forbids the wasteful use of water (MCA§85~2—l14). Scott Compton,
field engineer with the DNRC's Wafer Rights Bureau in Bozeman, notes
thatéiusé can be beneficial while at the same time wasteful. He
explains that waste must be determined on an individual basis but
generally relates to the amount of water requestedirelative to its
intended use (Comptbn, 1981); To minimize groundwater waste, all
flowing wells must be capped or equipped with valves so that only

the water actually being put to beneficial use is extracted. In

addition, wells must be constructed and maintained so as to prevent
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contamination or pollution of groundwater supplies.
Since May, 1979, no applications for permits to qppropriéte

more than 3,000 acre feet of groundwater per year can be granted

without specific legislative approval (MCA885-2-317). Only

municipalities or croplénd 6wners wﬁb'intend to usé'the water for
irrigation of their land are exempted from this provisionf

Under the prior appropriation docFrine, senior right holders héve
priority in the exercise of their water rights. However, the law
specifies that this priority does not protect the senior right holder
from such changes as ﬁater level or artesian pressure decline due to
the water use activities of junior appropriators as long as the senior
right holder can still reasonably exercise his right (MCA §85-2-401).
This provision has sparked a great deal of controversy. 1In one case
(DNRC v. Crumple Horn) the court awarded damages to a senior appropria-
tor in Teton County whose well was no longer free-flowing due to ‘the
decline in artesian pressure resulting from the pumping activities of

a junior appropriator. The damages awarded included the cost of a

‘pump, cement and electricity for ten years. Laurence Siroky,.

Chief of the Water Rights Bureau, explains that since a number of wells

in the area were free~flowing ana were not equipped with pumps, the
court determined that the senior appropriatof could no longer reason-
ably exercise his right. He adds that if the appropriator had been

the only well-owner in the area without a pump, the court would not

]
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have held the free-flowing condition to be critical in the reasonable
exercise of that right. All this suggests that, as with waste,

reasonable exercise of a right also must be determined on a case-by -

_case basis (S8iroky, 1981).

While a right holder may chang; tﬁé poi;£"o£ di&ersion, pléce of
use, purpose of use, or place of storége specified in the appropriation,
he must first receive approval from the DNRC (MCA §85-2—4025. Thé DNRC
will approve the changes if it determines tﬁat such changes will not
ad;ersely affect the rights of other appropriators. .In praétice, the
DNRC relies on objections raised by the other right holders in
respﬁnse fo notification of the proposed changes as an indication of
possible adverse effects. 1If objectiéns_are substantiated (according
to Compton the burden of proof lies with the objector), the DNRC can
refuse to approve the change or specify any terms, conditions, or
limitations it considers necessary to protect the rights of éxisting
appropriators.

In 1975, a speciél clauée was added to the law prohibiting the-
change of any agricultural use of 15 cubic feet of water per second
or more to an industrial use. According to .Compton thé provisién was
 designed to prevent industrial interests from buying out farm operé¥
tions. Appareﬁtly the state either does nst have much confidence in
. the market's ability to allocate water to its most valued use or views

maintenance of the farm community as a more important goal,
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Water rights, once acquired and perfected (put to use), become
"appurtenant"’ to the land upon which they are used. Thus, rights

automatically pass with'land that is sold unleSS'specifically’sevéréd

from it. Severance sales and transfers of water rights without loss -
of priority are possible subjec£ to DNRC approval.. As with cﬁanges in
the conditioﬁ of appropriation (see abpﬁe), transfers cannot adversely
affect the rights of others (MCA§85-2-403). Out-of-state transfers
‘are not permitted Withput specific legislative approval(MCA§85—l—12i).
Unlike the-ofher water rights doctrines, the pribr appropriatioﬁ,
doctrine requires_that water be used for the right to be vélid. An
appropfiatﬁr is éiven a specified time limit within which actual
'application of‘the water to the proposed beneficiai use must comﬁence;
"This tiﬁe‘limif may Be extended by the DNRC if good cause is shown.
If an appropfiator ceases to use all or part of his right for ten
successive yearé, it is constfued as a prima facie presumption thét'
the right (or a portion of it) has been abandoned (M¢A§85—2—404).
Speculation in groundﬁater is expressly forbidden.(MCA§85-1-101
[9]). - Only the state, the federal government or a-political sub-
division or agency can reserve water for existing o? future beneficiai_
uses or to maintain a minimum flow, level, or quality.- A reservation
right is handled in the same manner as a use right and is subject to

the priority of senior appropriators. However, the DNRC board must

review all existing reservations at least once every ten years to
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ehsure that the objectives of the reservations are being met. Based on
its review, the board can then modify the reservation.(MCA§85—2—316).

Despite the intimate relation between surface and ground'watérs,
groundwater doesvpose some unique characteristics which make its
management particularly difficult. The most obvious is that ground—
water is not visiblé without a well or some.means of ex;racfion. As a
result, without relatively expensive and time cohéuming studies,
little can be said about the extent of a groundwater basin, its rate
of renewal (recharge) or its tie with surface waters; ‘Given thié
dearth of information -~ particularly acute in Montana where ground-
water development is a relatively recept'phenomenon -_— it is extremely
difficult for DNRC water specialists to detérmine hdw.the pumping
activities of one appropriator potentially affect other appropriators.
There is a far more extensive and complicated physical'interaction
between grounAWater users than with surface water usérs; Even though a
groundwater appropriator can still physically oBtéin water, the costs
‘of extracting that same volume of’water may dréstically incréaée due
tolanother user's pumping activities. In general this is not-the-
case with surface water where the effects of different users on each
other are more localized and less subtle.

To address this'unique set of probiems, the law authorizes the
creation or designation of controlléd groundwater zones in aregs'whe;e

permits or certificates for groundwater use have been issued (MCA
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§85-2-506) .

The controlled area is a management option for basins or sub- N

basins where controversy has arisen over the use of groundwater.
Specifically the law states:

Designation or modification of an area of controlled ground-
water use may be proposed to the board by the department on

its ownm motion or by petition signed by at least 20 or one-
fourth of the users (whichever is the lesser number) of ground-
water in a groundwater area wherein there are alleged to be
facts showing:

(a) that groundwater withdrawals are in excess of recharge
to the aquifer or aquifers within such groundwater
.area; '

(b) that excessive groundwater withdrawals are very likely
to occur in the near future because of consistent and
significant increases in withdrawals from within the
groundwater area;

(c) that significant disputes regarding priority of rights,
amounts of groundwater in use by appropriators, or
priority of type of use are in progress within the
groundwater area; or

(d) that groundwater levels or pressures in the area in
question are declining or have declined excessively

(MCAS 85-2-506[2]).

In some states (as will be discussed in the following séction),
mining of g.groundwater basin (rate of extraction exceeds recharge) is
expressly forbidden. Montana's law with respect to mining only
requires the establishment of a controlled area. Onée estéblished,

a variety of management strategies can be pursued, including a
miﬁing optien. As: is discussed in Chapter 5 (p. 74), from an
economic perspectiyve mining may be the most efficient method for

utilizing the resource to the maximum benefit of people in that
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area. An outright mining prohibition,.then, would be incongruous

with the intent of the law. ‘What appears to be critical is not
mining versus no mining; but the optimal rate of extraction.

Once a proposal to create a controlléd groundwater area is sub—
mitted to the DNRC, the board must conduct a hearing to obtain
relevant information. 1f, after the hga:ing, the board finds evidence
that: 1) the public Health, safety,'or~welfare requifes'a corrective
control be adOpted{ and 2) there is wasteful use of water from
existing wells or undue interference with existing wells; 3) any
proposed use or well will impair or substantially interfere WitH
existing rights to appropriate surface water or groundwater‘by others;
or, 4) the alleged facts in the petition are true, the board can
eétablish a -controlled groundwater area (MCA§85-2-507). If there
is insufficient eQidence on the basis of the hearing, the board méy
designate the area as a temporary controlled_g?oundwafer zone and
require the DNRC.to conduct a further investigation. “

A variety of manégeﬁent options are oéen'to the board iﬁ ﬁursuing‘
corrective control actions. The area may be closed to further
appropriations. Total withdrawal from éxisting wélls may be reduced
according to the relative dates of priority of the rjgﬁts, A system
of well usé rotation may be imposéd. Appropriators with two or more
wells may he ordered to reduce total withdrawals or forbidden from using

one or more of the wells. 'individual appfopriétors may be ordered
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to reduce wibhdrawals, regardless of priofity. A system of priorities
based on use, not temporal seniority, may be imposed guch that domestic
and livestock uses are given the highest priority followed by agri-
cultural, indust?ial, municipal and recreation purposes in whatever
order deemed appropriate by the board. A final‘provision gives the
board power to incorporate "additional requirements as are necessary

to protect the public health, safety, and.welfare in accordance with
the intent, purposes, and requirements of this part and the laws of

the state" (MCAS§85-2-507[4g]).

There ére advaﬁtages and disadvantages inherent in each of the
options specified. 1In subsequent chapters these aspects will be
briefly explored in the context of economic efficiency, political and
administrative feasibili;y and enforcement. At this point, hoﬁever,
it is sufficient to simply list thém to provide the reader with a
better understanding of the unique setting posed by a controlled
groundwater zone.

To date only one such area has been established-~the South Pine
Controlled Groundwater Area in the eastern part of the state, north of
Baker. The area was officiaily designate& in4November, 1967, éfter
several years of controversy. Objections were raised by ranchers
adjacent to Shell 0il Company's South.Piﬁe 0il field over the

company's use of water -from the Hell Creek - Fox Hills aquifer for
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secondary oil.recovery operations. Accordiﬁg to the petitionérs,
water levels in the surroundingarea had dropped due to depressuring
of the aquifer and many flowing wells had ceased. The cr?x of the’
problem centered on the increasing iift required to extfaét ﬁéter from
the wells. Fof many ranchers the declines required significant
alteration of their Wells‘since thqywéreno longer flowing. Shell
0il contended that despite the level declines there was still plénty
of water available. It added that domestic, stock and municipal wells
were also contributing to the drawdown of the aquifer's p;essﬁre
surface. During the hearings a}representative'of the U.s. Geog~
logical Survéy's 0il and Gas Oﬁeration branch indicated that use of
'the Fox Hills water was the most economic source for Shell 0il
Company's ﬁil recovery operations and without it a great déal of oil
would be wasted. As.a possible solution, Sheli 0il offered to pa§
expenses incur?ed for well changes necessary to provide farmérs‘and
ranchers with adequate water supplies.

While the board in its order creating thé éontro; area did not
1imit industrial well withdrawals, Shell 0il later agreed to limit
withdrawals from.the'aquifer to 11,000 barrels per day, éveraged on
a monfhly baéis (Guse; 1970). The board did establish a monitoring
program to assess rates of withdrawal and general trends in water

level (Rediske, 1981). After receiving additional complaints and in
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light of information on continued water level decline, the board
‘modified its 1967 order.. Specifically it held Shell Oil Company
responsible for thehcontinued falling water levels which created "an
unreasonable economic burden on the landowner affected." (Montana
Water Resources Board Findings of Fact and Order, June, 1972.) The
board ordered Shell 0il to either limit dits total withdrawals to
7,000 barrels of water per day or "to pay all additional charges for
elecéricit& necessafy to pump water from any depth below the water
level of éach well as of January 1, 1964,.or as near to this date as
the level can: be dete?mined plus twenty five percent (25%) (Montana
Water Resources Board Findings of Fact and'Order;_June, 1970).

The company opted for the second alternative. Rediske (1981)
reports that the industrial wells céusing the decline in water levels
were phased out of production bétween 1975 and 1977. The company no
longer uses ffesh Wéfer aquifers for secondary recovery activities.
Its only pump still activg in the Fox Hills - Hell Creek aquifer is
. for doﬁestic and periodic construction purposes (pumping approximately.
56 to SO gallons per minute). Accqraing.to Rediske most of.the water
. currently ‘drawn from the aquifer is ﬁumﬁed by domestic and stock water
wells, some frée,flowing.. In addiﬁion, ﬁatér le&els oyer much of the
area hayve riéen‘since 1975. . Only in & limited section have leyels
continﬁed'to decline, probablf dﬁe to continued or indreased-rates of

domestic and stock groundwater use.
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MANAGEMENT OF GROUNDWATER USE CONFLICTS ELSEWHERE - A
SELECTED SURVEY

The problem of groundwater overdraft is not'unique to Montana.
Many states (most notably in the West: Arizona, California, aﬁd V
Texas) have eiperienced problems Wi;h groundwater use conflicts.
Thus, an‘important eiement to this study is a brief examination of
how other.statés have attempted to "cope'" with groundwate? use
problems.

| In the majority of the prio% appropriation states provisions are

made for the crea?ion of special. groundwater management areas. How-
ever the scope of these provisiops vary considerably. On the one

extreme South Dakota expressly forbids groundwater withdrawals to

)
1t

exceed average estimated annualirecharge“ (SDCL 46-6-3.1). A

water use control area may be established if the state Water Resources
Commission feels it is necessary '"to properly aﬁd equitébly propor-
tion the available water supplies.for use among the water riéht
holders of record" (SDCL 46-10-19). Once a control. area has been
established the commission can, without regard to priority, reduce
withdrawals by large capacity wells (greater than 18 gpm) equally

to the extent necessary to protect domestic well water’users. The
reduction can be.accomplished byiplacing a percentage limitation

on the specified water right, limiting drawdown, limiting daily
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operating periods, rotating operating pericds; or other measures

necé§9afy to allaviate shortages: If specific large capaeity wells
can be identified a8 directly éphtributing to the watéer supply
problem;. the degree of veduction in those Weils'ééﬁjﬁé greatef ‘than
that for other iafgé cépacitf wells: TIn édditidﬂ;.ahﬁﬁéi fees can
belasseséed against each water right holder in the esnf¥cl area‘aﬁ&
the commission may require the installation of Waté;‘measuring
devices: |

" By coiitfast New Mexico appears to have -adopted a controlled

miﬁing philosephy in fion-rechargeable basins: In Matheérs v. Texaco,
Iiic: thie state's supréme éeurt held that a statﬁté @ﬁétécfiﬁg-éxiétf
ifig water rights against iﬁpaifmeﬁt frém new welis did’ﬁdt'pfévéﬁt-
the state eﬁgiﬁéer.frém granting adaitional periits which would
neéessafiiy leWer the water table and increase pumping costs due

to the nonéreéhargeable character of the basin (éféﬁt; 1981). The
state enginesr can declare basins where hydrolegie boundaries ean

bé reasonably ascértained: 1In this particular casé, the enginee

]

establistied & farsagement plan which would permit the mining of
two=thirds of the water id ‘the basin over a 40 yeat périod.
in Golorads, a distinction is made between tribututry and

rontributary groiundwatér: Under a velatively reécent matagemert

program tisers of t¥ibiitatry groundwatef must belony 6 a state=
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approved augmentation plaﬁ beforela permit will be.dissued by the
state engineer. The program requires that a percentage of annual
groundwater use'be returned to surface water flows. In most cases,
users’' cooperatives have formed. Along the South Platte River, the
Ground Water Users' Association of the South Platte leases or pur-
chases. upstream storage and surface water rights to replace the -
require& five percent of members' annual groundwater use (Dauberp,
1978). 1In the case of nontributary groundwater,- the Gréund Water
Commission can create ”&esignated groundwater basins' whereby
groundwater permits are issued only if the new uses wili not lower
the water table ;r potentiometric head beyond reasonable economic
limits of use (Rogozen, 1980). |

In Oregon, critical groundwater areas can be established by
authority of the direéctor of the Water Resources Department (ORS
537.730). Control provisions are virtually identical to those in
Montaﬁé.

Washington requires that groundwater supervisors appointed by

.the state Department of Ecology limit groundwater withdrawals by

appropriators to maintain "a safe sustaining yield from the

groundwater body" (WCA 90.44.130). Designated groundwater areas,

sub—areas, or zones can be established to achieve this goal.
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Within éuch.a designated area withdrawal priorities are based on the
principie of fi?st in time, first in right. Digitai groundwater |
modéls are used in the manggement-gf these basins. For example,'in
"the Ode;sa Grouﬁdwater Subarea, the.state has established that over
a.particular zohg the rate of water level decline will be‘liﬁited

to 30 feet in three years from a base time of Spring, 1972.‘ Addition-
ally in this same zone the water table cannot decline more than

500 feet beneath the altitude of the static water level as measured
in i967 (WAC 173—130—030).' To maintain these levels, a propoftionate
decrease in withdrawals from the zone may be required based on a
point system. ' A point is earﬁed for each month of priority and

for each month the water has been actually put to beneficial use.
Appropriators with_the‘grgatest numﬁer of points receive'the'greétest
proportionate volume of groundwater.

- Wyoming's Board of Control may designate'"critiéalgroundwatér
areas'" on the basis of‘several'criteria (éimilar to those used in
Montana). If thé staté.engineer determines that there is insufficient
éroundwatér suﬁpliés ﬁo meet every appropriator's fights, hg may close
the area to further appropriation and require junior appropriators to
reduce-their withdréwals éo tﬁat seniér rights are satisfied. If this
failé'to provide relief to senior appropriators, h§ may reqqire the

rotation of water use tthughoﬁt the area (Rogozen, 1980).
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Idaho laws require the 'director of the Department of Water
Resourées to designate groundwater areas as critical if water supplies
are not sufficient "to provide a reasonably safe supply for irrigation
of cultivated lands, or other uses in the basin at the then current
rates of withdrawal, at rates of withdrawal projected by considera-
tion of valid and outstanding applications and ﬁermits.'. N (ICAj42—
233a). Curréntly there are six critical.groundwater areas along the
southérn edge of the state. In these areas the departmént can deny
permits for additioﬁal groundwater appropriations. -As an alternative
option, a water district cah'bgﬁformed with a Watermaster regulat-
ing deliveries of water according to temporal priority. Basin water
rights must havé Eeeﬂ decreed by the court for a water district to
be formed. ,

Both California and.Oklahoma follow a correlative rights type
doctrine, but approach groundwater management in a very opposite
fashion. Califérnians haye expérienced ﬁroblems with-overdraft since
.the 1930s and 40s. Despite the fact that groundwater supplies nearly
40 percent of the state's annual applied water requirementé (Schnéider,
1977), California basically remains without a comprehensive ground-
-water law, with limited management responsibilities delegated to
local agencies. The majority of these programs rély upon 59pple—

. menting groundwater supplies (with deliveries of sﬁrface water for

use or to fechafge aquifers) rather than explicitly controlling
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groundwater extractions to address such problems as sea water intrusion,
' declining water tables,.water quality degradétion and land subsidence
Jaquette and Moore,-l978). For example, the Ofange County Water Dis-
trict follows a basin equity assessmeﬁt program in which a ratio of
groundwater to supplemental water is established which best meets the
management needs of the area. A basin equity assessment is levied
againstAwater producers who pump too much gfoundwatér, with the

assessments going to subsidize other users who then.must purchase -

more expensive supplemental waters. . In l980;>the state legislature
enacted a bill relating to grouﬁdwater management iﬁ‘the Sierra
Valley aﬁd Long Valley basins. While these areas currently do not
have critical groundwater problems, representatives of the state .
Department of Water Resources believe the legislafion may serve as
a prototype for a comprehensive law in the future (Robie, 1980).
The law establishes possible extraction control measures in tﬁe
event of an overdraft threat. These measures include well spacing,
use rotation, suspension or reduction 6f extraction by exporters
and off-basin users, and proportiondte reductions by overlying users.
It also provides for the adoption of groundWaﬁer,extraction charges
to finance managemeﬁt actiyities..

In 1972 Oklahgma enacted a new groundwater law radically

altering its groundwater use regulation. In brief, the state
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adopted a mining approach to groundwater management. Under the 1972
law, the Water Resoﬁrces Board is réquired to conduct hydrolégic
surveys and investigations of fresh groundwater basins or-subbasins
and determine the maximum annual yield based on a minimum basin |
life of 20 years. Overlying'landowners“are then allocated a pro-
~ portionate share of this yield per acre of land (0KS§840.1). This
proportion is net of the groundwater requiremehts of prior'(p;e—1973)
right holders. ‘No pfovisions are made f&r tﬁe establishment of o
controlled groundwatér zones but the iaw does authofize the formatibn
of irrigation, conservancy and master conservancy districts for
the purpose of water management at thellocai level. 1In addition,
the board may require well spacing if deemed necessary for ﬁhe
orderly withdrawal of water. By 1981, eighf years.after the 1aw's
enactment, less than ten of the estimgted 150 basin studies had been
completed (Smith, 1981). As a result temporary permits have been
issued in the remaining 140 basins allocating ovérlying landowners
two acre feet of water per acre of land. The ultimate aliocations
are conditional upoﬁ completion of the hydrologiq studies. Temporary
permit holders are required to‘file standard water use‘reporfs'
annually. While the law specifies that the boardlwiil'update hy- .
drolégic surveys at least every ten years (0KS§870.5), officials
with the Water Resources Board are doubtful the updates will

actually be performed in the light of the delays experienced in
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completing the initial surveys (Smith, 1981);

Under Nebraska's reasonable use doctrine groundwater managément
activities are carried out on a loecal basis. Concern; over ground-
water mining assoqiqted with irrigation development led to thé
passage of a groundwater management act in 1975 (Aiken and Supalla,
1979). This act gives the 24 Natural Resource Districts in the
state (a conglomeration of soil and water conservation districts and
watershed districts) the authority to create groundwater control
areas. A control area may be established if confiicfs between
groundwater users are occurring or may be reasonably anticipated,‘
or if users are experiencing or will experience in the.foreseeable'
future substan;ial economic hardship as a result of current or
anticipated groundwater use (Neb. RRS'46—658 [Zj). Oncé a control
area has been'established, a variety 6f managemeﬁt options can be
pursued by the Natural Resource Diétricts, including ﬁell spacing'
restrictions, rotation of pumping restrictions, withdrawal quantity
limifgtions, and well drilling moratoria (Neb. RRS 46-666[1] a-c).
By 1979 two control areas.had been established.

| ‘In 1980, fhe Arizona legislature passed the first compreheﬁsive
groundwater management code in the state's history. While the
state follows a reasonable use doctrine, it does allow for the

transfer of groundwater.to non-overlying 1and.<"Under‘the'l980 law,
' ' i
|
|
|
!
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active management areas (AMA) can be estéblished by'the director

of the Department of Water Resources if i? is determined-;that
preservation of groundwater supply is necessary, land subsidence

of fissuring is endangering property Qr usé of gréundwaﬁer has
serious water quality‘implications.h7 (Groundwater Management Act
Summary - Article 2, June, 1980, p. 2.) An area director must be
appointed for.each AMA inmaddition to a Groundwater Users Advisory'
Council. In addition the'law Protects the rights of existing legal
users of groundwater (grandfathered rights) in an AMA. Four AMAs
were,establishe& when the law was enactéd:' Phoenix, Pinal, Prescoft,
and Tucsén AMAs. In the Tucson, Phoeni#, and Prescott AMAs a
management goal was established whereby a long-term baldnce. is to

be achieved betﬁeen the annual amount of withdrawal and aﬁﬁual net
recharge ‘(safe yield) by 2025. Gradual reductions in groundwatef
withdrawals are rgquired over a 45-year period. . These requirements
include the use of increasingly sophisticated conseryétion'practices
in irrigation and the latest commercialiy available conseryation
technology by industry. Municipalusers are reqﬁired to reduce oyer-
all per capita consumption and institute'othé? consérvafion measﬁ?es.
If conservation alone is not sufficient for achieving the manage-
mént goal; the director may purchase and retire grandfathered

rights after 2006. The management plan also includes provisions
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qu water supply éugmentation and wafef quality pfdblgm assesément.
ﬁanégement programs,'wafer supply augmentafion; and purqﬁaseiépd
regirement of grandfathered righfs‘ére to be funded by.groundwater
Withd;awal fees levied agéinst all AMA'géoundwater ﬁsers.

The High Plains of Texas havé experienced some of the mostgweil
documented and publicized problems with grdundwater ové?draft.' fexas
law follows the absoiute ownership doctrine and recognizes ground-
water as private property. :Regulation.of.gr;undwaféf is only
through the formation of local underground Wéter'consérvation dis-
tricts. fhese districts are designed to "pfovide for the coﬁserva—
~ tion, preservation, protection, recharging, and pré&gntion of Waste
Lo and ‘to contrql subsidence caused by Withdrawgl offwatef . T""
&TLR 52.021). Much of the groundwater uSed in Texas comes from an_;'
extensivé underlying'aquifer, the Ogallala, wﬁere annual recharge is
virtually zero. Tﬁus groundwater mining is a commion practice. How—
ever, undetrground districts can exercise some éontrpl over g:dund—
water pseﬁ .They may require permits for new well construction or
well alteratiqnsf ' Conditions may be placedton weii production‘apd
spacing to "minimize as far as practicable the drawdown of the
water tgblé or the reduééion of artesian preséuré, ér lessen

interference between wells" (TLR 52.117). 1In addition, ‘districts

may acquire land. to erect dams or to drain lakes, draws, and
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depressions, or install pumps and additional equipment to recharge
underground water reservoirs.

From this cursory reyiew of legislation in other states as it
relates to the control of groundwater use in overdfafted or water-—
short basins, it appears that Montana's current law provides gfeater
flexibility than most. This is a deciaed advantagg in ;hat it
enables management programs -—— wﬁether centralized or deéentralized -

I

to be tailored to the needs of a particular economic and hydrologie

setting. Economic and hydrologié conditions often vary dramatically

‘from region to region within a state. Regulations which forbid one

management strategy in favor of another destroy this needed flexibility.




Chapter 5

MANAGEMENT APPROACHES *

As suggested in thé‘previoué éhapter, a variety of mgﬁagement
schemes have been proposed for dealing with conflicts that arise over
the commonality aspécts of groundwatef use. These fecommendgfions in-
clude a broad spectrum of institutional‘settings, raﬁging from gtrict
cenfralized ownérship_and management to a decentfalized approach in
which management decisions are left with the individual. Each has ifs
advantages and disadvantages. There;is no one "correct" policy, given
the myriad economic ana physical condifions cHaracterizing groundwater
use. .

In this chapter various management reéommendatiohs will be
evaluated in very general terms. The key criterion in the evaluétion
is how well the goal of economic efficiency is met. Additional areas
of concern include géneral informationgl requifemeﬁts, ease gf admin-
istration and implementation, politicai feasibili;y, enforcement
potentiai and overall,fiexibility. A policy which "scorés" Well_in
one area but fails miserably elsewhere has little chance of achieving
‘the desired results. For example, a management tool may be clearly
superior in promoting economic efficiency; however ;he information
necessary to implement‘the.program may be unavailable or so expensive

to obtain that the costs exceed the expected benefits of improved -
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efficiency. (This cost-benefit relationship is explored in slightly
more detail in the following section.) Similarly, a program which
is totally offensive to those it affects or extremely complicated to
administer has little chance of political success. It is often said -
that a rule is only as strong as its enforcement. In the context of
groundwater, a policy which imposes strict limitations on withdrawals
is meaningless if these limitations cannot be enforced.

In the previous chapter the importance of flexibility in water
law was emphasized. The same is true for management programs.
McDonald (1971) explains the necessity for this built-in flexibility:

The optimum allocation of resources is not'sdme fixed

pattern of resource use which can be specified and achieved

once and for all. Its specifications change with every

advance in technology, every alteration of consumer prefer-

ences or expectations, and every change in the quantity or

quality of productive resources. In short, its specifica-

tion changes continuously in a growing, dynamically develop-

ing economy. It must be continuously sought. Consequently,

the efficient economy is one which has built into its struc-

ture a flexible, positive mechanism for continuously seeking

the optimum allocation of resources (McDonald, 1971, p. 64).

This chapter is not intended to single out the best management
approach. None exists. Rather, it is hoped that the following dis-~
cussion will provide the reader with a better understanding of the

strengths and weaknesses of each so that more informed decisions can

be made.
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MARKET FATLURE -~ NECESSARY BUT .NOT SUFFICIENT

The existence of market failures, such as the externaiities asso-
ciated with groﬁndwater use, is oftén cifed as grounds for'cbrrective
action whether via éoverhment intervention or impfoved delineation of .
property rights. However, the mere presence of market.failures is only
a necessary but not sufficient condition for corrective action. Th;“_-__
sufficiency condition depends on the extent 6f the problem (in the
case of'groundwater, fhe'severity,qf the spill-over effects) associated
with market failure. For example, in the Ogallala Aquifer late;al
movement of grouﬁdwateriin the basin is extremély 1imited.s Beattie
(1981) suggests that the aquifer'is structured more like an egg crate
than the traditional bathtub analogy. As -a result, he argues, there
is little drawdown in wells due to the actioné of neighboring pumpers.
Even over time, at current discount rates the present value of long
term impacts is.minor. Thus, there is little efficiency impact from.
third ﬁarty effects, and the externality problem in this' context has
little significance (Beattie, 1981).

Obviously fhe Ogallala situation is somewhat unique; there is no
reason to.believe that the conditions found there are typipal of.all
groundwater basins. However, it is fmportant to rec&gnize that the

theoretical presence of externalities does not necessarily coincide

with what exists in the real world. A theoretical problem may have
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only minor importance in reality. Thus "hard and fast" rules cannot be

uniformly applied; nature is too variable to permit such oversimplifica-—

i

tion. Uﬁfortuﬁately, such conclusions are not pobular as they make the
task of resource managers that much'more éomplex. | | i

Even if third party effects are,mére prdnouncéd than-the Ogallala
case from a'physical standpoint, there is another facet of the.problem
which must bé‘considered. How ’severe are the economic impacts? Do
the benefits of correcfive action outweight the costs of those actions?

In their theoretical analysis of institutional change, Anderson
and Hill (1976) argue that the cost-benefit analysis rudimentary fo all
.economic decision making holds fof institutional‘change:as well. Cor-
rectiye actidn is not costless. Resources must be expended for gather-—
iﬁg information, defining and enforcing property rights, and implement—
ing management schemes. Thus, corrective action is only justified when
the anticipated bgnefits of that actisn are as great or greater than the
costs of pursuing those actions.

Numerous studies have attempted to quantify_the benefits associated
with managed groundwater resources as opposed to poiicies which permit
unrestricted use. Rénshaw‘(1963) concludes that conserfation of ground-
water resources yields a substantial reﬁurn, "more than justifying

pﬁblic intervention in behalf of rational usage." (Renshaw, 1963,

p. 285.) Hardin and Lacewell (1980) suggest that both producers and
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society as a whole could benefit if some annual limitations were placed
on water Withdrawn from the Ogallala aquifer for furrow irrigation. In
a computer simulation study of a segment of the South Platte River,
' Young and Bredehoeft (1972) conclude that centralized control of ground-
water extraction by some institution produces a higher net vélue of
production than unregulated develofment. In a similar study, Daubert
(1978) concludes that Colorado's augmentation plan generates largef
area net béﬁefits than do policies which prevent groundwater use or
permit unrestricted pumping. In California, Noel et al. (1980) find
that taxation or pro-rata allocation policy instruments increase the
social value of groundwater resources.

In none of these studies, however, are the benefits reported net
of management program costs. These figures are admittedly difficult
to approximaté, but failure fo recognize.theﬁ makes them no less.
important. Only Noel et al. consider the possibility that inclusion
of the transaction costs in the calculus of Policy change may-result
in a situation where the status quo offers "the 'best' that can be
done in terms of maxiﬁizing the social value of the water.resource."
(Noel et al., 1980, p. 495.) They add that a policy to control ground-
water use appéars to be justified only if the transaction costs are

less than the costs of the externalities.
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CENTRAL MANAGEMENT

"-General Discussion

The conéept of government interventioﬁ has had the most
extensive treatment in economic literature on market failures.
The government or state is viewed as a neutral body representing
the‘interests of all society in its aétions; Its authority to
énforce laws, tax and draw on sources of technical expertise, so
the argument goes,.makes it ideally suited as a management entity,

In recent decades, however, questions have been raised over
_the true motivations of the bureaucrats who make up the state.
Niskaﬁsen (1971) argues that a bureaucrat, like any individual,
seeks to ma#imize his personal utility. Variabies identified as
comprising the bureaucrat's utility function inciude: salary,
perquisites of the office; public reputation, power, patronége,
output of the bureau, ease of making changes and ease of managing
the bureau. According to Niskansen, the survival argument in.the
bureaucrat's utility function serves to reinforce the budget
maximization goal. Becker (1958) questions the ability of
government to perform less imperfectly than the market given the
similar incentiyes facing the priyate‘firm and public agency.
Burton (1980) and others suggest that without the price Syétem'és
a meéhs for générqting and transmittiﬁg informétion,.interVention

solutions are likely to be more defective.
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Under the. central managemént approach, Pareto efficienéy-”
conditions are restored by mandatiﬁg sociélly optimal withdrawal
rates through various schemes or by equating private and social
costs with taxes aﬁd subsidies (Hirshleifer et a1;.1960). In
general, central management programs estgblishing specific with—~
drawal and tak/subsidy rates are easier to monitor than decentralized
schemes. But by the same token there is ﬁozbuilt—in gnforcement
mechanism such as the price system. Tﬁus enforcement requires an
additional commitment of personnel and resources.

Oné of the most serious difficulfies §f central managemen£‘
policies is that they require determination of the optimal rate
of groundwater use in the basin. It is on the basis of this rate
that quotas, taxes, and rotation and spacing regulationé are
deriyed. Unfortunately,.determination of the optimal'use rate is
no simple task. As will be demonstrated in #ﬁe'following chapters
of'this study; considerable amounts of physical and economic data
aé well as sophisticated mathematical techniques are neceésaf;—;;_g;;;ve
an optimal decision rule (Burt, 1964 a, b; 19663 19673 1970). Also,-
this rule is unique to each groundwater area and, thﬁs,'must Be.deter—
mined basih—by—basin with periodié. revisiqn7aé economic conditions

change and better data are obtained.

In the past managers have used the concept of "safe yield" as a

guide for establishing permissible withdrawals. The safe yield is
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equal to the level of natural recharge to the aquifer. By restricting
withdrawals to this level, in effect, future values of groundwater are
discounted at a zero interest rate (Clark, pp.42-44, 1976) and no
mining of the water occurs. Taken to its logical conclusion, under a
safe yield policy, no water could be withdrawn from non-recharging
aquifers such as the Ogallala. Thus activities using water from that
basin in portions of Texas, Oklahoma and Nebraska would have to cease.
Such a policy cannot be considered optimal in that it fails to conmsider
the size of potential benefits from withdrawals in excess of the safe
yield limit (Daubert, 1978). Bachmat et al. (1980) offer an alterna-
tive definition of optimal yield:

It is a plan for realization of the maximum economic, objec-

tives of a groundwater development subJect to physical,

chemical, legal and other constraints on the use of the

reservoir. As defined, the optimal yield is a function of

time and of the state of the entire system, rather than

simple spec1f1cat10n of allowable pumping rates alone as is

commonly the case with most safe yield and mining concepts.

For a given development, optimal yield will not necessarily

require substained yield. Large withdrawals in excess of
" equilibrium limits may be the optimal developmental plan under
this concept (Bachmat et al., 1980, pp. 10-11).

In addition to physical parameters on the Characteristics of the
aquifer, explicit information on the production and cost functions of
firms using the groundweter resource is necessary to establish an optimal
withdrawal rate. This information may‘be prohibitively expensive to
obtain. Also, as mentioned earliet; tﬁere is some incentive for firms

to withhold data or transmit incorrect information if it will increase
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~their profits. All of these factors as weiltas the inherent stochastic
nature of such physical variables as recharge raise éefioﬁs qﬁestions
‘over the validity of policy directives established by a central manage-
ment'entity. Uncertainty plays a role in virtually every activity aﬁ
individual pursues. In the private market each decision maker automat-
ically weighs the relative costs and benefits of this uncertainty ele-
ment and selects a iével which is optimal fﬁr him. When withdrawal rates
are dictaﬁedAby a third party, howe&er, this decision is no'longer

left to the individual and preferences toward certainty are not accounted
 for.

"Specific Options

Management according to strict temporal priority is extremely
popular among appropriation states in that the policy conforms with
existing water use laws. As a result, political feasibility is not a

problem and the basic framework for administration is already present.

As with any cehtraiized approach, significant informéfion-is ;equired‘to
determine the optimal use rate. The costs of obtaining this information
are borne by all the taxpayers.’ Iﬁ addition to the withdrawal rate,
ekistiné rights must be adjudicated before rélative priorities can be
established. Once this is done, "first rights" go to senior appropria-
tors; Enforcement requirements would necessitate random inspection of
wells by someone éimiiar to "ditch riders"_emﬁloyed by pfivgﬁe_irriga—

tion ditch eompanies. Despite its broad acceptance, a priority method
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' does little to promote economic efficiency. By locking groundwater

) use into pétgerns esfablished by temporal priority there is no guaran-
tee that water w}li_be'used by those who value it the most. Thus the
valug of the mapginal product of'g;oundwater will not be equal among

 311 firms and additional gains frdm trade are stiil possible.- Total wel-
fare is not maximized. :

Efficiency conditions, however, could be greatly,improved'if water
rights were more freely transferable.” As discussed in thé~previous.dh;p—-
ter fhere are restrictions in current groundwater laws Whicﬁ limit trans-
ferability. The benefits of improved efficiency would be partially off-
set by the transaction costs associated with the market exbhange of
groundwater rights; The significancé of these costs will be .explored
later on in this chapter.

Although commoniy used in many states; management of groundwater
- resources according to a use preferenée system ié-berhaps'the“weakest
option from an efficiency standpoint. Under this option only certaiﬁ
"preferred" classes of uses are entitled to groundwater, Preferences
dictated by legislative or judicial authority often bear little résem~ ¥
blance to those dictated by the market. It is unlikelytthat_statutorf

preferences reflect the unanimous opinion of society, but rather that of
a simple majority or even a powerful and vocal minority. As such
/

there is no guarantee that the preferences which are established

will benefit .the entire basin; instead they may'improve the position

Oa -
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of only a few.' In adéition,-use preferences provide.éirtually no
flexibility. Thus préferences whicﬂ represent an efficient alloca-
tion of gfoundwéter today may not do so tomorrow. . Even if preferences
are re-evaluated on an,aﬁnual basis’~— a costly process ~- there is
- no guaranteé they will be relevant. More importaﬁtly; a continual
revamping of the preference system would destroy whaté&e; sécurity
‘might exist with a .water right. Groundwater developmént wouid be
pﬁfsued by those with only a minimal degree of risk—aﬁersiop.

Wéll drillipg_moratoria, althoﬁgh extreme me;suég;:m;re utilized
in many states. Typically this policy is instituted in basins suffering
from overdraft. 'fermits to drill wells and appropriate new or additional
groundwater are simply'denied. From an administrétive standpoint this is
perhaps'the easiest and least cgstly measure. Enforcement needs are

minimal and the only data requirements are those necessary to establish

when a basin should be closed. While drilling moratoria ‘are likely to

meet with substantial opposition from those denied permits, they
receive enthusiastic support from those already extracting groundwater
who see éhe Ban as a necessary step to protect their ﬁested rights in
“'full. From én efficiency standpoint, however, drilling moratoria appear
less favorable.. Althﬁugh efficient in the sense that exiéﬁiné users éfe
‘not restricted as to how they can use their water and therefore can use
it in the.mbst profitable ménner, it precludes'new, potéﬁtiaily higher

valued uses. This efficiency loss is likely to be substantial in
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Montana where in mhny areas existing uses of groundwater primarilj have
been limited to domestic and stock activities. More importantly,
moratoria do nothing to reduce externality problems already facing
existing users. Thus if these problems are substantial, such a mea-
suré is an inadequate management tool. In addition, moratoria provide
no flexibility. | o

Weil—spacing is another regulatory de?ice frequently'uséd in fhe
West. This regulation is designed to minimize externality problems
aésociated with groundwater use by reﬁuiring that wells be spaced 6r
located so as to reduce direct interference amoné nearby wells. In.
situations whepe ranches or farms are large, well location reduirements
can be designed to effectively eliminate externalities due to interfer-
ence. These regﬁlations are relatively easy to administer and enforce
for new wells; permits are granted only if the new wells do not violate
spacing requirements. Some problems may arise with resﬁect to non-
registered wells f&r which no information is available on their loca-
tion or existence. TFor .example, in Montana dbmestic and stock wells
are eiempted from filing requirements. To avoid this'problem new
groundwater users could be required to verify that their wells do not
violate spacing reguiations. Also filing exemptions could be'eiiminatea;
Well-spacing regulations do require greater physical data on the aquifer
in order to ﬁéfermine actual spacing requirements.  In situations-Where

interference varies greatly throughout the basin (extremely non-uniform
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conditions in terms'of aquifer shape and transmiséivity), phys%pal com-
plexities may preclude the effective use of gpabing regulations. qu—
ever, in less complex systems it may be an extremely successful manage-
ment tool. In addition,-it is iikelf.to dréw minimal oposition.
Well-spacing is a relatively efficient approach to groundwater manage-
ment in that it does not restrict how thé water'is used.nbr preclude new
uses. Inefficienéy réSults only if well spacing forces thg use of
locations or construction techniques which cause higher extraction costs
than would otherwise occur. Also if well densities are already at a
maximum, new uses'would be restricted. Spacing and location requiree
ments are relatively flexible in that they acéount for technological
change and the abandonment of existing wélls. The primary weakness of
a spacing regulation is that it still doés not force the groundwater
user to consider the future Qélﬁé of that resource; thus while short~
term problems with dfawdoﬁn‘are addressed'the long~run inﬁertemporal
allécatioﬁ problem still remains.

'By.contrast, rotation regulgtioﬁs specify when wells may be utiliz~
ed, e.g. daily, weekly, monthly, or yearly. This management techniqué
has a number of limitations. Administration and enforcemént is a com-
ﬁlex and costly process; the degree of complexity and expense grows as
the rotation schedule is shortened. Substantial data is required to
determine not only the optimal level but the timing of withdrawal from

each well. Rotation is likely to be very inefficient. In many cases
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the timing of water use is as critical as the quanfity. Rotation
schedules are not likely to coincide with the needs of individual
users, and, in fhe case of irrigation for example, crop yields are
likely -to be reduced or destroyed. As a result objections to a

rotation policy are likely to be substantial. Critics are likely

to argue that certain well owners are treated more favorabiy than
others. Like spacing.regulétions, rotation schemes do nothing to
address long-run ip;ertemporal.allocation questions and, thus, much
of the commonality problem remains.
Pump or usé'taxes and subsidies have been proposed in much of
the literature as a management policy for eliminating the gap be--
tween private and social costs in the use of groundwater (Milliman,
1956, 1959; Hirshléifer et al., 1960; Brown and Deacon, 1972; Maddock
and Haimes, 1975; Wéfzel, 1978). Under this approéch a tax is levied
| on the amount of groundwater used such that the private cost of using
an additional uﬁit of groundwater is equated with its cost to'society,
. resulting in a‘Pareto;eﬁficient allocation (Figure 5.1). In the
absence of a tax, when external diseconomies are present, the pumper
equates MPC with VMP and uses N units of groundwater. "With a tax (AB)
MPC equals MSC and only T units are used. A tax less than AB
would not result in a socially optimal level of groundwater use.
Thus a major limitation is whether the "correct" tax is actually

levied. This depends on the accuracy of private marginal cost and
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social marginal cost calculations. Marginal social costs are

obtained in the derivation of optimal withdrawal rates. As

noted earlier, determination of this rate is nbt-é éiﬁple;taék and is
subject to many variables. Adminiétratively, a pump tax is more in-
Qolved than either spacing or moratoria regulations. Enforcement is
made more complex in that users have an incentive to lie about the
actual amount of groundwater used. 'Withbut some form of metering, tax
assessmeﬁt would be difficulé. Just as optimal withdrawal rates would
have fo be periodically revisea, pump taxes would have to be re-adjusted
to reflect changes in supply and demand (Mil}iman, i959). Though a

costly process, re~adjustment provides a great deal of fléxibility.

From an efficiency standpoint, an effective tax restores the marginal
conditions ﬁecessary for a socially optimal allocation of the resource.
Each pumper is free to choose how the water is to bé used and at what
rate, but both the private and social cohséquences‘of his actions_are

considered in the decision process. Thus no economic "waste" occurs.

Since the tax represents a loss to producers some mechanism must
be estaﬁlished.for redigtributing tax revenues. Brédehoeft and Young
(1970) warn that a tax may prematurely extinguish economic acfivity in
a basin unless its proceeds are returned to thése who paid it. Burt
* (1970) and others have suggested that noﬁ—profit groundﬁater user
associations be formed, with tax revenues being returned to mgmbers

in the form of dividends. According to Burt, dividendshshould be paid-
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proportional toiwater rights but not according to the quantify of
groundwater used. Wetzel (1978) suggests redistribution in the form
of a per unit subsiay on the amount of land used by each producer.
Maddock and Haimes (1975) develop a tax—quota séheme'wheréby taxes
are assessed when use exceeds quota levels dstablished by the manage-
ment entity. The tax is used to compensate thoselaffected by neigh-
boring pumpers who withdraw more than their quota entitles them to.
Similafly; pumpers Who use less than their quota are granted rebates
from the tax fund. Taxes afe collected énd redistributed in such a
way that zero funds are accumulated- from year to year. Milliman (1959)

suggests that a rebate system provides important incentives for conser-

ving water use.

Quotas are another method for controlling groundwater withdrawals.
In nonappropriation states the quota allocates specific shares of the
resource to each user, usually based oﬁ historical levels of use..
In appropriation states where water rights already specify thé level
of use permitfed, quotas can be used to further limit withdfgwals. A
quota is &esigned éo that each pumpef uses only the socially optimal
amount of groun&water (T units in Figure 5.1). The outcome is idgntigal
to that under a uée tax except thgt no revenues are generated for com-
pensating those sﬁffering losses (Hirshleifer et al., 1960). Like the

tax, a quota system is subject to the same weaknesses; that is, the

socially optimal level of groundwater use must be accurately determined.
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. , . 1
‘Wetzel (1978) and Hirshleifer et al. (1960) suggest.that a quota is

simpler and, thus, a more attractive alternative from an administrative
point of.view since there are no tax revenues to redistribute. However,
enforcement needs are more complex in that greater monitoring is neces-
sary to insure pumpers limit their use to that established by the quota.
Under a tax system‘the tax itself éerves as a monitoring device to a
certain extent. Unless quotas are ﬁradeable they suffer from fhe same
1imitations as strict priority and preference management schemes —-- they
lock water use iﬁto certain patterné. Like the tax, ﬁoWever, quotas
must be periodically re-evaluated, and thus offer poten£ia11y more
flexibility than the.other two systems. In addition, quotas are 1ike1&

to be more favorably received than use taxes.

The relative superiority of a tax/subsidy scheme over the quota'
or other regulatory policies has been much debated in the literature.
Burt (1970) suggests that a tax/subsidy approach provides an internal
check on the results derived in the empirical optimization model.
Tbat is, the Qbsexved rates of groundwater use under the specified
tax scheme should be.£onsi§tent with the implied quotas'and-éhadow
prices of the model. A divergence betWeen.the_actual and impliéd

-rafes of use would suggest that some adjustmenf in" the optimization
model is neceésarf. Such a validation mechanism for a quota systém
is not readily gpparent. However Whi;éomb (1972) suggests the rela-

tive superiority issue is a moot one: 'No claim should be made as
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to the relative robuséness of corrective taies versus outpﬁt direc-
tives in éhe face of changing states of the world; static analysis as
well as the second-best theoreﬁ permits no such comparison" (Whitcomb,
1972, p. 89).

Appropriate Management Entity

By its very nature a centralized approach to groundwater manage-
ment requires some entity or Ycenter" to determine how this resource is
to be used. As discussed in the previous section, it is the center
which regulates the timing and quantity of groundwater extractions,
stipulates special use‘conditions and assesses fees. While theoretic-
élly this entity can be public or privéte, most of the 1iteratﬁ;e has
focused on public management organizations or, at the very minimum, ones
subject to state supervision.

Corker (1972) and others emphaéize the need for management on a

local level given the extreme variation in groundwater conditfons from

basin to basin. Jaquette and Moore (19%8) conclude thathbaéiﬁ“orw;ub-_
basin level control is more desirable than centralized state control
for both political and economic reasons. They suggest that state in-
put is best utilized for determining the boundaries of these bésins"
(based on hydrologic conditions) for which local management pians can

then be established. In addition, they emphasize that management po-

wers should be broad to provide maximum fléxibility:
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-Groundwater basin management should include a manage-
ment plan and a management entity to negotiate for
terms and rents of storage in the basin, to sell groun-
water, to redistribute profits or taxes, as well as to
correct the common ‘pool inequities and inefficiency (Ja-—
quette and Moore, 1978, p. v)

Corker idéntif%es.the critical management powers as tﬁe authority

.to buy:and éeil'water and water rights, impose pumping taxeé and

. extraction taxes, store water, finance;operations by general obligétion
and revenue bonds; enter contfacts, sue in the name of the water
district, and be liable for injuries.

There are a variety of organizational structures suited to water
resources management on a local level. Hartman and Seastone (1965)
contrast mutual ditch companieé, water users' associlations and pﬁblic
cénservancy ﬁistricts, and coﬁclude_the the publié district is the
superior-managemeﬁt entity:
| The public district serves both water resources develobment

objectives and allocation objectives ... this form of .

organization at least has the potential for structuring economic

interests to achieve efficient transfers and is deserving of

continued study (Hartman and Seastomne, 1965, p. 30).

Smith (1956) voices similar support for thg use of the public.
district in groundwater management. ''Its geographic flexibility,
intér—temporal flexibilify, concentratién upon a single problem, ability

to reflect local interests to obtain program adjustments, and ability to

relate project costs to benefits commend the district as. a groundwater

. maﬁagement.agency" (Smith, 1956, p. 269). However, he cautions that




87
when districts are focused around special iﬁtéres£s~or single purpoées,
they can further fragment the problem, inhibit changes from the status
quo. and make the task ofvintegrated water management impossible. . Accord-
ing to Smith, these uﬁdésirable side~effects can he avoided by the se-
1ectiqn(ﬁ?adequate énabling legislation so that management attention is
foéused upon the "totality" éf the water problem. One important step,
he suggests, is an active role for a technical state agency ~- such as
the state water resou;ces~department -- in .the organizational process.
This agéncy would provide the engineering, econoﬁic and h&drologic data
necessary for developing integrated management prograﬁs."

Montana law allows for the creation of a variety of multi- and
single-purposelpublic districts related ﬁo water resource ﬁanagement,
including irrigation districts, count& water and sewer dist?icts, water
useré' asSociafiéns, drainage districts, soil and water éonservation
districts, and water conservancy distriéts. Al;ﬁough thé Water'Use'
Act calls for the’éstablishment of speéial contfolled groundwater areas,
it seems that.actuél'ﬁaﬁagemént of thesejareas could be carried out by .
aﬁ existing district oréanfzation. This would heip‘élimiqate jurisdic~
tioﬁal overlap between agencies and the céncomitant problems of inter-
agency rivalry as well‘as provide the structqral basis for a truly
integtrated water management‘program. A logical cgndidate‘for this is
theV;ultihpurpose water conéerVancy district (WCD). As'defineq undet

its enabling legislation, a WCD is designed '"to .provide for conserva-
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tion and development of the water and 1and resourceé of.the stafe of.
Montana, conserve Montaﬁa'slwater for utilizétion for beneficial pur;
poses within the state, and provide for the greatest benéficial use of
water within this state. . . " (MCA§85-9-101). 1In additibn, a WCD is
authorized to borrow money,'incur'indeBtednesé; i3sue ,bonds,-acquire
water and water rights,'ﬁndertake, constrﬁct, maintain and operate
project w;rkga set and célléct fees and.other charges, exercise the
.right of eminent.démain, and enter .into agreehents with state and fed-
efal'agencies.

Despite the apfarent suitability of the WCD as a basinWiée water
resource management entity, none have been established in the state
since the passage of the Water Conservancy District Act in 1969. Thus
the actual usefulness of this management mechanism is diffiéulf to
determine. In her assessment of WCDs as'a mééng for establishing énd
implementiﬁg basinwide‘water resoufce maﬁagemeﬁt‘p;aﬁé, Anderson'(l980)

'céﬁcludesuthat thg politicai attitudé of the sfate ié not'faVOfable to
WCD formation. One key reason cited f@r éhi; negativeAéttitude is
that WCDs a?e vieﬁedfastsimplyﬁanother layer of government granted
with, taxing authority i certainly not a popular position in light of
the current political ciimate.. In contrasting thequerAtipn of WCDhs
in Colorado and South ﬁakqta, Anderson suggests that Colorado has
-enjoyed'much'greatef sﬁccessvwitﬁ its WCDs (primarily concerned with

groundwater resources) due to the state's higher tax base and the
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élowdown'of special purpose district growth since the gstablishment
of a WCD Act in 1937.. In terms of Montana, Anderson concludes that the
WCD does mnot represent the best jurisdidtional alternative:
| "In a state where rural densities do not create a high tax

base, where the greatest water use is agriculturally oriented,

and where rural values do net generally support planning except

for pragmatic purposes, the effort required to promote and

Inittiate water conservancy districts would probably not be

warranted" (Anderson, 1980,'p.35).. )

In an effort to slow the explosive growth of new districts and
coordinate basinwide natural resoutrce mgnégement, Nebraska has coﬁsoli—
dated various districts into compreheﬁsive Natufal Resource Districts.
From the standpoint of integrated resource management this represents
the beét_of all worlds. Such qonsolida?ion also can be egpected to

.meet with greater public support.

Rather than credte é new district syétem, however, Anderson
recommends that tﬂe powers of Montana's Soil and Water Cénservation
Districts-(SWCDs) be.éxpénded to incorporate the role of WCDs. Like
WCDs, SWCDs perform a variety of administrative, planning and manage-
ment functianu Altﬁough‘SWCDs in thé past have often. coincided with
coynty beundaries, the enabling legislation could be modified so‘that
they can éxtend across the natural bouﬁdaries of a watershed or
drainage'b;sin. Tn cases where groundwater basins de not coincide with.
these boundaries3.épecial sub-basins co;ld be es;ablished with manage-~

- ment programs designed to meet the needs of that particulaf hydrologic
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setting. Anderson cautions that "soil and water conservation district
have emerged ;s the bastions of agricultural intgrests " (Anderson,
1980, pp. 48-49 ). Thﬁs, various aspects of the SWCD.Acf woﬁld have to
be modified to ensure that other interests -— industry, municipal, fish,
Wildlifé, and recreation —— are equi;ably represented.

.Centralized groundwater management need not be limited to a public-
agency. However, at the present time it appears that public entities
already exist in Montana which have the legal structure and technical
expertise necessary for comprehensive water resource managemeht. In
light of this, it appears that the state's groundwater management needs
may best be served by a basinwide district (such as the soil and water
conservation district) with direct technical input from the Water Re-
sources Division of ?he DNRC. Thus, the concept.of a controlled
groundwater zone would be_incorporated under whatever management

activities deemed necessary by the appropriate management district.

DECENTRALIZED MANAGEMENT -~ A BARGAINI&G APPROACH

The cost and complexity of intervention solutions as well as the
questionéble motives of central managers (Burton, 198Q) havé firmly
established the decentralized bargaining approach to externality
problems in economic literature. Within the context ¢f water, numer-
ous articles identif? the competitive market‘as the mést effective
mechanism for the efficiént allocation of resources. '"Given clearly

defined and freeiy transferable rights and the presence of competitive
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markets composed of willing buyers and sellers, the apportionment of

rights to water would, over time, reflect the pressnres of supply and
demand" (Oeltjen and Fischer, 1978, pp. 269-270). McKeachnie (1570)
observes that with individual property rights in water freely,transfer—
able, the proflt motive can be relied upon to effect a smooth realloca-
tion to higher valued uses.

The_assumptlon of zero transaction costs in Coase's analysis

~ (1960) .has been recogniaed as a serious deficiency by many (Dahlman,

1979; Demsetz, 1964; Randall, 1972). -Transaction costs have

been singled out as the source of the market's failure to ‘interna-' ;-

" lize externalities. Broadly defined, transaction costs include the

costs of acquiring Informatlon, negotiatlng prices, charging for the
use of resources, and excluding free riders (Burton, 1980). Acqording
to Chenng (1980) it is the absence of‘well-defined property ‘rights
which resultsin positive transaction costs., Burton (1980) adds that
high transaction oosts prevent the emergence.of a bargaining solution.

Thus much of the 1iterature on water use has focused on iImprovement in

'

“the definition of water rights (Milliman, 1959). A summary'of this

literature is contained in Chapter 4.
While several specifiic recomnendationa for decéntralized approaches
to groundwater management have been’ made none have actually\been imple~

mented. Smith (1977) suggests a water deeds approach to groundwater.
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Under his proposed system, groundwater property rights are composed

of two deeds. The first deed establishes a right to withdraw a certain‘

quantity of groundwater on an annual basis in ﬁerpetuity. The actual
quantity aliocated is some fixed percentage (based on historical use)
of natural recharge to the basin. The second deed establishes a lump
sum right to some portion of the groundwater stored in the basin.‘ The
total-allocation of stored water is limited to an estimated recoverable
level. Presumably this level is established té prevent "excessive"
overdraft problems such as land subsidehce,‘wéter quality degradation -
and loss of recharge capacity. This "stock" right can be éxercised‘at
any time, either fully or only partially. A critical element to
Smith's proposal is that all deeds can be sold, purchased, re-assigned
or bequeathed. While no restrictions are placed on who can buy the
‘rights (i.e. city‘residents can purchase from mining companies and
5§ice—versa), it is not clear from Smith's article whefher groundwater.
can be transferred out of the basin. Given the "recovérable" nature
of the.wqte¥ allocated, it Is assumed that inter—basinﬂtransfers would
Be permitted. Aﬁ 10~to-20~year intervéls, thé prograﬁ would be re;
viewed with possible modification of outstanding rights to accounf
for changes iIn natural reéharge.

The advantages of this system are obvious. From an efficiency’

standpoint, Eransferaﬁility'enables'groundwater to be allocated to its
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most valued use, exhausting the gains from trade and increasing total
welfare in the area, New or enlarged wells are permitted aé-long as
deed payments are made for the water used. Individual users are free

to decide how much groundwater to use at any given time. For example,

'i#f a farmer believes the irrigation season will be unusually dry, he

can éxercise his stock right or purchase additional deeds. Thus,
each user selects the level of risk-aversion most appropriate for him.
ﬁowever, there are some serious limitations to_the deeds approach.
It is not purely a "private" market'solution. Significant technical
data are required to determine recharge rates and the "safe" stock level.
Presumably only a public agency such as a state wa;er resources
department has the gechnical expertise to con&uct the-necéssary‘hydro—
logic studies. .These studies are costly and may take many years to
complete depending on thée cémplexity of the hydrologic system. An
enforcement mechanism is alsp necessary not only to monitor annual
groundwater use but to maintain records on stock use and transfers.
Meters would be required on all wells. ‘Conflicts-will undoubtedly
arise over the initial allocétipn of the geéds. Deed-holders are still
not prétected from third pa;ty effecfs which may arise once rights are.
transferred. Conges;ion eiternalitiéé in the form of localized draw-.
down may occur, for example, if pumping acti&ities becdme.cohcentrated
over one section of the basin or if neighboriﬁg pumpers: simﬁltanedusly

decide to exercise their stock rights in full,
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Theoretically under a bargaining solution parties invol?ed in the
externality could bribe each other either to accept the externality or
to prevent it from happening. However, Randall (1972) and others have
argued that the actual outcome depends on the liability rule in force.
Still others (Wellisz, 1964) assert that Bargaining solutions b?eak
down when large groups are involved or Whén externalities are mutual.

Notes Whitcomb:

If we were to allow the assumptions the 'private bargain'

people make for externalities to hold everywhere in price
theory, we would have no monopoly or imperfect competition
theory, and, in fact, no situations anywhere that are not
Pareto optimal. After all, the victims of a monopoly could

pay the monopolist to act as if he were a perfect competitor
and still be better off (by the definition of Pareto optimum).
They don't do so, of course, only because bargaining is dif-
ficult and breaks down owing to the size of the coalition and/or

the issue of division of spoils (Whitcomb, 1972, p. 123),

Water banking is another allocation system that has been suggested
as a means of improving the efficiency of water use (Angelides aﬂd
Bardach, 1978). Tt has been used on a limited scale in California and
Idaho. TUnder the 5asic system, individuals not wishing to use their
water can deposit it in a 'bank" and receive a rental or use ﬁee. Those
wishing @pre water can, for a fee, withdraﬁ it from the bank. Like any
institution, the agénéy'operating the bank arrangas'transactiogs; S
handles: the f£low of'money (and Watér), and maintains all records.

The bank can be either a public or priyaté entity, although Apgelides

and Bardach suggest that it may be éasier if public Water_agencies
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initiate the system. In the past water banking proposals Have focused
on surface water allocation,but the condepf theoratically could be
extended to groundwater. Like transferable deeés, watgr transfers
under a banking system promote economic efficiency in that those who
value water the most are able to obtain it. TIn equilibrium Fhere is
equimarginal value in use and a Pareto-optimal allocation. As with

any transfer mechanism, water rights must be well-defined for banking
to be successful. Third-parties harmed by transfers must also be pro-
_tected. Banks could authorize compensatiéﬁ payments to be added to the
price charged forlwitﬁdrawals from the bank. Joﬁngon'et al. (1979)
suggest: that third-party impacts could be minimized by limiting trans-
fers to the amount of water ac;ually consumed in the original right
holder's use rather than the total diversion or extraction. While
banks are not necessary for transfers to be effective, Angelides and
Bardach (1978) emphasize their role in reducing’transaction costs.

Third—party.effecté are moré complex Witﬁ groundwater usevthan_

with surface water dye to the technical interdependence of eitraction
actiyities.- This complicating factor may limit the success of a purely
decentralized management schféﬁxe. In an article exploring the role of
regulation in the efficiency of ocean exploitation, Sweeney et al.
(1974) single out two key characteristics of oil which, unlike mag-
nesium ﬁoduies; mgke negotiation aﬁd;enforcement éf rights prohibitively

ekpensive: 1) the difficulty in identifying one producer's oil; 2) the
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pumping by one 0il producer interferes with the other's efficiency.
Burton (1980) arrives at a similar conclusion. "Tt is always possible
in principle to define (i.e; set up) a system of private rights in
propertf. But in some cases it Would still be p?ohibitively exﬁensive
for the owners to police and enforce their rights, given the technical
difficulties . . ." (Burton, 1980, p. 69). Whitcomb (1972) carries the
conclusion one‘step furthef: "Since externalities continue to exist in
all'kinds of real world situations, it seems impossible to sustain the
conviction that private bargains among firms affected by éxtgrnalities
can eliminate all need for corrective action by a central authority "
(Whitcomb, 1972, p. 17 ).

In thgory,private bargaining is capable of providing the most
efficieﬁt and flexible means for improving the allocaﬁion of groundwater.
As a result it comes.closest.to meeting the goal qf maximized social wel-
fare. Whether it actually can achieve ;his éoal depends upon the costs of

bérgaining relative to the benefits it produces.




Chapter 6
OPTIMAL GROUNDWATER USE: A CASE STUDY

In the previous chapter considerable attention was focused on-

centralized approaches to groundwater management. As was pointed out, .

these management'alternativeé require that an optimal uee rate'be,

eetablished for the basin before the apﬁropriate-tax—snbsidy, quOta,
rotation‘or'spaéing scheme can be determined. The primary intent of
this chapter is to demonstrate how_such_a'ratevcan bé estimated. Tt
should be recognlzed however, that this rate is not opt1ma1 in any

-absolute sense of the word. Rather, it is optimal glven the assump-

tions and striucture of the model employed. Thus, the rate establlshed'

here should be viewed as ‘conditionally optimal.

In essencé, an optimal use rate is selected which maximizes
éxpected net téturts to the study area over an iﬁfiﬁitéfﬁléhﬁiﬁg:
‘(decigion) hoFizon. . The selection of this rate is a multi=stage
dee¢ision proees (Bellman, 1957); that is at evetry phy81 al ététe'or
éoﬁditidﬁ‘of the groundwater gystem at a’ p01nt in tlme,‘a level of use
'tfaﬁsformiﬁg thé syétem into anothér state in thé ﬁext.time perlod is
chosen which maxlnizes net réturns to the area. This deeision process

continites, yiitil; given a sufficiently large numbéf of tie perlods,

the usé rate selséted conVerges "to sSome- constant decision rule (Howard

1960: Burt and Allison 1963) In practice this rélati hip a

recur31ve one; deeisions are made backward:froi &ofé future time [Lo]

LYl
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the present;

In this study Eoth linear and dYnaﬁic programming are uéed to
derive the optimal Qecision rule. The methodology used here draws
heavily on the work of Burt (1964 a, g) aé well as some of the genmeral
.principles established by Brown and McGuire (1967), Domenico et al.
(1968) and Brown and Deacon (1972) in their work on groundwater.

While much of the information used in deriving thié rate is based.
on actual physical and eéonémic data from the Crow Creek Vailey area
of Montana, in many instances assumptions were made to simplify the
model 6r to fill informational voids. Thus the results from this
étudy do not necessarily provide a management prescription for the
area, but are suggestive of the important considerations involved.

They are intended to serve as a guide as to how an optimal rate can be
derived in general, its interpretation, the information requiréd and
tﬁe impact of changes in various arguments of the model on the decision
rule established. |

The model and its results are couched in terms of. an éctual ground-
water basiﬁ in Montana rather than some hypothetical area for two.
reasons. First, it helped to structure the proBlgm for the analyst and
thereby prévide direction to the overall study. Secondiy, the analyét
felt that those ultimately using the report could better relate to
Uactual" results rather than hypothetical ones. An important aspect

of this is that it was necessary to work with data as it actually
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exists (often in a less than desirable form) rather than ﬁypothetical;
"text-book" conditions that are free from thé compliéations of reality.
Thus data problems agsociated with empirical modeling are addréssea in
the study.

The chapter is divided into fogr bagic Sectiops, follbwing the
Iofganiza£ion,of the model used'in developiﬁg an optimal decision ruie.
An optimél decision rule is defined here as a policy guide which es-
tablishes the optimal level of groundwater use for a basin (that which
maximizes net returns to the area over the appropriate planning hori-
zon) given an initial quéntity oi groundwater in storage. Thus the
rule establishes obtimal use levels for all possiblg quantities of
" groundwater in gtorage. In this study the primary concern is with the
general structﬁre (shape) of the decision rule rather than the implied
level of use. Thé. first section describes the study area, the reason
it was selected, its;physiéal characteristics, its economic setting and
the role of groundwater in the area's water‘profile. The second section
descfibes the linear p:oéramming (LP) model used in de;iving the gross
returns assoéiated with groundwater uéé.'.Literature associated with
the use-of LP as an optimizatién routine for agricultural and water
resource maqageﬁent decision making is briefly reviewed. Data sources
and assumptions are detailed. Finally, the results of the LP model.are
presented; The -third seétion,describes tﬁe dynamic ppogramming (DP)

‘portion of the overall model and how the results from the LP model are
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incorporated. The use of Dp in previous éroﬁndﬁéter sfudies is brief-
ly reviewed. Data sources, assump;ioné aﬁd empirical results are
summarized. . Finallf,-the results are interpreted‘iﬁ terms of their
implication for groundwéter use and management in the area. The sensi-
tivity of.these results with respect to energy costs, the discounf
;atg, land productivity and the areal extent of the aduifer are

explored in the fourth section.

THE STUDY AREA

The Crow Creek Valley located in southcentral Broadwater County,"
Montana (Figure 6.1) was seleqted as:a s;ﬁdy site for several reaséns,
Thé most impbrtant feééon was Fhe fact that it Qas one of thevfgw
basins in Montana where some ﬁhysical aa£a were avaiiable on the
aquifer system underlying it (Lorenz and McMurtrey, ;956;.W§att,‘1981).
Littlé is known about the hydrpgeélogic characteristics of groundwater
occurences in Monpané. Availability of such data proved to be the
most stringent-limitation facedlin selecting'a potential s;udé area.
As demonstréted in the~reﬁaining sections of this chapter, a- certain
minimal level of phfsical data is needed before an optimal groundwatef
withdrawal rate‘can be éstimated. Thus if active'groundwaterfménage—
ment p:ogfams are to be pursued in Montana; a far gre#ter commitment

must be made to obtaining basic hydrologic infqrﬁation.. If is hoped

" that this portioq of the study will highlighf the kinds of data needed.
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Figure 6.1. Crow Creek Valley (Shaded Region).
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The valley also.was chosen as a'study site because of its rela-
tively small size'and'agrarian.éetting; ﬁoth characteristics simpli-
fied the data ;equirementé of the ecopdmic model used. Finally, the
area was chosen due to the inéreaéing reliance on groundwatér for
irnigaﬁidn-in the,regioh. Currentl&.30 high-qapécity‘(greéter.tﬂaﬁ”
1,000 gpm) ifrigati@n Wells are located ‘within a.16 sqgare—mile secfion

of the valley.

Physical Setting

Crow Creek Valley occupies gpproximately 150 square miles of an
alluvial plain bordéred by the Elkhorn Mountains on the west and the
Missouri River to thg‘east.- Outcroppings and rolliné hills roughly
form a northern and southern boundary- to the area. Elevations within
the valley itself range between 3800 and‘4600 feet with local relief
in the valley floor less than 150 feet (Wyaft,-198l): The thy
exceptibn is Lbneleuntaiq (5,024 feet high) which riség some 600 feet
above the Sufroundipg valley. Soils in thg'area'range from:silty
alluvium depbsite&.by fhe Missouri River.t; weathered vo}éénié sedi~
ments eroded from‘the Elkhorn Mpuntains.‘ The mgjoritylof thg SOilS in
the.studf aféa have:béen“qlassifie& in-cépabiliﬁy groups II, III and
VI (DNRC Land Classification Survey, 1975); (See page 118.£or.a
description-of'the.capability classifipatioﬁ system.) _Class'II:and III

soils are suitable for cultivation subject to certain 1imitationé;
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Class VI soils generally_are unsuited to cultivation ani are largely
limited to pasture, range, woodland or wildlife habitat (SCS Soil Survey'
of Broadwater County Area, Montana, 1977, p. 36) o |
Climatic conditions in the area are relatively dry. Natural,'
vegetation in the valley is primarily composed of sagebrush and grasses
except for coniferous and deciduous tree growth,along streams and

creeks. Although the mountains to the west of.the valley receive 40

. inches of precipitation annually, they create a rain shadow effect and

less than 12 inches per year actually fall on the lowlands (Wyatt,

1981). The SCS has classified the region as a moderate consumptive

.use climate area for dirrigation.

. The primary sotirces of irrigation yater in the area‘are two tri-
butary streams. of the Missouri River, Crow Creek‘and Warm Springs
Creek, the Missouri River itself. via the Toston Irrigation Canal Pro-
ject and groundwater underlying the valley floor.

Wyatt (1981) in his hydrogeologic.study of the valley notes that
the primary source of groundwater for irrigation wells is not well
defined and snggests several,sources: direct recharge from precipita—
tion in the Elkhorn Mbnntains to the west; and, possibly upward leakage
from anounderlying'deep flow system. hll.of the'irrigationrwells in
the study area are‘under artesian pressure, sqggesting the.presence-of
some-confihing or relatively imperneable overlying stratum such as‘a

tight clay or hardpan (Figure 6.2). ‘Where a series of clay lenses or
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Figure 6.2. Cross-section of a hypothetical confined aquifer.
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layers are present, a variety of confined aquifers may exist aﬁ
different depths. However, for purposes of this study it was assumed
that there is a single cpnfined aquifer underlying the basin which
provides water to all of the irrigation wells. This assuﬁption éreatly
simplifies the calcqlations.required in deriving an optimallground—
water ﬁithdrawal rate. Well elevations were adjusted fo a common
détuﬁ (4110 feet above sea level) and, on the basis of well log data,
.static water levels (piezometric surfacés prior fo pumping) were
found to have an average depth of 55 feet below tﬁe-ground surface. Omn
the basis of well log drilling descriptions it was determiﬁed thét,fhe
clay stratum Which confines the aquifer occurs at an average depth of
215 feet. Wyatt (198l) refers to this aquifer as the "Teftiary—anter—
nary" aquifer because of the sediments from which the Watér is |
extracted.

The methédology established in this study could be adépted,tp
basins where more thén one confined aquifer is relevant. In such a
setting‘each aquifer would be treated as a separate sub—basin (assuming
there is no leakége between the aquifers) and an optimal decision rule
calcuiated for each. Ffom‘this, an aggregate poliéy could be fﬁrmulated;
recognizing the rules establishedifor each sub-basin. In such cases

. much more detailed physical data are required to accurately define the
conditions and extent of eéch sub-basin.

The actual areal extent of the confined aquifer examined in this

PR\
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study is not precisely known. Rarely is such'inférmation ever known
about a natural groundwater system. Instead hydroiogiéts and géolo— )
gists draw on available physical data to estimate where aéuifer boiind-
ariés, iﬁ thebry% should occur. Estimated boundaries for the
"Tertiary-Quaternary" aquifer are depicted in Figure 6.3.

On the basis of pumping test results reported by Wyatt (1981), -
the‘storaée coefficient used in calculating the volume of groundwatér
in storage in the aquifef was .0016. The storége coefficient is a
unitless measured defined as:

. « . the volume of water that an aquifer releases from

or takes into storage per unit surface area of aquifer

per unit change in the component of head normal to that
surface (Todd, 1980,.p. 45).

.Recharge was assumed to be 30;000 acre feet per year'(aé estimated
by Wyatt, 1981).' Given thé dearth of iﬁformation on frequeﬁcy distri—
butions associated with this estimate, recharge was aésumed to be
constant. Aiso no information was available on how either the amount
of groundwater in étorage‘or quantity used affects recharge. Thus
recharge was ;ssumed to be uﬁaffected by pumping, and a deterministic
model was used in the dynamic programming portion of the analysis. Thé
details of this model are enumeratéd in a ;ubsequent section of this'

chapter._
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Figure 6.3. Hypothetical boundaries for the "Tertiary-Quaternary"
aquifer underlying Crow Creek Valley as estimated by
Wyatt (1981).
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Economic Setting o
Water has played a vital role in the economy of'the-Crow Creek
Valley since its first settlement. Both early mining and cattle
ranching activities depended on the availability Dflwater.-Radersburg,
20 miles southwest of Townsend, was the site of placer gold miaing aa
eafly as 1863. Laﬁer,ﬁiode mining of gold and quartz became an impor-

tant activity. Toston, 11 miles southeast of Townsend, served as a’

shipping point for the Radersburg mining camp (Water Resources Survey -

Broadwater County, Montana, 1956). At the same tiﬁe-ranching and

farming became‘firﬁly established, eventually &ominatihg as mining
activities ﬁegan to play out. Severetdraughts ih the late 1910s and
early 1920s reminded area farmers and ranchers of the importance:of
reliable sources of.irrigatibn water.

Tﬁe Crow Creek Pumping Praject near Toston waa built in the-
early 19505 by, tha U.S. Bureau of_Reélamation to'pravide irrigation
water for new lands brought under cultivation to'raplace those flboded
ﬁy tﬁe Canyoanerry Reservoir. In 1955 the Tpstoﬁ Irrigation Distriat
was formed and took over operation of the:pumping project. .Today l
approximaiely 24,000 acre feet of_water are pumped out of the Miésoﬁfi
River and délivered by gfavity flow thraagh the Toston and iombard,.
Canals and associated .lateral system to some 6,000 acres of irrigated
farmland in the valley (Kolberg, 1981).

Over the last 40 years agriculture has become the valley's_brimafy
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source of revenue while mining has- all but‘diéd out. . Today caftle and
hog production as well as irrigatéd'aﬁd dryland farming are the main
agricultural activities. Winter whéat and barley.are the primary dryf
land crops. Irrigated crops include: alfalfa hay, spring wheat, baf—
ley and éeed potatoes. Corn, oats, grass seed and triticale comprisé
less Fhan one percent of the total irrigated écreage. Sugar beets
have not been grown since 1978 when the area lost its sﬁgar beet

‘contract.

The Role of Groundwater

As is characteristic throughout much of Mbntaﬁa,»groundﬁatér.
played only a minor role in the water profile of the Croﬁ €reek Valley
until the 1950s (see Figure 6.4). Prior'to this time,,grouﬁdwafer'wés
used almost exclusivély for domestic and-stéck water purposeés. Surface
water from the Missouri River, Crow Creek and Warm Springs Creek was
used for irrigation. But by the early 1950s- themse tributary sources
were completely utilizea. Note Larenz and McMurtrey (1956), "During
thé summer months the entire floﬁ from'thesé perennial streams [Crow
Creek and Warm Springs Creek] is diﬁerted for irrigation" (p. 209). As
a result, area farmers, and ranchérs begaﬁ_to turn te groundwater as an
additional source of water. |

8CS records indicate that the first high—capééity irfigation well

was drilled in the study area in 1958. Today 30 such wells have been
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iqstalled, providing.water to approximately 25 percent of the area's
irrigated cropland (Crowell, 1981). Wyatt (1981)-estimétes that 7,368 .
acre feet of g;oundwater are withdrawn from these wells during the |
irrigation season, with pumping rates ranging from4600.to 3420 gpm
and an average application rate of 1;8 acre feet per acre per season.
From cééual discussions witﬁ ten area ranchers and farmers‘it appearé'-‘
that these individuals have turned to groﬁndwater despite its high
initial investment costs for three bésié reasons: 1) it enables ﬂew
lands to be brought under irrigation; 2) it is a ﬁofe aeéendable source
ofrﬁater; and 3) it islless labor~intensive thgn surface water

irrigation.

RETURNS FROM GROUNDWATER USE

Background

An important step in developing an optimal-decision rule for
groundwater extraction in the study area is caiculation of expected
returns or net benefits associated with various quantities éf ground-
water availability éer unit of time. For purposes of this study, a
yvear is defined as the appropriate time'pefiod. The linear programming
methodology used here is virtually iden;ical to that used by Buft.
1964a). Giﬁen tﬁe émall geographic scope of the study and the types
‘of crops grown, the purely competitive modei;séems.enéirely appropriate.

That is; area farmers are price takers in both the factor and product
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markets.

Parametfic programming was applied whereby tﬁe fixed ;eVel of
groundwater available was systematically increased from zero acre feet
per year to some upper limit. By changing this resource constraint it
was possiblé t6 determine how groundwater availability and hsg affect
nqt only the optimal activity (crop) Fombination but the level of farm
profit (the objective function value) and fespurce use.- From this, ;
marginal value product function for gfoundwater.use'was'deriﬁed;rena—'
bling the calculation of expected immediate returns under various rates
of use given a particular quantity of groundwater in storage in the
aquifér. As is described in greater detaiiilater in this chapter, such
information is a key component of the dynamic moéel used iq developing
a decision rule for groundwater withdrawal over a long or éven infinite
planning horizon.

Optimization routines using iinear Programming algorithms have been
used extensively for égricultural_pl;nniﬁg:aéd othef decision making
activities-(Heady and Candler, 1958; Agrawal and Heady, 1972; Béneke and
Winterboer, 1973; Baumol, 1977). Both Moore and Hedges (1963jand Gissér :
(1970) use pérametric linear pfogramming.td eséimate_demand for irriga-~
tioq,water. While in these stﬁdies the cost of irrigation water is
varied parémetrically to generaté a demaﬁd'fﬁnction; Moore and Hedges
noté that the same information coﬁld have been obtained by varying the

water resouce constraint rather than cost. . Linear programming also has
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been frequently applied in groundwater management studies. Bredehoeft

and Young (1970), McConnen and Menon (1968), Hardin and Lacewe11.(1980)

and others use linear programming formulations in their analyses. Burt

' (1964a) uses linear programming ds an initial step in deriving an

optimal decision rule.

Model Description

The linear programming problem used in this study can be:defined

as follows:

objective fuhction:
Subject to:

and:

where:

Xi-z_O for a}l i,
Xi = acreage of the ith cFop grown,
C, = net revenue or return over variable
cost per acre of the ith crop.
a,, = the amount of the jth reéource required -

to produce an acre of the ith crop.

b. = the total level of the jth resource
available for use by the n crop
activities. There are a total of m
resources which are constraining to the
crop activities. These include: total
irrigated and potentially irrigable -
acres, quantity of groundwater avail-
able and various crop acreage limitations
designed to reflect rotational patterns
or other practices and habits which
‘would not be suggested in a purely
economic ‘analysis. . Thesé constraints
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are explored in greater detail in a
subsequent section.

The non—-negativity requirément,xi'z_o, siﬁply precludes the
mathematicéi possibility of negative acreage. While labor is not
treated as a resource constraint, a noﬁ-restfictive labor balance
equation is incorporated into the model 8o that total labor requiré-
ments can be accouﬁted for. Such information may be valuable to others
analyzing the results of this study or those interested in expanding
its scope. |

As hoted above, the use of paramgfric programming enabléd the bj
associated with groundwater availability to be varied so that a vélue
function for groundwater use could be derived. For computational ease
and to minimize the number of computer runs ﬁecessary, the groundwater
resource was arbitrarily increased by increments of 2,500 acre feet to '

a total level of 50,000 acre feet. This upper limit represeﬁted a level

of water more than sufficient to deliver 2.14 acre feet of water per

year to all the potentially irrigable land in the study area. As is
expiained beiow,‘the 2.14 acre feet figure répresents a gfoss'irrigation
requirement for the most water intensive cféﬁ'grown in the Crow Creek
Valley (élfalfa)&- The linear prograﬁming matrix ﬁsed in the study‘is:
preseﬁfed in Appendix A. A sfandaré.mixed iﬁteger coﬁputér'programmiqg
package (NHILP)_developed by Verner G. ﬁurt of Mississippi State

University was used in performing the bptimization analysis.
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Assumptions and Data Sources.

. As with any empirical study it was nécéssary to make certain
assumptions about the data used and the overall structure of the model.
In some instances assuﬁptions were made when no other information was
available. 1In other cases they were made to simplify somé of.;he
computational demands or limit the complexity of fhe program design.
It should be reemphasizéd that this study is not intende@ to represent
the final word on how groundwater resources in thé Crow Creek Valley
should be managed. Rathef, it is intended to demonstrate h9w an
optimal decisionvrule can be estimated, what sorts of inf&rmatioh are
required and the implications of the rule for aquifer management. 1In
many respects the study is a hypotheticai one excgpt that wherever -
possible "real® déta relating to thelphysical and economic conditions
of the Crow Creek Valley have been used. This caution#ry,note should
be kept in mind throughout the remainder of this paper.

One of '‘the most important assumbtions'éf this model is th?t the
entire areé was treated as a single farm. Thus the optimal activity
pattern/is for the entire area and ﬁot for indiﬁidual farms. ﬁi;ler
(1966) provides a theoretical justification for aggregating an area
into a single linear programming model. Moore and Hedges (1963) and
Gisser (1930) treat their réspective study areés wi#h an aggregatg
- model in generating demand functioﬁs for irrigétion,ﬁater."Similar

assumptions are used by Burt (1964 a; b), Brown and McGuire (1967)'and
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Brown and Deacon (1972) in their work on groundwater. This assumption
is consistent with.our 6bjective of deriving an optimal.decision rule
for the entire basin. It is our ultimate intent to speéify a ground-
water policy which méximizes the present value of expected returns to
the area, irrespective of the distributional impliéations. (For a
detailéd explanafion of why this objective'is.chosen, éee.Chapéer 3.)
Hehcévtreating'the area in aggrégate appears to Be justifiable given
fhe.oﬁjective of the study. |

The objective function used in the LP model assumes that the fa?m
seeks to maximize returns or profits. Although this is consistént with
the rationality assumption of neoclassical microecopomic-theory,‘a
growing segment of the literature emphasizes the incorporation of risk
in écoqomic models. Uncertainty in terms of income variability, resource
availability and the technical coefficients uséd in constrgiht’equationg
can have an important impact on the optimal actiﬁity mix and lgVel of
resource use (Anderson et al. 1977). .Risk and-uncertainiy'éan be
incorporated into a modél through the use of aﬁ é;ternative algorithm
such és quadratié risk programming or with 1inéar risk programs whichh

place a constraint on the maximum allowable loss or which minimize the

total absolute deviation (MOTAD) of the objectiﬁe function value. Other

programming formulations incorporate game theory in the decision
criteria or utilize Monte Carlo studies. Anderson et al. (1977) provide

an overview of the various programming techniques available. For this
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particular study risk was ignored in order to simplify the computational
work. Subsequent s;udieé might éonsider its inclusioﬁ,

Aésociated with the objective function of profip maximization is
the assﬁmption that net farm income (and the related market values of
the crops) is an adequate measure of area net Benefit.‘ Again, deferring
to Chapter 3 iﬁ lieu of some alternétive measgxe farm income.appears
to be the only available welfare index.

As mentioned eérlier the assuﬁption of perfecf competition in both
the prodﬁct and factor mgrkets in the study area appears to be relative-
ly accuréte. _ThuS'thellevel of.output or input usage doeés not affgct
thé price 6f either, and a single set of pfices are used in the analysis.
For purposes of this study it was assumed that the prices will not
change in real terms or will all change by the same relative increment ,
cancelling out any:iﬁpact on the results. This aQSumRtion may not be
strictly valid .for electricity used for irrigation. The impact of
changing energy cosié is explored thfough sensitivity analysis later in
this éhapter. Technology and the irrigation requirements of the crops
also were assumed to be unchanging.

By using linear objective functions and linear ﬁroduction co-
efficients it was further assumed that there are no diminishing marginal
returns, i.é; each additionél unit ‘of output fequires the same level of
inputs and costs are constantl Thus, economies of scale are not

possible (Beneke and Wiﬁterboer, 1973).
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Both capital and labor were treated as unlimited and valued at
their market price during the 1980 base year period. Thus only land
and water served as limiting or constraining resources.

A 1975 land classification survey of Broadwater County by the DNRC.
indicates that some 18,437 acres are curreﬁtly under irrigation iﬁ ghe
Crow Creek Valley afea; Since the primary conéern at this stage of the
study was to.determiﬁe returns to irrigation water, only crop éctivi—
ties were considered in the LP anélysis.:’Thus land used solelf for.-
ir;igated pasture was subtr;cted out of the irrigated land base. A
four-year historical average (1978-1981) based on U.S. Agricultufal
Stabilization and Conservation_Service (ASCS) records indicgte that.'
some 1,347 acres are uséd for irrigated pasture annually in the study
area, Thus total curfently irrigated cropland is estimated at 17,090
acres. The same land classification survey estimates that an addition-
al 31,961 ;cres in the.study area‘are physicaliy suited for ifrigation
in terms of soil and topographic cpnditioﬁs and drainagé. This clas-—
gification doés not c&ﬁsider economics or water availability. For
purposes of this analysislthe 31,961 acre figure was used as an
éstimafe of potentially irrigable land.

Most of the cqrrently irrigated land falls under capability
classes II and III, Wﬁile.SO percent of the potentially irrigable land
is considered to be class III. Capability groupiﬁgs are a classifica—

tion system used by the U.S. Soil Conservation Service (SCS) to indicate




119
in Qery general terms the suitability of soils for moét types of field
crops. From a technical standpoint class II lands ha&e soils with
moderate limitations in tefms of the plants Fhat'can ﬁe'grown.and the
conservation practices required. €lass III lands havé soils with‘
severe limitations. By contrast class I iands have soiks.with féw
1im$tations.that restrict their use. Unfortunately no information was
avéilabie in the study afea on differences in producfivity aSSOCiafed
with these laﬁd classés. Deriving such data would require sophisticated -
studies beyond the technical expertise of thié analyst; Thus the pro-
blem of differences in land productivity was addressed in several ways.
Initially all.the irrigated'andpoteﬁtially irrigable land was treated
as homogeneoué; that is, equal yiélds are produced. from the saﬁe ihput_
levels. This is an admittedly unrealistic assumption and, as.gxpected,
results in the génera;ion of a nearly linear returns function (see-ﬁ.
140). Anderson ét al..(1982).emphasize that the shapé of this returnsy
function is critical in determining the éxﬁent of the externality pro-

blem and, thus, how groundwater use under an optimal decision rule

 differs from that under an open access situation. With a linear. :

returns function, the difference is minimal.. Recognizing this limita-
fion, the returns function was then modified to account for differences
in land productivity. Specifically an exponential decay function in

bq

the form Ae ~* was applied to the marginal returns function; where b

represents the rate of decay, q is the level of groundwater use and A
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is a constant: Integrating.this, a new total returns function was
derived exhibiting a more concave shape (see p. 140). This shape

reflects the diminishing marginal productivity of additional lands

- brought under irrigation as more groundwater is available. That is,

the most productive class I lands are used first followed by progres-

sively lower quality lands. Associated with these less productive lands

" are lower yields, greater input requirements and, hence, lower returns.

Since class I soils are well suited to a uide yariety of crops,.it was
assumed that declining land productivity did not occur until after all
class I lands had been utilized (estimated at a level of groundwater use
greater than 667.#5 acre feet). The decay‘rate, b, was selected suchA:A
that at this rate of'groundwater use an elasticity (n) representing the
proportionate change in returns for a.proportionate change in ground-

water use was equal to some arbitrary 1eve1 In essence the elasticity

figure simply provided a Meick off" point for the function since it

increases w1th the 1eve1 of groundwater use. . Thus, b = 333f§§' while A
was chosen such: that the decay function.was equal to one when q =.667.85.
Several elasticity values were examined and their impacts on the
optimal decision rule are explored in the sensitivity analysis section
of this chapter. |

Obviously many assumptions were made in applying the decay function.
Specific information on yield variatlons and cost differences would pro-

vide a superior method for 1ncorporating productivity differences,into
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the model. Fér example, land constraints could be further broken down
by class category and additional activities included in the objective
function to reflect the different feturﬁé"qver vafiable costs associated

with each crop on each class of land. However, in 1ieﬁ of this infor-

" mation, application of the decay function seems to be one method for

recognizing the role of land productivity in'determining the optimal.
rate of groundwater use. ) |

Water is ﬁhe other major resource constiaint;.'Since i7,090 écres
of crobland are éurfeﬁtly under irrigation, it was assuméd fhat suffic-

ient water is already available for this land even for the most water-

intensive crops, and that water conveyance and irrigation diétribution

‘systems already exist. Thus investment costs for irpigation equipment

serving the currently irrigated acreage were ignored in the returns over
variable éost calculations and water was not treated as a constraint.
This was not the case for the 31,961 potentially'irrigablé acres,
howéver. Fof'tﬁese acres additiondl water and new irrigation equipment
are required. Thus a decision to grow irrigated crops on this land
élso répresents a decision to obtain addipional water and:invest in
capital equipment, As a result, ownership costs for néw irrigation
distribution systems were converted into an annual_cost'pef acre
(amortized) and treated as a variable cost, though technically a fixed
cost.

It was further assumed that groundwater is the only source of
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irrigation water for the.potentially irrigable écréage.u Groundwater
quality was assumed to be uniform and Suitéble for irrigation. The °
first assumption Wag made for two reasons. First, the study is
concerned Witﬁ groundwater and this assumption made it possible to
derive a net benefit function associated with groundwater use in the
area. Secondly, the.aSSumption, to a large degree, reflécts the real--
ity of the.situation. Asimentioned.previously flows from both Crow
Creek and Warm Springs Creek are entirély diverted during the summer
.months, virtually precluding them as sources of Egg_ifrigation water. -
The Toston.Irrigation District is limited td.a total Withqfawal of
24,000 acre feet per year from the Missouri.River. Arndld Kolberg;
project manager for the district, repofts that additional appropriations.
are not ﬁossible given the senior'claiﬁs of ‘the U.S. Bureau of Reclama-
tion (BuRec) and Montana Power Company (MPC) on the Upper Missouri
River.

'Thgse existing claims have sparked a great deal of controversy
regarding‘additional appropriations of ﬁpper.Missouri Rivér watef.
Almost without exceptién, BuRec and MPC have objected to all appliéé—
tions to appropriate water from the Missouri River upstream from Canyon
" Ferry Reservoir.. MPC in its objections, biting an 1898 Water-right,
asserts that no unapﬁrqpriated water exists above ‘the reservoir and
that new appropriations would deplete water needed for its hydroeléctrié

generation activities. Similarly BuRec claims that additional
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appropriations would deplete water needed for irrigation in the Helena
Valley and energy production. According to Fitz (1981)'in a report’ |
by DNRC, "In order for water in the Upper Missouri Rivér fo'be con~
.sideréd éVailable for appropriation, it must be water thaﬁ is in excess
of the water used by WPRS [BuRec] at Canyon Ferry. WPRS [BuRec] claims
that no such wéter-is available on a reliable basis and that wéter is ‘
never available ﬁhroughout thg entire irrigation se;son" (Fitz,
1981, p. 6). In an effort to determiﬁelwhether water is available on
the Upper Missouri River above Canyon Ferry, the Water Science Bureau
of DNRC conducted a hydrologic study of water flows on the Upper -
Missouri based on time series data. The following is the conclusion
of their amalysis: '"Since no spill (no available water) is expected
in 402 of the years, water for appropriation proBably will.be avéilaﬂle
in only 60% of the yéars. As the run~off seasoﬁ'progfesées the -
proEability of available water decreases. After August 9, watér is
essentially never available for appropriation" (Fitz, 1981, p. 19).

Given the conclusions of this analysis_and assuming é‘rapher high
degree of risk aversion on the part of the indiviaual entrepreneur, it
seems unlikely ;hat: 1) a pérmit for neﬁ_appropriations of surfaqé
.water can be obtained; and, 2) an entrepreneurvwéuld be willing to take
the fisk of an uncertain water supply in 1igﬁt of the fact that tﬁis-
uncertainty increases as the irrigation season.progresses'éﬁd.gﬁggg'

a commitment has been made as to what crop .is grown. For these reasons
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it appears that the assumption that groundwater will be tﬁe primary
source of water for irrigating new land in the Crow Creek Valley is not
that far astray from reality.

As mentioned above, investment costs of ir;igation systems for
this new land are incorporated-into the variable cost calculation.
Obviously there are myriad irrigation systems that can be used. Thus
in calculating tﬁese costs certain assumptions had to be made.

For well costs, a synthesis approach was faken whereby construction
characteristics, designs and‘depths'of existing wellé in the area were
averaged to determine a‘"typical" irrigatioﬁ well. It could be success-
fully argued that no such well exists and fhat each must bg customized
to meet the needs of the immediate soil'conditions.‘ Recognizing this
criticism, it should ‘bé remembered that for purposes of this study the
well used for cost estimation is purely synthetic.

The "typical" well was assumed to be drilled to a depth of 260
féet, using a 16~inch diameter casing of 1/4 inch prime steel. A
typiéal pumping capacity was estimated at 1500 gallons per minute. The.
‘majority of the wells in the study area have perforated casings rather
than screens in addition to the casing. Screening material is extremely
expensive. Although many driller; argue that éc?eens extend the useful
life of the well and pump because they do not clog as easily as the
perforations and do a bettér job of keeping fine material and saﬂds'out

of the water, cost calculations used in the study are based on the use
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of a perfgrated casiﬁg with gravel packing around.;he casing. 'If was
further assumed thét water is pumped directly from the well into the
mainline of the dis;ribution system rather than into a ditch firsp, and
that a single pump is used tg-bring the water to Fhe surface and pres—
surize the distriéution system. Both of these conditions'are typical
of the current trend in irrigation well system design.

The costs of the well pump, motor, electric panel and Wiriﬁg are
considered in the dynamic programming portion qf fhe analysis and are

‘detailed later on in the chapter. Thus well investment coéts‘used for
calculating returns over variable costs for the various crop activities
are for the well only.

The vast majority of the farmers in the Crow Creek Valley use
sprinkler systems for distributing irrigation water. Miké‘Crowell; SCS
District Office for Broadwater County, estimates that 80 percent of the
irrigated acres in the valley are served by sprinkler systems. Cufrent—
ly the @ajority (55 ﬁercent) of these sytems are wheel lines; however,
irrigaéion equipmént suppliers in the area suggest that there is an
increasing trend toward the use of center pivét sysfems. To reflect
this trend, investmenf costs were averaged.for a wheel line system
'éerviciﬁg'160 acres and a center pivot system_delivering water to 133
acres (a combined average of 146.5 acres). For both éystems an
application rate of seven gallons per minute per acre was used.

The useful life of the distribution systems were estimated at 15
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years and 25 years for the well. Obviously actual life varies tre-
‘. mendously depenéing on how well an individual operator maintains the
equipment, weather conditions (freak wind sfqrms or lightening can
destroy a system) and on water quality. For example, highly corrosive
water can rust out the casing in a well in a relatively short. period

of time. Problems such as these were ignored. Useful life estimates

used in this study were based on information contained in The Economics

of Spriskler Irrigation, Circular 1255, Cooperative Extension Service,

Montana State University and Cost of Operating Center Pivot Systems on

Irrigated Pastures 1972-74 & Projécted Costs for 1975-76, Repért No.
68, AgricdltufalvExperimént Station, University of Nebraska‘fELincbln.

Actual cost information for the Wéll and sprinkler syétems was
obtained'by contacting; several well drillers and irrigétion equipment
suppliers. In generél, well drillers chargé by the foot for drilliné
and casing and .on an hourly basis for testing and developing tﬁe'well o
_and perforatiné the casing. However, for purposes of this'study, all *
well investment costs were estimated on a per foot basis. Cost figures
for the.irrigation sprinkler sySteﬁs ulfimately uééd in tﬁe study
represent the high range of the éstimates received but were judged to .
be the most reliable. Table 6.1 summarizes the cost data and Table

6.2 summarizes them on an annualized basis.

Irrigation requirements for the crops were based on estimates -

reported in the Soil Conservation Service's'Irrigation'Guide~for Montana
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Table 6.1.Irrigation welll and distribution system‘invéstment costs
(1980 dollars). . :

_System Description ' System Cost  Cost Per Acre
Irrigation Welll (146.5 acres) $19,500 - $133.11
’ @ $75/foot :

. 260 foot depth =~
16" diameter, %" steel casing
Perforated (slotted) casing
testing and developing
1500 gpm pumping rate

Center Pivot (133 acres) $46,281 $347;98

7 towers

30 psi operating pressure
Application rate =7 gpm/acre
Buried mainline

Assumes well at edge of field

Wheel line (160 acres) $38,108 $238.18

4 %-mile wheel line laterals

" 2640 feet of buried mainline
50 psi operating pressure
Application rate = 7 gpm/acre

. Assumes- well. at -edge of field -

Well only, does not include cost of pump, motor, electric panel or
wiring, Acreage is based on a simple average of that served by -
center pivot and wheel line distribution systems.
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Table 6.2. Annual investment costs of irrigation'well and distribu-

tion systems. Assumes zero salvage value and a six (6)
percent real rate of interest:(1980 dollars).

sttem

1.

2.

‘3.

Center Pivot & Well

Capital recovery factor: 15 years, 6% = 102961

Capital recovery factor: .25 years, 6% = .07823

Annual Cost/acre = (46,281) (.10296)/133 + (19,500) (. 07823)/133
Annual Cost/acre = $47 30

Wheel line & Well

(38,108) (.10296) /160 + (19, 500)( 07823)/ 160
$34.06

Annual Cost/acre
Annual Cost/acre

Average annual investment cost/acre = $40.68

From'Managérial'&'Engiﬁeering Economy by George A. Taylor, D. Van
Nostrand Co., Inc., Princeton, N.J. 1968,
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for climate area III (moderately consumptive use). Thése annual net
cbnsumption irrigation reduirementé are based on a 50_pércent-effective
rainfall. The net irrigation réquirements were-thén modified to account -
for overéll,irrigétion Systemvefficiency to determine the gross
irrigation reduiremeht:

Net Annual Irrigation Requirement _ Gross Annual Irrigation

Overall System Efficiency (%) . Requirement

Since it was assumed that gropndwater was pumped directly frém
_ the well into the mainline of the distribution system, conveyance
efficiency was 100 percent. Field efficiencies for tﬁe center pivot
and wheel line systems were averaged at 70 percent. ihus pvgrail
system efficiency (cdnveyance effiéiency X field.efficiency) was
estimated at 70 pércent. Table 6.3 sumﬁariées the-géosé irrigation

requirements for each crop included in this study.

Table 6.3. Gross irrigation requirements (acre’feet/Season);} Based '
: on a 70 percent overall system efficiency in climate

.area III. :
Crop : Gross Irrigation kequirement (acre-feet/seasbn)
Alfalfa | | 2,14
Small Grains (wheat and barley) 1.29

Potatoes ' , 1.85

’\6 N ) ' . :
1Adapted from USDA-SCS Irrigation Guide for Montana.
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'Unlike alfalfa hay, barley and wheat, seed potatoes have more
restrictive soil requirements. They cannot be grown in tight soils
such as heavy clays which restfiqt tuber groﬁth or in rocky, éobfly'
soils which also limit growth and make harvest more difficult. " For
purposes of this study potatoes were 1imited tb class i 1and§ only in
the model —*,estimatgd at five percent of éhe currently ipfigated
lands and one percent of the potentially irrigable lands -- to account
for these restrictive soil needs.

Additiénal constraints were added to reflect historical crobping
patterns that a model solely maximizing retiurns quld fail to reflect.
These patterns may exist for a number of reasons: agronomic, institu-
tional, custom or even inertia. For eﬁample, second to seed pétatoes,
alfalfa hay produceslthe largest return. Thus-to'maximize profits we
would éxpect a farmef to groﬁ as much seed potato as‘his land would
permit and then plant the rest in alfalfé hay. But in the real world
this does not happeﬁ, and we observé the farmer devoting some of. his
land to grain crops as well. The key featu?e of thesé cropping patterns
is thét they cannot be explainéd‘by-economiés alone, and hence, mﬁst_
be incorporated into the model vis—a—viétconstraint and balance equa-
tions. Caution musf be exercised, however, when introducing these .
additional constraints.. While the apélyst'%ould 1ike.the model to
reflect the real world as much as possible, the constréiﬁts cénnot be

so inflexible that they prevent the bptimiﬁation_patt of the model from
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operating and instead force a solution which sinply represents the
status quo. Thus careful decisions must be made when structuring the
LP model so that the solution is both optimal and consistent ﬁiéh'
reality.

ASCS records of crop acreages in the Crow Creek Valley over ‘the
~ last four years indicate that alfalfa hay accounted for less than 40
percent .of the irrigated crops grown each year. Similarly irrigated
spring wheat and barley, combined, averaged -around 60 percent. To
reflect these sbrts of patterns, constraints were imposed such tﬁat
alfalfa hay could not be grown on more than 50 percent of the tgtal
irrigated éropland and irrigated grain on not more than 75 peréent of
the land. A minimum of 12 percent of the irrigated cropland had-to be
grown in barley. Even though Crow Creek Valley farmers g;ow irrigated
barley every yeaf, without this constraint thevactivity would not
appear in the final solution due to its relatively low return.

‘Finally an additional constraint was imposed that dry wheat and
barley écreage equal summer fallow acreage. ngmer fallow hds a nega-
tive return ovér.variable cost, however, farmers alternate falléw With
winter wheat and dry barley to control weeds and builq up soil moisture
for the drf grain crops. Thus the constfaint was inéorporated to
reflect this rotational pattern.

Variable cost data used in the analysis were based on calculations




132
contained in a series of-enterprise cost studies published by the
Montana Cooperative Extensive Service. These costs are presented in
Apﬁendices B - H. Costs for irrigated spring wheat, barley ,and
alfalfa hay were updated from a 1978 enterprise stu&y'for Broadwiter
County. éeed:potato-data were taken from a 1980 enterprise study for
Lake County. Where necessary all costs were converted-te 1980 dollars
by using the Index of Prices Paid by Farmers for Production Inputs
(total). Since Leke and Gallatin dounties receive slightly more rein—
fall than Broadwater County (on average 16.36 and 18.66 inehes,

respectively, Montana Agricultural Statistics), yields for seed

potatoes and the dryland crops were adjusted downwera from those
reported in the studies. A simple average of annuel yields fer each
of these crops between 1970 to 1979 in Broadwater County was used,
arbitrarily inflated by five percent to represent the above average
level of management'essumed in the. enterprise stueies.

| Pricesvused.in.calcﬁlating gross‘revenee were based on an eleven
year average of state aterage annual prices from 1970 threugﬁ 1980.

All prices were converted to 1980 dollars befgre averaging. An

' eleven-year series was selected because it cbiﬁcided with the length

of a typical cattle cycle and thus pfoblems with placing undue weight
on intra-cycle price fluctuations were hopefully avoided. Table 6.4
summarizes yield and price data by crop used in the revenﬁe“calculations.

The enterprise cost studies were modified in several other areas.
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Table 6.4. Price and yield data used in calculating. gross returns.’
..(1980 .dollars).! .

Crop Yield/Acre ‘ Price/Unit Gross Returns/Acre
Alfalfa Hay 4 tons - 68.22 272.88 |
Spring Wheat 60 bu. .43  265.80
Irrigated Barley’ . 75 bu. o o2.e? 198.00
Seed Potatoes . 190.05 cwt. 5.21 990.16
Winter Wheat _26.25 bu. T 4.08 - _ 107.10 |
DryTand Barley’ 29.4 bu. 2.642 77.62

1Sources: The Reporter and Montana Agricultural Statistics 1970-1980,
Montana Department of Agriculture and Montana Crop and Livestock :
Reporting Service. ‘

.2Represents a composite figure for feed and malting barley.

3Price based on a 10~year state average of seed and commercial potato
prices/cwt. '
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Variable costs associated with management were ignored. Thus the
returns to variable costs represent- a return to management as well.
Only 50 percent of the labor requirements were assumed to be supplied
by hired Workers at a cost estimated at five dollars per hour. The
remaining 50 pefcent was assumed to be supplied by management. Irri-
gation labor requirements reported in the studies were felt to be too
high for sprinkler irrigation systems and were revised downward based

on the findings of studies in Idaho and Washington (ifrigation Costs

for Southern ldaho, Progress Report No. 213, Agricuitural Experiment

Station, University of Idaho and Thé=Cost of Owning and Operating

Sprinkler Irrigation Systems in the Columbia Basin, Cooperative Exten-
sion Service, Washington State University). Wheel lines were estimated
to require 2.7 hours.per acre per seasén while a center pivot system
required .6 hours per acre per season, giving an overall average labor
requirement of 1.4 hours per acre per season. Again, 50 percent of
this was assumed to be supplied by management.

Irrigation water costs per se were ignored since the majority of
the land is served by private ditches or wells. Only 6,000 acres are
irrigated by water purchased from the Toston Irrigation District;

For acres already under irrigation (17,090), only maintenance,
insurance and power costs for the sprinkler distribution éystems ﬁere
included as variable costs. Maintenance costs were estimated on the

basis of inférma;ion provided by irrigation equipment suppliers.
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Following the hethodology of Luft (1981), insurance costs were cal-
culated at six-tenths of a percent of the average value of the dis-
tributfon equipment. As previously- explalned varlable cost cal-
culations for 1rr1gated Crops grown on the potentlally 1rrlgable
lands also included an annualized investment cost for the irrigation
well and distribution equipment as well as insurance and maintenance
costs for the well. Irrigationvwells ate hasieally maintenance free
except for the oil used in lubricating the shaft —- estimated at 20
gallons‘per season at $4 per gallon. Table 6.5 summarized these cost
calculations. |

Power cost caleulations for the irrigation systems varied
according.to the,irnigation requirement of the cfop. lIn addition,
certain:assumptions_had to be made-regarding.the average 1ift'required,
operating'pressures, friction pressure losses, elevation of the field,
pump and motor efficiencies and average water apnlication. For pur-
poses of this study it was assumed that only sprlnkler systems were"
used for irtlgatlon. (Only a Small percentage of the farmers in the
area use contour flooding and furrow systems.) Average water apnli—
catiens were assumed to be seven gallons per minute per acre\for both
the pivot and wheei line systems. Pump efficiences nere assumed to
be 70 pereent and metor efficiencies 90 percent. . The center pivot
system was assumed to have an operatlng pressure of 30 pounds per

square inch (psi) with pivot, ma1n11ne and miscellaneous fr1ct10na1
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‘Table 6.5, @ Variable Cost Calculations for irrigation.equipm nt ==
maintenance, insurance and annualized investment
(1980 dollars).

Variable Cost Category » Cost Per Acre’

A. Maintenance

Center Pivot System 3.21
Wheel 1§ne System 4,13
Avergge 3.67
Well .55

B. Insurance

Center Pivot System ‘ 1.04
Wheel 1}ne System’ . .72
Average ' .88

Well 3 .40

C. Annualized Tnvestment

Center Pivot & Well - 47.30
Wheel 1ine & Well ‘ ' 34.06
Average . 40.68
L Included as a variable cost for potentially irrigable lands only.
2 Figure used in variable cost calculations for crops grown on
lands currently under irrigation.
3 Additional variable cost for 1rr1gated CTOpPS grown on potentially
irrigable lands. .
a '

‘New cost

5 .006 = number of acres = per acre insurance cost.
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~losses of 17 psi. Tﬂe wheel line systeﬁ~wés assumed to operate ét_SO'
péi with mainliﬁe, lateral line and miscellaneous ﬁressure losses of
20 psi. 1In all casgs'it was assumed that there.were no elevation

changes in the field.

To estimate total power costs, the ﬁﬁmbér of.kilowatt'hours per
season had to be calculated for each crop. For all 15nds the kilo-
watt requirement uﬁder a center pivot and wheel line system were
averaged. It was assumed that the water was already at the mainline
of the distribution sysfem and, thus, no 1ift.was required.A ?ower
costs per acre foot of water associated with varying levels of pumping -
depth are considered in the dynamic portion of the stud&. In calcul~-
atiné kilowatt houré, the following‘forﬁulas were.used:

Area in square feet x gross irrigation
requirement of crop (depth in inches)

Total head x water application
x number of acres x 96.3

Hours =

Hours x brake horsepower of motor
Motor efficiency (%)

Brake Horsepower Hours =

Kilowatt Hours =A(.746) Braké-horsepower hours..
Table 6.6 provides a étep4by—step example of how power reriféments
were calculated for alfalfa hay with a center pivot system.
~ Two utility companies, Montana Power Company and Vigilante Ruféll
Power Cooperative, provide electric power to the Crow CreékIValley
area. Information was not available as to what pértion of the irriga~

tion power comes from each source. Hence the two companies' rates
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Table #.6. Power requirement calculgtions1 for alfalfa hay with
a center pivot distribition system.

Assumptions:

30 psi operating pressure

17 psi pressure loss

70% . pump and 90% motor efficiencies

7 gpm/acre water application

133 acres .

flat field with water already at head of mainline

Flow rate (q) = 133 x 7 = 931
Head, in feet (h) = (30+12)(2-3)?108-1

Water horsepower (Whp) = '108.1 x 931 . 75:414419
. 3960”
Brake horsepowgr (Bhp) ='75'él;419==36.306313 X 40 hp

Gross irrigation requirement for alfalfa

2.14 acre-feet/year
25.68 inches/year

Operating hours = (25,68) (133) (43560)
" (931) (96.3)

1659.4286 hrs.

Bhp hqurs' =' (1659;4286)(36-306313) .= 66941.927

Kilowatt hours = (66941.927)(.746) = 49,939 kwh

Based on information provided by Dr, Gerald L, Westesen, Agricul-
tural Engineer, Montana Cooperative Extension Service and
contained in Sprinkler Irrigation, 4th Edition, Claude H. Pair
(Ed.), Sprinkler Irrigation Association, Silver Spring, MD, 1975.
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were simply avefaged in calculating irrigation power costs. The .
companies' current irrigation powér'rate.structureé are presénted in.
Appepdi; I.

MPC currently has ; proposal before the state's Pyblic Sérvice '
Commission to revise their irrigation electrici;y raté schedule. The’
revision, if accepted in full, would increase irrigatién power éosts
by more than 300 percent. As discuésed in the first chapter of this
study, power costs are likely to have a very c;itical iﬁpact.on the
use of grouﬁdwéter‘for irrigation in the fupure. 'Tﬁe impact of
varying rate schedules are explored through sensitivity analysis

later in this chapter.

LP Results
The results of the LP analysis used in detéfmining the deturns
associated with groundwater use aré presented graphicaliy in figure
6.5. These returns are gross in that they are not net of well pumping
costs. A comparison of these results gnd those obtained where an
exponential decaly funétion was applied tolaccount'for~diminishing land
productivity is depicted in the same figure.
| Regression analysis using a general econometric computer program '
tSHAZAMD develbped by White (1978) was used to estimatelthe functional
form of the returns function. A qpadratic function was judééd téprovide
+ a

2 L .
U+ a,U. The regression

the best fit, where gross .returns = 1 9

)
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model and summary statistics are presented in Table 6.7.

OPTIMAL USE OVER TIME

'Background

In this section the concept of time is introduced into the
decision making process. As noted in an earlier chapter on the
coﬁmonality problem; with an 6pen access resoufce such as groundwater
future returns from the ‘use of that resource are discounted at an
infinitely large rate -- in esseﬁce, the present value of returns from
future resource use are zero and the time dimension is irrelevant.
However, by applying an optimization technique these future returns
and the associated value of resource stocks are evaluated in a more
realistic framework.

'The optimal allocation of groundwater is a-multi—stage decision
process. At each stage, in this case.gach year, a decision ﬁust Bé
made regarding the level of groundwater use'Which will maximizé_economic
returns to the basin. The. structuré of this decision process makes it
well suited to the use of'dyﬁamic programming for obtaining numeric
solutions to ﬁhe problem. |

In an extensive series of artiClés on groundwater, Burt (1964a, b,
1966, 1967; 1970) examines the optimal use of gfoundwéter Withiﬁ' the’
context of inventory control using dynamic progfamming. Corresponding

to an optimal level of groundwater use at a particular stage is some
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Table 6.7.° Statistical Summaryl of Gross Returns Equations.
1. Base model: R% = .9994 s = 14133 df = 58
R = 3,814,900 + 65.6780 — .00051011U°
' (5638.0) ~ (.50728) (.95700 E-05)
2. . 100% Electric Rate Inctrease: .
' "R = .9993 s = 13930 af = 58
R = 3,692,200 + 59.986U - .000465460°
(5556.7) (.49997) (.94322 E-05)
3. 300 % Electric Rafe Increase:
TR = 9991 s = 13377 df = 58
R = 3,446,000 + 48.661U — .00037691U°
(5336.1) (.48012) (.90577 E-05)
4. Constant Land Pfoductivity: l
R% = .9998 s = 13246 df =-18
R = 3,794,300 + 70.5880 - .000291610°
(8107.8)
5.

1

(.76191) . (.14816 E-04)
Greater Diminishing Land Productivity:

% = .9980

s = 19771 af = 58
R = 3,844,500 + 58.628U - .00057799U°
(7886.7)  (.70961) (.13387 E-04)

Estimates represent simple curve fitting and not statistical data,
Standard errors in parentheses below coefficients.
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optimal level of groundwater storage or "inventory" to be maintained

in the basin.

An entire body of economic and mathemafical theory has developed
with regards to inventory éontrol analysis. 'While,it is just one of
several techniques available, dynamic programming offers a particularly
practical method for actually solving such pfoblems. Within the con-
text of DP, an optimal decision "is one that properly balances thé
current cost of the decision against the future value of the new
state resulting from the decisioq." (Dreyfus, 1962, p. 216.) A state
describes or summarizes ali relevant infgrmatioq regarding the condition
of the particular system under consideration. The quantity of water
in storage (stocks) frequently is treated as a state variable in
grdundwater analysis since it can be used to evaluate pumping costs.

The optimization condition with respect to groundwater has a very
neat and intuitive interpretation: use groundwater up to the point
where marginal returns from current use equals the marginal value of
groundwater in storage (Burt 1964a, b; 1967). Similar results havé been
obtained with the use of control theory and linear optimization.

Renshaw (1963) notes that a critical element in the optimal allocation

of groundwater is copsideration of the'ﬁarginal value of water retained
in the ground (stocks).as a substi;ute.for pumping inputs. Domenico

et al. (1968) in their analysis of optimal g:oundwater.mining conclude

that when recharge and profit per unit pumped are constant, mining is
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desirable as long as "annual net révenue generated from mining exceeds
the capitalizéd annual -loss in value of recharge. As in the general
case, loss in value of réchafge is interpreted in terms of gréater lift
required for ité extraction" (p. 250). Brown aﬁd-McGuire (1968) estab-
lish the following rule for a centrally managed bésin: 4"Pump fhat
amount éf gropndwétgrlthaéAequates value of marginal product.with'the
sum of directAmarginal pumping costs.at current lif£ and discounted
marginal effects of current pumping on future pumping costs" (f.‘37).__

The use of DP as an thimization téchnique haé a further advan-
tage in that the dérivedAsolution has significaﬁce for a host of relatéd
problems. (Burt and Allison, 1963). .As is demonstfated later in this
chapter, the decision.policy can be used to defermine the ektent of
losses to the basin under a one-year planning horizon (open access
setting) yeréus an-infinite time frame (optimal ailoéation)e Similarly

it is possible to examine the stability of the. decision rule as the

planning horizon changes and the point where it converges to some

constant policy invariant with state.

Pumping Cost Calculations

In the previous section LP was used to generate a gross returns
function associated with groundwater use in the study area. However,

this function ignores the costs of groundwater extraction and, thus,

‘must bé modified before an optimal decision rule can be derived.

Specifically a_fdnction must be calculated such that the expected




145
rétufné from groundwafer use in a partiéular state ére net bf pumping
costs. In.this se;tion the generation of such'a function is.Aescribed.

In theory a net refurns functionlcan be summarizgd by the
relatively simple transformation, G(u) = C(u) = R(u); where G(u)
is the gross‘returns associated with a partiéular level of groundwater
use, C(u) is the cost associated Wifh pumping that volume of ground-
water and R(u) is the resuiting net return. In reélity, howeﬁer, |
this calculation is. somewhat more complicated sinqe'the‘cost of
extraction is.a fupctioh nqt‘only of use but of pumping depth. Pumping
depth, in turn, is detgrmined by the level of the wéter téble (uncon-
fined aquifer) or piezometric surface (confined aquifer) in'a well.

It is the &istance between this level and the gfduhd surface Which
determines the power and well pump acbessofies required to extract the
groundwater.

Calculatiop of é pumﬁing.cost.fﬁnction proved td.be one of the
more difficult aspects of the study. In part this &as due.to the
complex physical nature’of the confineéd groundwater setting. The
lack.of detailed and consisteﬁt physical data also ﬁindered its
calculation. 'As a Fesglt; numerous aésqmptions Were empiéyéd in
deriving a groundwater puﬁpiﬁg cost function. .

The drawdown im a.particular well deécribes how thehwatér taﬁle
or piezometric surface drops from its initial position over timé.as‘

groundwater is pumped from the well. It is a function of the
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_ geohydrologic characteristics of the aquifer as well as the efficiency
of the well, its construction characteristics, and the turbulence of

flow through the well screen or perforations.

For purposes of this study a nonequilibrium flow equation was used
in calculating drawdown for the confined systém. The equation is based

‘on methodology established by Jacob (Todd, 1980):

llog 2.25 Tt

r2 s 1
W

D = [2L§gg + ch
w m. T R

L4

_total drawdown within a well (ft),

where D
W

Q = the volu?e of water discharged from the well per unit
time (ft~/day), : '

S = storége coefficient (unitless),

. T = transmissivity (ft?/day),

t = time. (days),
ri = radius of well or borehole (ft),

¢ = well loss coefficient (&aysz/ftS)?
n = flow turBulence measure (unitless).

Since this study is concerﬁed with intef—seasonal rathér than intra-
seasonal groundwater use, the drawdown measurement used in calculating
pumping lifts is based on that experienced at the end of the irrigation
season. Thus t Was.estimatea by the number of days farmers‘and ranchers
'in the study érea:typically fun:their wells during the irrigation season.

Based 'on personal interviews with several well owners and data reported
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by Wya;t (1981), t was estimated at 35 days. It was further assumed
that the wells are pumped cbnstantly dufing the 35~day period rather
than atlscattered intervals throughout the growing seasén. While this
assumption is true for such irrigated crops as wheat and barley, it
is not strictly wvalid fog alfalfa where more than one cropxis‘har—
vested during a season. The assumption was made, however, to avoid
the problem of determiniﬁg how the drawdown might recover between
pumping'intervals duriﬁg a single season. No infqrmatioﬁ was avail- -
able for deriving such an estimate.:’

Othei simplifying assumptions Were'made where detailed. information
waé #6t available. qubé consistent with the assumptions used in cal-
_culating ifrigation.equipm;nt costs on a per acre-foot basis (see
p. 153), it was assumed that each well serves 146.5 acres and that 1.8
acre feet of water are delivered io each acre during the season. Hence
dischgrge (Q = (1.8 X 146.5)/35 or 7.534 acre feet per day-(328,194
ft3/day). On the basis of well efficiency tests condﬁcted by Wyatt
(198i), a value of .27 was used for c. Following the suggeétion of
Jacob as reported by Todd (1980), a flow tﬁrbulence measure (n) of 2
was used. It was further assumed that wells have a radius of 1.33
feet (allowing for a 32-inch borehole with gravel packing). This
assumption is consistent Wigh the construcgion characteristics ;epofted
in existing well iogs;

Storage coefficient and transmissivity measurements were based on
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data providéd by Wyatt ki981). A storage coefficient of .0016 was
used for the confined aquifer with a transmiésivify estimate of‘100,000
gallons per day per foot (13,369 ftz/day). While the transmissivity

figure is smaller than test results reported by Wyatt at a single well

- location, the smaller figure was suggested as being more representative -

for the entire basin (personal communication with Wyatt, 1981). The
data appear consistent when an average drawdown is calculated psing
the -above formﬁia with information contained in well 16gs for maﬁy of
the existing wells.' The calculated drawdown is virtually identical to

an aVerage of those reported in the logs.

Drawdown itself is not a perfectiy horizontal drop in the
piezometric surface or water table, but‘rather a éone-shaped depres~
sion fanning out from the well. Thus the greater the radial distance
from the pumping'wéll, the less the actual drawdown. When cones of
depression from adjacent wells overlap,.total drawdown is the-sum_of
the component drawdowns (Freeze and Cherry, 1979). While the draw-
down estimate used in this study is believed to be reliable given

"the limited data bgse, readers should be aware of the assumptions
Iimplicit in its calculation and uée. A single figure, as such, assumes
that all Wells’are identical in their construction, pumpihg and
efficiency. It also assumes that-hydro1ogic coqditions and responses
are~uniform throughout the basin. :Neigﬂer assumption,is véry realis-

tic. The nonequilibrium flow equation itself implies some rather
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heroic'assﬁmptions, as well. Underlying its calculation is the
assumption that a well completely penetrates the aquifer.and is
perforated or screened along the entire height of the aquifer. Simi-
larly ip is assumed that flow in the aq;ifer is in a horizontal direé—
tiqn only and tha; the aquifer is homqgeneous and isotropic. For a

more complete explanation of the assumptions associated with transient

‘pumping tests see Bouwer (1978).

Assumptions such as fhe above afe always diéturbing to an inQes—
tigator. However, without more detailed physical data and additiomal
;esting it is unlikely that more accurate estimates of drawdown and
its variability across the basin aﬁe possible. To attempt such an
estimation given the current data base would suggest a level of
precision and'reliability far greater than is the case.

Given the above data assumptions, drawdown in ‘the confihed aquifer
was estimated from the equation on page 146 at 75 feet from.the initial
position of the piezometric surface ét the beginning of the season.
However, once the piezometric surface is drawn below the confining
layer (estimated at a 215 foot depth), the aquifer is no longer confined
and the water bearing formation is no-longer fully saturated. When
this occurs ;rénsmissivity is no longer a constant but varies with the
saturated thickness of_the water table. Thus drawdown may vary
considerably depénding on the thicknéés_of the aquifer below the

confining layer. Unfortunately no information was available on this
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thickness. Rather than treat the aquifer as "bottomlesé," én artifi-
cial cut-off or bottom was established at loo'feet below the confining
layer. This 100-foot figure seems reasonable as a lower bound for a
depth estimate since existing wells in the area have been drilled to
an average depth of 260 feet —- 45 feet below'the assumed location of
- the confining layer. To avoid problems of estimating how drawdown
changes with the saturated thickness of the water table'once the
piezometric surface falls-belbw the;confining layer, an average draw-
down of 30 feet Was'assumed once the aquifer bécomes uncpnfinéd. While
this figure is arbitrary, it is based on the assumption that well
drawdown is substantially less when the aquifer is unconfined and
conductiviﬁy i§ high. Unfortunately no estimates of hydraulic con-
ductivity were available, however, well 1og‘reports of ﬁaterials
encountered in the aquifer during drilling (clean sands and gravels)
indicate high condyctivity (Todd, p. 72, 1980) .

A linear interpolation scheme was used for the transitioﬁ in
drawdown between the confined and unconfined setting. _Fof example;
if thé static head or piezometric surface is less than 75 feet above
the confining layer at the peginning of the irrigation season, the
aquifer will be confined for the initial paré of the season and
unconfined for the la;gr‘portion. Intgrpolatipn of Qra?down sjmply
permits a smooth transitiép betwgen_the two states. Table 6.8 .

summarizes the drawdown calculations at 10-foot intervals in
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Table 6.8. Estimated Drawdown During the Irrigation Season Associated
with Depth to Piezometric Surface.

Depth of Piezometric Surface

(Confined) or Water Table (Un- Associated
confined) Below Ground Surface _ Drawdown
at Beginning of Season

~ft.— : ~ft.~-
0 - 140 751
150 - _ 69-
160 . 63
Based on
170 - . 57 a linear
: > interpo-
180 . 51 lation
scheme
190 . 45
200 39
210, ‘ - 33
215" (unconfined) 302

1Estimated from the equation on p. 146,

2Assumed drawdown once the plezometric surface remains below the
confining stratum and the aquifer becomes unconfined (see p. 150).
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piezometric surface depth.

Once these drawdown estimates were compﬁted, pumping costs were
then caléulated on the basis of pumping lift. Pumping costs are
comprised of two basic components —-—- power costs for bringing ground-
water to the surface and through the distribution system, and capital
equipment costs. Irrigation electric rates for Montana Power:Company
and Vigilante Rural Cooperative were averaged to calculate an average
power cost per écre-foot of water as total pumping lift increases.

(I am indebted to Mr. Vern Fogle, Extension Economist with the.

Montana Cooperative Extension Service, for devising a computer program

Whiéh enabled me to accurately calculgte these' costs,) These electric
rates were increased by‘lOO and 300 percent in the sensitivify
analysis section of the study. |

Capital costs include a variety of items primarily involved with
motor and pumping components of the well system as 1ift increases.
Brake horsepower requirements for the compléte irrigation system were
calculated for increasing depths to the groundwaterl(pump 1lift). - These
féquirements were then translated into motor horsepowér requifemeﬁts
allowing fo; an additional five percent service factor.above thé.name—
plate rgting. Fof example, a 60 hp motor is sufficient to handle a
61.5 brake horsepower requirement, while a 150 hp motor would be neces-

" sary for a 131.7 brake horsepower requirement.
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Once motor horsepower requirements were calculated, it was
possible to determine the additiomal cost of pumping firom a particular
depth. An initial cost was calculated'for the basic pump, associated

fittings and 20 feet of column pipe. As pumping lift increases, the

cost of additional column pipe length and, if necessary, more powerful

motor and associated electric panel and wiring are added to the base
cost. Also, at every 60-foot increase in 1lift, the cosf of an
additional bowl or stage on the turbine ﬁump is added. Table 6.9
provides an itemized summary of the capital components used in the
analysis of pumping costs.

Thgse costs were'then sﬁmmed gnd averaged for the two distribution
systems (center pivot.and Wheel'line)'énd converted to 1980 dollars
using the Inde# of Prices Paid by Farmers for Production Inputs (To;
tal). Per acre—foot pumping costs were calculated by &ividing the
total cost by an assumed application rate of 1.8 acre feet. These
costs were then amortized assuming a useful life of 15 years apd a
six percent real rate of interest.

An additional component of the capital cost associatéd with
pumping 1lift involves the well itself. It is initially assumed that
all wells are-dri}led.to a minimum depth of 260 feet, and that a
' Well must be 20,£eet deeper than the maximum drawdown to provide a
- safety mérgin in the event of excess surging. Given these asSqutions,

the wells are adequately deep unless actual 1lift increases.to more
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Table 6.9. Itemized.Cost Summary of Cépital Equipment Associated with

. ..Increased Pumping Lift.

Item

1981 Dollars

1980 Dollars

Basic pump, fittings and 20 feet
. of column pipe
For well with center pivot system
For well with wheel line system

Column Pipe
8" diameter - for well with
center pivot system

10" diameter - for well with
wheel line system

Wiring

Motors
40 hp
50 hp
60 hp
75 hp
100 hp
125 hp
150 hp
200 hp

Panels
40, 50 hp
60, 75, 100 hp
125,150,200 hp

Bowl
- Every 60 feet of 1lift

5725.
7739.

808.
or 40

933.
or 46.

10.

2550.
3026.
3494,
4254.
5374.
6492
7810.
10612.

810.
1160.
2464.

500.

00
00

00/20'

.40/ foot

00/20'

65/foot

00/hp

00
00
00 -
00
00

.00

00
00

00
00
00

00/bowl

5247.92
7094.08

740.67/20"
or 37.03/foot

855.25/20'
or 42.76/foot

9.17

2337.50
2773.83
3202.83
3899.50
4926.17
5951.00
7159.17
9727.67

742.50
1063.33
2258.67

458.33/bowl’

lCosts have been deflated to 1980 dollars and are based on inqumation
provided by Mr. Wayne Brewer of VanDyke Irrigation, Bozeman, MT,
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than 240 feeﬁ. If 1ift extends beyond this level, the Wellé mus£ Be
deepened or new ones drilled. Obviously this adjustment for well
depth will no£ be an abrupt one. Rather there will be a continual
adjustment 6ver time as new wells are drilled'deeber in anticipation
of fhe increasing lifts. However, to account for the fact that beyond
a pumping lift of 240 feet wells must be deeper; the cost of addition-
al well depth is incorporated into the capital cost calculation on a
.per acre—foot basis amortized for a usefui life of 25 years.

Total pﬁmping costs were calculated by ad&ing_the‘appropriate
electric and capitél costs together. While pumping costs were
derived in terms-of lift, the actual cost fgnction was estimated Wifﬁ
respect to-the amount of groundwater in storage. Since 1lift
represents the depth to the piezometric surface (or water table in
the unconfined setting), it can be translated into a chénge in ground-
water storage via a relatively simple transformation. In general,
total stofage (8) is equal éo the surface area of thé basin multiplied
by the product of the storage coefficient (SC) and the saturated
.thickness of the aquifer (b):

S = (area) (SC) (b).

For a coﬁfined aquifer, the distance between the‘pieéometric surface
and confining layer is used rather than b since the saturated thickness
of the aquifer-reméins unchénged. As lift increases this distance

declines; or, as 'in the case of the unconfined aquifer, the saturated
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thickness shrinks. Thus the change in storage is repreéentéd b& the
area of the aquifer ﬁultiplied by the storage coefficient.and the
change in liftx(AL):
AS = (Area)(SC) kAL).
The rgsulting quantity of storage is calculated by reflacing b with
the new thickness -or depth (b - L): 4 &
S = (Area) (SC) (b-L),
In terms of the groundwater system examined in this study,
calculation of total storage is somewhat complicated in that separate

storage quantities must be computed for the confined and unconfined

portions of the aquifer. The two estiméteslthen must be added
together to deterﬁine total storage. No data was available on the
storage coefficient (specific yield) associated with the'aquifer
s&stém when it is unconfined. 1In general this parameter is several
orders of magnitude larger than that found in a confined setting,
ranging from 0.01 - 0.3 as opposed to 0.005 - 0.00005 (Freeze and
Cher;y, 1979). For purposes of this étudy, an average of this range
(.16) Waé ﬁsed as an estimate of the storage coefficient. for Ehe
unconfined portion of the aquifer. Based on information from well
logs for the area, it was assumed that thé piezometric

surface currently is 55 feet below the surface. Wyatt (1981) 
estimates that the basin underlies an area of approximately 60,160

acres. Thus, current total storage (S ) is calculated at

total
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approximately 978,000 aére-feeté
Stotal B Sconfined + Sunconfined

(60160) (.0016) (215-55) + (60160) (.16)(100),

_Stotal _
where 215 feet is the estimated depth to the confining layer anq‘lOO
feet is the assumed "bottom" of ‘the aquifer below this layer (seé P
150), corresponding to the saturated thickness of the water tqble when
the system is confined. The size of the basin was increased and
decreased by 20 percent in the sensitivity analysis section of the
study.

The resulting relationship between pumping cost and groundwater
storage is graphically depicted in.Figure 6.6. Marginal pumping costs
rise dramatically as groundwater is removed from stofagé Qhen.the
aquifer is confined and then increase:at a much slower rate once the
quantity in storage is less than 915,000 éére feet and the system
becomes unconfined.

This unusual shape.is primarily due to changes in drawdown ex-
perienced when the aquifer is-confined, unconfined or in the tfansition
zone between the two systems. When an aquifer is confined, the system
remains saturated and water is literally squeezed out of storage as
-pumping lowers the hydros;atic pressﬁre partia11§ supporting the over-
lying éonfining layer. By contrast, in an uncoﬁfined aquifer pumping
actually'causes poré spaces to be dewatered and a much larger quantity

of water is released from storage for the same unit of effort (as
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measured by change in head). .Thus, as described above, the storage
coefficient for an unconfined ;quifer is much larger. The difference
in effort required to produpe a given quantity of water from a well
in a confined vefsus an unconfined aquifer are reflected by the levels '
of drawdown in each s&stem. Drawdown per unit discharge is much
-greaéer when the aquifer is confined, resulting in steeper increases
in marginal pumping costs as additional quantities are withérawn froﬁ
storage. This cést function is further complicated by the lumpiness
of capital costs associated with pumping equipment pérticularly when
pumping depths are large. '

The severe curvVature of this relatiénship made estima;ion-of a
functionél form extremely difficuit. The technique of grafted polyno-
mials was eﬁplpyed.in an effort to smooth the function and make it
continuous. (For an explanation of this technique and how it is used, -
see Fuller, 1969.) Three polynomials -— cubic, quadratic and linear --
were "grafted" together to approximate the entire function. A cubic
was used for the initial segment for estimating pumping casts when
total storage is between zero and 914,432 aére feet. At the "join"
point R (941,432 acre feet), a -quadratic segﬁent was blended into the
cubic with the additional restriction that the polynomials Ee conpin—
uous in the first derivative. At the second join point M (966,500
acre’feet’, a linear segment was graftéd to the quadratic to estimate

the remainder of the function. The continuous first derivative
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restriction was dropped, however, to permit greater flexibility.

On the basis of the grafting, the following model was used:

- ' X, + c.X
Y : co 4 c.1Xl + c2X2 + c3X3 + c4 4 cs 52

where Y = marginal cost of groundwater use;

X = quantity of groundwater in storage
. , 2 3
for X <K (first join point): X1 = X3 X2 =X, X4 = X7 X4 = 03
' X5 = 0,
L ' ' : 2 3
for/Khi X < M (second join point): Xl = X3 X2 = X3 X3 = (-2 K~ +
' ' 2 = : 2. = )
3K X); X4 = (X-K)73; XS 0,
2 2
for M < X: Xl = M; X2 = MZ; X3 = (=2 K3,+ 3K M); X4 = (M-K)";
X5 = (X~M).
" Least squares estimates of the parameters o cl, cz, c3, c4, and

Cg are presented in Table 6.10 along with several. summary statistics.
However, it should be recognized that these estimates represent simple

curve fitfing rather than statistical data.

To derive an estimate of the expected immediate net returns from
groundwater use, pumping costs are multiplied by the level of ground-
water ‘use and subtracted from the éross returns functian estimated ffom
the LP model. Aléebraically the expected net returns functién is
described by the following expression:

' 2
NR =a +aU+al - [cg+c X +eX, + cq¥y + e, X, + ceX 1 U,

level of groundwater.ﬁse (acre feet)

where U

quantity of groundwater in storage (acre feet).

and X
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Table 6.10. Statistical Summary of Cost Equatioms.

1. Base Model: 2 = .9969 s = .30907 df = 26
T = .36037E+02 - .17929E-04X; + .204628-10K, - .12732E-16X, - .69283E-10X, - .71291E-03K,
(.30600) (.28204E-05)  (.75540E-11)  (.54543E-17)  (.15348E~09)  (.11781E-04)

2. Smaller Basin Size: R° = .99476 s = .40772 - df = 26
Y = .36015E402 - .20893E-04X, + .24957E-10K, — .17255E-16X, = .68241E-09%, - .95416E-03K,
(.40364) (.46377E-05)  (.15487E-10)  (.13944E-16)  (.29904E-9)  (.21592E-04)

3. Largin Basin Size: R° = .98112 s = .7739 df = 26
© ¥ = .35948E+02 - .109558-04X; + .19487E-11X, + .14949E-17X; = .82429E-09K, - .71644E-03K,
(.76601) (.58310E-05)  (.12905E-10)  (.77025E-17)  (.222780E-09) (.34363E-04)

4: 100% Electric Rate Intrease: E? = ,99668 s = .49696 af = 26
YT = .563195402 - .31587E-04X, + .42003B-10K, - .26296-16X; + .58675E-10%, - .11250E-02X,
(.49202) (.45349E-05)  (.12146E~10)  (.87700E-17) (.24679E-09)  (.18943E-04)

5. 300% Electric Rate Increase: Ez = .99607 . s = .91669 df = 26
Y -= 96882402 - .58881E-04X) + .85137E-10X, - .53498E-16X, + :31768E-09X, - .19499E-02%,

(-90758) (. 83651E-05) (.22405E~10)  (.16177E-16) (.45523E~09) (.34942E-04)

L Estimates represent simple curve fitting and not statistical data. Standard errors in parentheses below

coefficients.

19T
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Despite efforts té’smooth the cost function through the use of
grafted polynomiais, the irregular shape of the.function resulted in
some estimation problems, particularly in the transition zone between
the confined and unconfined systems. These‘irregulérities Were trans-
mitted into the expected net retﬁrns functién. As a result, the -
exﬁected.returns functions was not perfectly conéave but contéined
several inflection points and convex regions. This, in turn, caused
some irregularities'in the decision rule and the margiﬁal valﬁe of
groundwater stocks at yarioﬁs states of groundwater stérage. Tﬁese
irregularities were not! given much weight in the final'intérpretation
of the optimizatibn results, however, Since pumping costs.in the study
area might divergé from the estiﬁated relationship by a considerable
amount when the piezémetric sufface falls below the confinihg layer.
The irregularitiés emanate from lumpiness in the cost estimates along
certain intervals and the compounding effect of function smoothing
on these estimates. Actual costs would tend to be smoother because of

the random way in which wells would be constructed and deepeﬁed.

DP.Model Description

The single state variable model used in solving the dynamic
optimization probleﬁ can be summarized by the following recursive
relationship:

Fn(X) = M?Jx [NR(X,U) + BFn_l (X +W -7,

where:
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n = the stage or interval into which the decision process is

divided —- in this case one year,

Fn(X) = the total present value of returns to the basin of an
n-stage process where an optimal policy is followed
and the initial level of groundwater stocks is X;

Max = maximum operator;
U = The quantity of groundwater used per period (decision
variable); ’
X = the quantity'of groundwater in stock (state variabie);

NR(X,U) = the expected immediate net returns given the Xth state,
decision and n stage of the process; this corres—
ponds to the expression on p. 160;

B = the discount factor used to convert the stream of benefits
to a present value; = 1/(1 + 4) where r is the per10d1c
rate of interest in real terms;

F _l(X 4+ W - U) = the total value of returns to the basin of an
n n~] stage process;

W

net natural recharge to the basin, assumed to be constant.

Since net natural recharge is assumed to be constant (estimated at
30,000 acre feet per year), transformation of the state variable can
be expressed by the highly simplified function:

= : + -—
X=X 4 *tW-04

This very intuitive result simply éays that the level of groundwater
stocks at the beglnnlng of time t is equal to the level of stocks at
the: beglnnlng of the previous period plus recharge 1ess the amount .
of groundwater used during t~l. TIf recharge is not assuméd to.be

constant, the function is considerably more complex, involving a
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prdbabilit& density function for recharge. For a discussion of the
functional form of the recurrence equation when additions to stock are
stochastic, see Burt (1964a,.b).

Burt (1964b) notes that under an ipfinite planning horizon .
(relevant for deriving an optimal allocation rule), as n ; f, Fn+l(X)
> Fn(X)'and the recurrence equation reduces to: |

F(X) = lax [NR(X,U) + BF(%+W—U)]
This convergghcevprpperty is wvalid on1§ if NR(X,U) is constant and

not a function of n.

A FORTRAN program modified from 'one used by Burt (1981) in his
study of the economics of soil conservation in the Palouse Area was
used to derive a numeric -solution to the dynamic prograﬁming problem
and the associated Qecisidn rule. A total of 209 different 1evels
of the state variable (groundwater in storage) were examined in thé
analysis;.ranging from that reflecting conditions at the time of
the study (estimated at 978,000 acre feet) to an arbitrary lower limit
of 50,000 acre feet. Because of the convexity problems mentioned
earlier with fhe net returns function, a continuous variable refine-
ment was not used for the decision variable (U). Instead discrete

intervals of 1,000 acre feet up to a maximum of S0,000'acre feet were

used for the values the decision variable could take on. Thus, 50
different levels of use were. examined to' determine which would maximize

the present value of net returns:to.the basin at each specified state.
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. A linear interpolation scheme was used to approkimate these returns in

the recursion equation when the values fell between discrete intervals
on the present value returns function.
Computations were carried out for a sufficiently large number of

iterations or stages (n = 75) until the decision policy converged to

_sbme constant rule for all larger n. This optimal policy corresponds

to that under, an infipite planning horizon since it is invariant with
stage. The fact that policy convergence did not occur quiékly but
involved a rather protracted period of time is instructive. It
indicates that with this particular optimization~problem the length
of the planﬁing period even beyond the myopic one year horizon is

critical to the structure of the decision rule.

Results of the Analysis —~ Baseline Model

The analysis was initially carried out using a baseline set of
data designéd to reflect various economic and physical conditions as
they currently exist. For example, Wyatt's (1981) estimate.of basin
size 660,160 acres) was used in estimating storage and pumping costs. =
Current electric rates (1980 dollars) were used in deriving pumping
cosf and gross revenue function parameteré. A six percent real rate
of interest was used to calculate the present value of returns to the

basin. Slight curvature was introduced to the gross returns function

- generated from the LP analysis to account for differences in land
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productivity. Specifically, a decay rate of-0.000015 was used,
correéponding to a "kick-off" elasticity.(n) of .Ol;

Figure 6.7 summarizes the computed decision rules as functions of
the state variable for a one year (open access) and an»infinite plan-
ning horizon (optimal). A decision rule'describeS-tﬂe amount of annual
groundﬁéter use for every possible quantity of water in storage in the
aquifer. - When use exceeds récharge (30,000 acre feet per year), Waﬁer
is mined from the basin. However, when use is less than recharge,

. gréundwater stocks (the quantity in storage) increase. lWithin'the
context of this stu&y the general structure (shape) of the decision
rules is of interest rather than the absoiute level of groundwater

use implied by the rules. The one year rule simulétes the open access
scenario in which future returns are discounted at an infinité rate.
The marginal wvalue of groundwater in current use is still equated with
the marginal value of stocks, but under this setting stocks have

zero value. Thus, for each state groundwater is.extracted until the
marginal valﬁe of water in use is zero.

By contrast under an infinite planﬁing horizon stocks have a

positive marginal value (Figure 6.8) and less ground&ater is extracted.
Two equilibria (X: and'X;) are establishgd under the decision rule.

In this context an equilibrium is defined as the quantity of ground-
water stocks in which the associated annual use is e#acfly equal to

recharge. When this occurs the groundwater system is in equilibrium
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and there i1s no tendency for change either with respect to the quantity

: . Sk
in storage or the amount of use. When stocks are less than Xl

(approximately 380,000 acre feet), use is less than recharge and the

system moves toward X When stocks are less than Xy but greater than

®

l’
*

Xl, the optimal level of use is more than recharge and stocks decline,

%
moving the system back toward Xl. Beyond the critical switching point

XO (approximately 707,000 acre feet), the optimalvleve; of ‘use moves
. . .
2’

given current pumping activities. Movement to this second equilibrium

‘the system to a new equilibrium X the maximum amount of storage
or steady state involves a large build up of stocks initially and
then a nearly linegr decline in the rate of stoFk grdw;h until Xz is
reached. Some smoothing of the decision rule has been incorporated
here to minimize the influence of irregularities in the net returns
function.

The presgnce of two stable equilibria is due to the fact that
once stocks are greater than a certain level (estimated at 914,432
acre feet), the aquifer ié confined and pumping costs are substantially
lower. Thus, if groundwater stocks are greater than X,, it is advan-
tageous to build up stocks and forégo current returns in favor of
reduced pumping costs in the future. However, when the system has

less than X, in storage, current groundwater use must be curtailed

0

by such a large amount and over such an extended period of time to

return the system to an artesian setting that it is no longer economic
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to do so. Instead the stocks are used fér current production, driving
the system to the. lower equilibrium (XI). Once below X:,Lpumping
costs relative to current returns become too gfeat and the use of
stocks is substantially reduced, moving the system back to X:. As
expected, sensitivity analysis indicates that the position of these
key turning points is greatly influenced by the level 6f the‘discount
rate -- the rate at which future returns are reduced to present value
terms. Under a one year planning horizon, fuﬁure ;eturns and pumping -
costs are of no consequence ‘and the system is slowly driven to a

single equilibrium at virtually the bottom of the aquifer (X < 90,000

acre feet).

Figure 6.9 traces the time path of groundwater stocks following
an optimal policy and one for a one~year planning’horizon dver 75
years, arbitrarily assuming an initial stock of 930,000 acre feet at
t = 0.. Eventually a steady state. would be reached under the one-year
horizon when stocks are less Ehah 90,000 acre feet. However, the time
path to this point is too protracted to conveniently fit on a graph
and, thus, the figure is truncated at t = 75. Even truncated, it
graphically depicts the broad differences which result from following
the two decision rules. These differences can be translated into
efficiency losses or gains by contraétiné the present value of expected
returns under each policy. Table 6.11 summarizes the differences for -

seven different states of the aquifer system. In essence these
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Welfare Gains from Following an Optimal Groundwater Use
. Policy Versus an Open Access Policy —-- Base Model.

Present Value

1 (8) of Net Returns A?tual €))
State Optimal Allocation Open Access Difference™ 7 Change
100,000 10,174,809 | 9,938,739 + 236,070" . + 2.38
300,000 11,194,269 11,031,209 + 163,06Q + 1.48
600,000 12,387,669 12,281,419 + 106,250 + 0.87
800,000 14;104,729 13,116,379 + 988,350 + 7.54
900,000 16,3Q2,309 13,626,529 T.+ 2,675,786 + 19.64
950,000 17,678,589 13,925,189 ﬂ ; 3,753,400 + 26.95
978,000 18,571,839 14,399,609 + 4,172,230 + 28.98

lIn acre feet of groundwater.

2Net of returns to currently irrigated acreage~and dryland crops.

3

Actual difference = net returns (optimal allocation) - net returns

(open access). :'Does not consider costs of optimal basin management.
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differences ﬁeasure the cost of the externality; that is, the welfare
loss to the basin when the value of groundwate%»stocks is ignored in
the decision procesé. 'Optimal basin management, however, is not a
costless process and the actual magnitude of the externalify is
partially offset by these costs. While no effort has been made to net
out management costs in the returns calculations in‘Tablg 6;11; their
existence should not be ignored. | |

As the résults from the table indicate, welfare ldsses.are
greater'as the level of stocks increase and the system moves closér.
to the secqﬁdlequilibrium. When stocks are smali there is little.
difference in the present value of returns undér an optimal‘allocation
versus the open access situation since the decision rule always keeps
the systém ﬁﬂcoﬁfined. As stocks get large, however, the gép widens
SUbstantia11§ since under an optimal policy the decision rule takeé
advantage oflloWer pumping costs by.moving to and maintaining the
artesian pressure. This is not the case under an open access policy
where the decision rule moves the system to an ever increaéing pumping
cost.

The trend toward larger efficiency losses when there are greater
quantities in storage also ‘is visible from‘the derived marginai values
of groundwater stocks (Figure 6.8). For examﬁle, wheq'X = 606,000
acre feet, the'marginal value of grouﬁdwate;.stocké is only $3;87;

However, when storage is at a level of 950,000 acre feet this value
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climbs to $36.10, dramaticaily increasihg.the cost to the basin of
ignoring stock values in the decision making process. This result
presents én interesting;contrast'té a stﬁdy of the Pecos Ri?ér Basin
by Gisser and Sanchez (1980). Tn their empirical analysis.of'ground—
Wéter management, the researchers conclude that there is little
difference in the temporal allocation of grandwater under optimal
control versué open access when the storage capacity of an.aquifer
is relatively large.

Welfare losses gross'of management cbstsfactually'may~be iarger
than thosé reported in Table 6.11 since theég measures do not considér
the concomitant effects of groundwater extraction such'as.land
subsidence that may be experienced under an open access rule. As
groundwater is extracted, the hydraulic heéd surrounding the well
declines and the effective stress or intergrénular pressure on
particles in the aquifer increases. Compression of these materials
results in aquifer compaction. The extenf o% this éompaction depends
on a numﬁer of factors, including the structﬁre of materials pfesent
in the aquifer. .However, when compaction is severe it can result in
land subsidence. i

Incidences of land subsidence have been %ell documented in the U.S.
i .
and throughout the world (Bouwer, 1978). Subsidence is particularly
severe when pumping exceeds net natural rechérge and groundwater levels.

are not allowed to recover. Once long-term subsidence has occurred,
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rebound of the_land.Surface>(By a reduction inﬁpumping‘o; even injec~-
tion of water into the system) i; only slight and the storage capa~ :/
bility of the aquifer may Be permanently'iﬁpaifed; In time the
structure of the aquifer may bécome so distortéd that the artesian
character may be permanenfly lost. Under these conditions tﬁe size
of the ngfére losses and the differences yieidéd by the two alloca-

tion schemes hardly seem trivial.

It must be emphasized, however, that the results of this aﬁalysis
¢annot be uniformly applied to all groundwater settings. The fact
that the aquifer' is confined sharply dinfluences the nature of the
decision rule. Had this not been the case, a totally different
decision policy would have resulted.  The shape of it, in turn, would
have depended on myriad other factors. " To suggest a single, hard and
fast deciéion rule for all groundwater basins ignbrgs the fact that
every basin is different, either in terms of its physical or eqon&mic
setting. An optimal decision policy, as such, must be tailored to the
setting in which it operates.

Once an optimal decision ﬁoiicy has been éstablished, considerable
informafion is available for managing a pafticulai'ﬁasin. _The most
obvious is that the rule'éstéblisheslthé'optimal.q;antity of grOund;
water that .should be extréétéd from the bééin given an initial state.
This quantity is thé Légis,for épota”syétgmé or usé limits which may :

be imposed. The marginal values of grOundWétef stocks obtained in
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.deriving the decision ruie'(Figure 6.8) reflect the divergehce between
marginal social and privatelcosts in pumping alunit of .groundwater.
As such, they represent optimal levels pf use taxes given a particular
st;te which can be applied to restofe the equality between private and
social costs. This equality, as previously discussed, is a necessary
condition for economic efficiency. The décisioﬁ rule also indiréctly |
indicates the optimal number of acres to bring under irrigation.
Assuming as we have thrOughbut the'analysis thét i.8 acre feet of water
are typically rgquifed for each acre of irrigated cropland, the optimal
number of irrigated acres (in addition to thosé currenély under
irrigation) can be caiculated by dividing the level of groundwater
use (U) by 1.8. For example, under the baseline model when the level
of groundwater in storage is 960,000 (X) acre feet, the optimal policy

is to use 12,000 (U) acre feet of groundwater (see Figure 6.7). This

translates into an additional 6,666.67 acres of irrigated cropland.
SENSITIVITY ANALYSIS

Once a decision rule was derived from the baseline model, various

arguments of the model weré modified to determine the sensitivity of
program results to changes in these parameters. Obviously there are
countlesé combinations of variables that can be examined in such an
analysis. However, to limit.the scope of this segment of the study to

a manageable size only four basic "areas' were explored thrbugh
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sensitivity analysis. These include: the discount rate; the electric

power rate for irrigation; the area of the basinj; and;~the productivity

of the potentially irrigable acreage.

Changes in the Discount Rate

The discount rate determines how much a dollar received in the
future is worth today. As such,it can be expected to have an iﬁportant
influence on decisions as to when and how much groundwater should be
used.

Figures 6.10 and 6.11 summarize the decision rules for one-year
and infinite planning horizons under a 3 and 12 percent discount rate,
respectively. These two rates have the effect of halving and doubling
the six.percent rate used in the baseline model.

As can be seen from the figures, the choice of the discount factor
does have a very decided impact on the optimal decision rule. .Wheﬁ a
smaller discount factor is used, only one equilibrium occurs at the
curfent state (Xi; As long as the 1éve1 of groundwéter in storage

%
is less than Xi’ stocks are being built up. Even when storage is

small, use is less than recharge (positive growth in stocks).. The
actual pattern of this growth is similar to the baseline model. Because
future returns now are being discounted at a smaller rate it is more
profitable throgghdut-to forego current returns at higher pumping costs
* in favor of letting stocké build up-and obtaining future réfurns at

lower pumping costs.
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When a larger discount rate is applied, just the opposite happens.
As in the baseline model, there are two equilibria. The first
equilibrium (Xi) occurs at a lower level of storage thanm in the base—
line model. The switching point (XO) for moving to thé second eduili—
brium occurs at a much greater level of storage than in the baseline
model. In essence, the opporéunity cost of building up groundwater
stocks in this region is much higher. A dollar in the future now is
worth less today. Thus it is more economic to use the groundwater
today at higher pumping costs (driving the:system éoward the lower
equilibrium, X:) than at some future poiﬂt. Beyond X, however, the
system behaves much as it did in the baseline model.

Tables 6.12 and §.l3ssuﬁmarize the efficiency gains of following
the optimal decision policy versus a one-year planning horizon under
the two discount rates. As expected the size of the gains are larger
with a lower discount rate when the future or stock value of the
resource has relatively more weight, and smaller with a larger discount

rate when these values have less significance.

Irrigation Power Rates

Power represents a significant portion of the variable cost incurred
in obtaining and using groundwater. As a result, electric rates for
irrigatioﬁ are likely to have tremendous impact on the level of ground-

water use which maximizes net returns to a basin. Proposals are
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Table 6.12. Welfare Gains from Following an Optimal Groundwater Use
. Policy Versus an Open Access Policy —— r = .03.

Present Value

1 ($) of Net Returns Actual ()., '
State Optimal Allocation  Open Access Difference™ 7 Change
100,000 18,218,839 17,415,539 + 803, 300 + 4.61
300,000 19,764,039 19,160,339 + 603,700 + 3.15
600,000 23,159,039 21,271,839 + 1,887,200 + 8.87
800,000 27,515,839 22,628,339 + 4,887,500 + 21.60
900,000 30,216,939 23,415,039 + 6,801,900 + 29.05
-950,000 31,691,039 23,862,939 + 7,828,100 + 32.80
978,000 32,584,839 24,396,439 + 8,188,400. + 33.56

110 acre feet of groundwater.

2_Net of returns to currently irrigated acreage-and dryland crops.

3Actual difference = net returns (optimal allocation) - net returns

(open access). Does not consider costs of optimal basin management.’
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Table 6.13. Welfare Gains from Following an Optimal Groundwater Use
' Policy Versus an Open Access Policy — r = .12.

Present Value

1 of Net Returns Actual (§) Z
State Optimal Allocation Open Access Difference™ Change
106,000 ) 5,372;172 5,323,862 + 48,310 + Q.9l
300,000 5,982,522 5,953,562 + 28,960 + 0.49‘
600,000 6,662,642 6,644,672 + 17,970 + 0.27
800,000 7,152,222 7,126,782 + 25,440 + 0.37
- 900,000 7{869,612 7,436,152 + 433,460 | + 5.83
950,000 9,046,482 7,622,552 + 1,423,930 + 18,68
978,000 9,934,272 8,051,582 + 1,882,690 + 23,38

lIn acre feet of groundwater.

2Net.of returns to currently irrigated acreage and dryland crops.

3Actual difference = net returns (optimal allocation) - net returns

(open access).

Does not consider costs of optimal basin management.’
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currently before thg state's Public Service Commission to substantially
increase these rétes. If accepted, these new rates will have a drama~
tic influeﬁce on groundwater use decisions both under an infinite
planning period and é one year horizon. To see how the derived decision
policies change under different energy pricing schemes, power costs were
increased by 100 and 300 percént in the optimization model. FigureSA
6.12 and 6.13 summarize the resulting decision rules under 100 percent
and 300 percent energy cost increases, respectively.

Under the 100 percent increase scenario, the two decision rules
closely follow each other. Both have a single equilibrium and both are .
extremely sensitive to pumping costs. Under the open access policy, -
the.higher energy (and associated pumping) costs resﬁlt in stocks
being Built~up untii an equilibrium is reached at sz (approximately
975,600 acre feet). Prior to this pumping costs are too great relative
to returns to justify the use of stocks. Oncg st&rage is greater than
X:p’ however, pumping costs are small enough that stocks can be
profitably used and the system is driven back to its equilibrium. When

the planning period is infinite, profit is maximized by building stocks

throughout until the system moves into an equilibrium (Xﬁ) corresponding
to -the current level of storage. When energy costs are -increased to

300 percent, pumping costs become the dominaté variéble in the decision
rule and no groundwater is used under either the infinite or one year

planning horizons.
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Aduifer Size

The actual areal extent of an aquifer is never precisely known.
Rather, educated estimates are made on the basis of limitéd hydrologic
and geologic data. Further refinement of theée estimates is both time
consuming and costlyr In this part of fhe analysis an attempt is ﬁade
to determine how critical estimates of aquifer éize are to the spruc;
ture of ‘the final decision rule. To-do this the assumed aquifer size
was increased and decreased by 20 percent and the resulting poliéies
under each model compared. |

Figures 6.14 and 6.15 depict the derf&ed decision rules assuming
a basin size of 72,192 and 48,128 acres, respectively. In both the
shape of the optimal decision rules are virtually identica} to the
baseline model. Two equilibria are present, the second (X;).oécurring
at a state value corresponding to the maximum storage level pqssible
given current pumping conditions. While the location of the first
equilibria (XIB and associated switching pdints (XO) vary among the

models, given comparable state variable values they are not terribly

different. ‘That is, the locations of the first equilibrium point-and

switching point in the modelvassuming a 20 percent smaller basin size
closely correspond to state values 20'pefcent smaller thanlthose in
the baseline model. . A similar relationship holds for tﬂe'larger basin
size where the points océur at values apprgximately 20 percent larger.

These relationships are not exact but are felt to be close enough to
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provide a plausible éxplanation.
Tables 6.14 and 6.15 summarize data on welfare gains from fol~-
lowing an optimal policy. As in the baseline'mbdel, éhe trend toward

substantial gains as the level of stocks rise is cleariy visible.

Land Productivity

One of the more dramatic results in the sensitivity analysis in-—
volves the impact of changes.in the curvature of the gross returns
function on the decision rule. As detailed in the-LP seﬁtion of this
chapter (see pp. 119;121), curvature in the gross returns fun;tion is
introduced as g'w-y ofiaccounting-for differeﬁces in land productivity
among various land classes. In the baselinenmodel a small amount of
curvature was assumed. To contrast with this, two additional optimiza-
tioﬁ models were calculated —~ one assuming equal land productivity
(n = 0) and another with twiée as much curvature as the base model (n =
.02). The resulting decision rules are depictéd in Figures 6.16 and. 6.17.

When greater curvature is introduced, corresponding t& greater
diminiéhing marginal productivity of additional land brought under
irrigation, only one equilibrium appears in the decision rule. Under

an infinite planning horizon no stocks are used and the system is
*

driven to a steady state at XO' Even under a one year horizon, stocks

are not used until levels of storage are greater than 970,000 acre

. _ *
feet, pushing the system back to an equilibrium at X . The added
. oo cp
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Table 6.14. Welfare Gains from Following an Optimal Groundwater Use
: Policy Versus an Open Access Policy =~ Larger. Aquifer Size.

Present Value

14,236,869

1 ($) of Net Returns 7 Actual ($)3 %

. State Optimal Allocation Open Acgess Difference Change
: lQ0,000 9,905,739 9,760,009 + 145,730 + 1.49
300,000 10,837,899 10,687,179 + 150,720  + 1.41
600,000 12,113,569 12,000,569 + 113,000 + 0.94

: 800,000 12,811,339 12,725,289 + 86,050 + 0.68
1,000,000 14;147,549 13,287,249 + 860,300 + 6.48k
1,100,000 16,424,469 13;463,669' .+ 2,960,800 + 21.99
1,174,000 18,619,479 ‘+ 4,382,610 + 30.78

lIn acre feet of groundwater.

2Net of returns to currently irrigated acreage and dryland crops.

3Actual difference = net returns (optimal allocation) - net returns
(open access). Does not consider costs of optimal basin management..
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Table 6.15. Welfare Gains from Following an Optimal Groundwater Use
' . Policy .Versus an Open Access Policy —- Smaller Aquifer Size.

Present Value .,

1 ($) of'Net‘Retu?nS Actual (§).. %

State .Optimal Allocation .Open Access Difference Change
100,000 10,356;999 10,032,269 + 327,730 + 3.27
200,000 | 10,974,329 10,720,119 . + 254,210  + 2.37
400,000 ' 12,025,749 : 11,850,249 + 175,500. + 1.48
600,000 13,872,139 12,824,759 + 1,047,380 + 8.17
700,000 - .16,016,169 13,347,519 + 2,668,650 + 19;9§
750,000 17,369,029 13,641,809 + 3,727,220 + 27.32
782,000 18,359,609 14,173,759' + 4,185,850 + 29.53

lIn acre feet of groundwater.
2Net of returns to currently irrigated acreage and dryland crops.

3Actual difference = net returns (optimal allocation) - net returns
(open access). Does not consider costs of optimal basin management.
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curvature in the gross feturns function lowers both the marginal
returns of groundwater in current use and its marginal wvalue in stock.
Thus it is less and less profitable to use larger quantities of ground;
water regardless of the time dimension. Tablé 6.16 summarizes the
differences inretqrns under an optimal versus an open access policy
Whgn greater diminishing marginal land productiyity is assumed.

By contrast when no curvature is‘intrqduced, the returns function
is nearly lineér aﬁd an endpoint or boundary solution is optimal.at
every state. The maximum amount of groundwater (50,000 acre feet) is
used regardless of state or stage. Both the optimal and open access
decisioﬁ rules are identical and, thus, there is no difference in the
present value of net returns under the two policies.

This model was further modified to see if the nearly linear re-
turns function When.coupled with a smaller discount rate or larger
electric rate still results in an éndpoint solution. A three percent
discount rate 1eavés the open access deciéion rule unchanged (Figure

6.18), but dramatically shifts the optimal decision rule away from

’

_-the maximum level of use when storage levels are greater than 925,000

acre feet. At this point,'use is substantially reduced and stocks
build rapidly. Wﬁen storage levels reach 945,000 acre feet, use
increases almost monotonically and the system reaches an equilibrium
(X;) at a state corresponding to current storage conditions.

When electric rates are increased by 300 percent, the decision
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Tahle 6.16. Welfare Galns from Following an Optimal Groundwater Use’

Policy Versus an Open Access Policy —
ing Marginal Land Productivity.

Greater Diminish-

Present Value

1 ($) of Net Returns _ Actual k$)
State Optimal Allocation ‘Open Access Difference % Change
100,000 7,184,469 7,119,559 + 64,910 + 0,91
300,000 '7,860;639 7,784,179 +.76;460 + 0.98
600,000 9,234,809 8,644,749 + 590,060 4+ 6.83
800,000 - 11,191,969 9,392,079 + 1,799,890 + 19.16
900,000 12,761,669 9,995,649 + 2,766,020 + 27.67
950,000 13,704,989 }0,560,659 + 3,144,330  + 29.77
978,000 14,331,589' 11,615,199 + 2,716,390 + 23.39

lin acre feet of groundwater.

2Net of returns to currently irrigated acreage and dryland crops.

3Actual difference = net returns (optimai allocation) - net returns
Does not consider costs of optimal basin management.

(open access):
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rule moves to the opposite endpoint and no groundwater is used except
at the maximum storage levéljp;ssible (Figure 6.19). The decision
' policies are identical regardless of the iehgth of the planning
horizoh;:'Ihis result indicates that the decision rule is perhaps . the

most sensitive to power costs.
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CHAPTER 7 - , ' |
SUMMARY AND CONCLUSIONS
In the previous chapter it was demonstrated tﬁat efficiency
losses associated with éommonality problems in groundwater use are not
trivial. Under’the assumptions of the baseline ﬁodel, nef returns to SR
the study basin are reduéed by nearly 30 perceﬁt when groﬁndwater is |
allocated under an,épen access regime. This study attempts to
describe the ecénomic conditions which result in such inefficiencies;
and, given the presence of these conditions, what institutional |
alternatives ;re available for dealing with them from both a
theoretical and practical poinf of view.
At the hear;.of much of the commonali;y problem lies the
voluminous body of law ggverning the allocation and use of
groundwater. Ironically it is the failure of this body tq-establish
explicit property rights to groundwater that has perpetuated
inefficiencies in the.resoufce's use. Specific aspects of groundwater
. |
law -- in Montana and elsewhere —- are examined in the study to ' i
identify problem areas.- i
While resource poliéy can take on myriad objectives; the primary
~concern of this study is the promotion of economic efficiency. Equity i
and distributionéi impacts are equally valid concerns. "However, as a

science, economics seems to provide the most unambiguous and least i
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value-laden tools for evaluating efficiéncy objectives. 1It. is within
this context that variéus centralized and decentralized approaches to
grpundwater managemént are evaluated.

A case study is made of the Crow Creek Valley in Southwestérn.
Montana to demonstrate how an optimization model can be used to
determine the most efficient temporal allocation of groundwatér from a
basi#. In general terms an optimal temporal alloca;ion is one which
maximizes net returns to the basin over an infinite planniﬁg horizon.
Implicit in tﬁis definition of efficiency are several critical
marginal conditions. While rational producers always equate the
maréinal value of groundwater in current use with its marginal value
as stock (6r user cost) in the pumping decision, ﬁnder an open access
policy this stock component is giveﬁ zero value., The resulfiﬂg
allocation is suboptimal from society's perspective and the resource
is wasted. .

The dynamic programming model used in this analysis is based on
methodologies established by-Burt (1964 a,'b, 1966, 1967, 1970) in his
series of studies on groundwater management. Although the actua;
model used here is quite simplistic -- for ekample recharge to the
basin is treated as a constant -- its numeric solution providés
information on a host of problems associated with the optimization.

In addition to establishing conditionally optimal extraction rates,
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the aerived decision rule can be used to evaluate the marginal value of-
groundwater stocks, the magnitude of efficiency losses under an open
access rule, the optimal number of acres to bring under irrigation, and
time paths to a steady stéte level of stocks (use equal to net natural
recharge). The structure of the médel assumes thé basin is under the
control of some central decision agént. This does not necessarily
imply that centralized management is a superior control stratégy.
Rather the model is uéed for expository pufpoSeé té demonstrate condi~
tions necessary for efficient aliocation; conditions necessary under

any optimization strategy.

Conclusions

The decision rule derived in the above analysis has a variet§ of.
implications for allocation of groundwater resources from basins similar
to the one underlying Crow Creek Valley. Where systéms are confined
there isba decided economic advantage in maintaining the piezometric
surface abéve the confining layer, thereby preserving the artesian
pressure. When stocks are mined from a confined aquifer (use greater .
than rechargg) the piezometric surface drops and marginal pumping
costs increase; rapidly at first and then more slowly as~th¢ system
becomes unconfined. Whether thé economic advantage of maintaining
this artesian pressure (and the lower pumping costs associated with it)

holds for all quantities of groundwater storage in an aquifer depends
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dn several factors: 1) the rate at which future returns from the

basin are reduced to present value terms (the size of the discount

.rate); 2) the shape of the gross returns function from groundwater

use; and 3) relative pumping costs,.primarily determined by power
costs,

In the Baseline model the decision rule establishés two equili-
bria -~ states in whiéh the optimal level‘of groundwater use is equal
to‘recharge, leaving the system unchanged. The'first equilibrium
forces the system to a level of stocks corrésponding to current
conditions (the maximum storage possible given current pumping actiyi—
ties). However, once stocks go below é certain quantity, too much
must be sacrificed to restore the artesiaﬁ pressure, and the system
is directed toward a lower equilibrium in which the aquifef is
unconfined.

At higher power costs or lower discount rates, the level of sacri-
fice is no longer constraining and only the first equilibrium is
relevant. Thus the dptimal patterﬁ of use moves the system to a
confined setting, regardless of the initial quantity in storagé. A
similar result holds when substantial curvature is present ip the
gross returns function.

Expected net returns calculated in the solution are used to
analyze differences in returns to the basih under an optimal alloca-

tion and an open access setting. While these differences do not
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consider the management costs incurred in‘achieving this optimal alloca-
tion, in a gross senée they represent the welfare loss to society of
ignoring the positive value of groundwater stocks. ~Marginal values of
stocks drop rapidly as the system becomes unconfined. As a resuit,
welfare gains are greatest when an optimal policy is foilowed and
storage levels are large.

The structure of the optimal decision policy deriﬁed in this
analysis is largely dépendent upon the physiqal and economic chéracter
of the study basin. The presence of two equilibria is entirély related
to the confined nature of the aquifer. 1In addition, the margiﬁal
value product of groundwater in the Crow Creek Basin 1s relatively low
as compared with othér baéins in which'crops sucﬂ as fruits and vegé—
tables (rather than cereal grains and hay) are grown. As a result,
groundwater irrigation use decisions in the study area are likely to
be more sensitive to pumping costs than in basins Qhere'groundwater
has a greater marginal value product.‘

This_observation is partially borne out by the dramatic imﬁact
increases in energy costé have on the decision rule. Of the four
variables examined in the sensitivity analysis section of this stﬁdy,
energy costs are the most critical in shaping groundwater use
decisions. A 100 percent increase in energy costs results in stocks
being build up for most states, even undef an open access rule. When

-energy costs increase 300 percent, optimal and open access decision
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rules are identical aﬁd‘no groﬁndwatef is used for ifrigation. ‘The
only excep£ion to this.occurs when the gross returns function is
nearly linear and stérage is at the maximum level possible. Even
under this scenario only 5,000 acre feet are pumped. These results
are consistent with observations reported by Frederick (1981) in a
study. on the.future role of Western irrigation: '"The mosf immediate

threats to groundwater irrigation are the higher costs resulting from

rising energy prices , . . Further expansion 1ike1y'§ill beni;mitgd to
areas with relatively iow pumping depths or access to energy supplies,
under relatively favorable terms” (p. 21). He notes that corn prices
would have to rise by roughly 25 percent to offset cost increases
stemming from a doubling of electricity prices (p. 22). Thus
ironically,_increasés in energy costs could eliminate éctual conflicts
over groundwater use even though in theory the commonality proBlem
still remains.

As a matter -of convenience differences in land pfoductivity among
individuai land classes are often assumed.away. Resulﬁs of this
analysis indicate that land productivity, vis-a-vis its impact on the
shape of the gross returns functioh, has a very significant influence
on the optimal allocation of groundwater res&drces. In—this study
curvature is artificially introduced in the reéurns function,fo

simulate diminishing land productivity. When no curvature is
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introduéed, tﬂe nearly lineér returné funétion results in a boundafy
solution and the optimal ailocation policy is identical to that under
an open access sét;ipg. As greater curvature islapplied, however, the
difference be;weenloptimal and oéen access decision rules becomes more
pronounced.

Basin size appears to have little impéct on the general structure

of ‘the optimal decision rule. When basin size is increased and

decreased by 20 percent in the optimization model, there is little
change in the relative position of critical switching and equilibria

points.

The primary objective of the empirical analysis of Crow Creek
Valley was to demonstrate in a general sense the use of an economié
optimization model for allocating groundwatef resources. However, the
results of this study also raise some important implications for public
policy toward further development 6f this basin. ‘Maintenance of the
artesian pressure in. the aquifer is a .critical management objective
if the basin is to be utilized in én econgmically efficignt manﬁer.
Even relatively minor overdraft may destroy this pressure, eliminating
a vital dimension of the groundwater resource underlying Crow Creek
Valley. However, the actual poiﬁt at which overdraft becomes critical
is not clearly enough defined in this study to permit establishment

of specific basin regulatory guidelines. More'compléte‘data is needed
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to replace some of the assumptions made in the model used here. Iromni-
cally the primary mechanism for generating this additional information
- furthér basin development -- may threéten the very artesian character
an optimal ailocation scheme would seek t6 prbtect. Thus new pumping
permits should be carefully evaluated befqre issuance and pressure
levels carefully monitored as more information becomes available. At
© some point only temporary permits might be issued in the basin. The
permits would be wvalid for a sufficient period of time to enable users
to recover their investment costs (15 years) but after this period
could be revoke& if new information in&icates a loss of the artesian

pressure.

In addition to the rather speéific results of the optimization
model, there 'are more general cénclusipns which can be drawn from the
study. Perhaps the most unambiguous is the need for a greater data
base on the physical character and distribution of grouﬁdwater
resources in Moﬁtana, Active groundwater mapaéement - whéthér by a
central agency or individual pumpers -- requires a certain "base" of
information on the physical pr0perfies of the basin. For example in
the optimization model used above the following information was needed
to complete the analysis: size of basin; depth of aquifer; depth to
the overl&ing confining layer;‘depth‘of piezometric surface;”storage
coefficients; trapsmigsiyi;y; drawdown‘and pumping lift estimates;

well efficiencies and locations; recharge and discharge estimates;
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general consistency of aquifer characteristics across the basin
(distribution of these characteristics)- |

Unfortgnately such information is rarely available unless a basin
has been extensively developed or specific hydrologic studies have
been purgued. Even then the appropriate information may not bé.

directly available. (In the Crow Creek model many assumptions were

.employed because of information gaps.) Grouﬁdwater exploration is an
expensive proposition. However efforts can be made to minimize these
costs by utilizing existing wells and encouraging greater cooperation
between private well owners and researchers, perhaps through the use

of special'development permits or temporary permits as mentioned above;
Sensitivity.analysis, such as that performed in this study, using a
éimplified hydrologié—economic model of an aquifer basin also can bé
used to identify parameters critical to the oﬁerail structure of the
decision policy apd thereby direct basic data collection efforts.

Well logs are another area where improvements éan.be made in data
collection. Often logs are the only source of hydrologic ihformation
in a basin. As such they have the potential to prbvide key information
vital to management efforts. Unfortﬁnately many 16gs are inconsistent
and incompléte, and, as a'result, useless as information sourées. Thus
‘greater emphasis should be placed on well log accuracy and consistency.

Even under decentralized management strategies where the burden
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of risk in decision making is borne By'ihdividual users, ph&sical
information on baéin characteristics is essenfi;lh " For example, the
deeds approach suggested by Smith (1977) and others requireé knowledge
of recharge leﬁels, basin storage capacity and estimates of recoverable
stocks. ,Tﬁus, regardless of the institution, groundwater management
will necessitate a greater commitment to béseline groundwater surveys.
"Like its neighboring appropriation states, Montana has léws which
limit the certainty aﬁd tfansferability'of property rights to ground-
water. Such limits aggravate commonality probléms. Some of the
séecific problem areas identified in this study include: ‘beneficial
and reasonablé use clauses, judicially ana legislatively imposed use
preferences; forfeiture clauses; the usufructuary nature of riéhts;
transferability and third party protection; and water quality aspects.
The provision.for creating special management basins'or controlled
groundwater zones is seen as a double-edged sword. While such desig-
nation .creates uncertainty as to the long-term security of a ground-
water.right,‘it also introduces an element of flexibility. A cursofy

review of other states' laws as they relate to groundwater management.

in areas where use conflicts have arisen indicates that current Montana

statutes provide far greater flexibility than most. Once an area is
designated as a controlled zone in Montana, virtually any management
strategy can be pursued. Given the variability of economic énd hydro-

logic conditions, this flexibility is seen as a decided advantage in
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promoting efficient resource use.

Recommendations for Future Study

As is often the case, this study poses as many questions for
future research as it does answers. Any water management program must
consider the conjunctive aspects of ground and surface waters. In ‘

this study attention was focused only on groundwater use problems.

Yet the principles of Hydrology establish that on a broad scale the

two are inseparable. Thus a comprehensive water ﬁanagement program
must treat groupd and surface waters as an integrated system. While
models have been developed for conjunctive management in other regions
(Bﬁrt, 1964a; Noél et al., 1980; Young and Bredehoeft, 1972), this
work sh&uld be extended to Montana. An expanded study of the Crow
~ Creek Valley, er example, could contrast decision rules under
integrated management and when groundwater is treated separately (asl
in this analysis).

A growing segment of tbe econpmics literature on common poo;
- resources urges greater reliance on the market.and individual decisiqn
makers in bringing about efficient resource éllocation. Several such
- decentralized approaches to groundwater management are described in
this study. However none of ‘these strategies have acgually been
‘implemented. Additionél research is needed in this area. Test basins
could be eétabiished in which decentralized management schemeé are

used and. their effectiveness monitored. Montana's controlled
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.groundwater zone provisions appear to be flexible enough to permit
such experimentation.

Further refinements of the model used in this analysis also would
generate valuable information. A model iﬁ which net natural:recharge
is treated as a .random variable rafﬁer ;han a constant would do much
to improve the "realism'" of the optimization results. However, far
more physical data on recharge estimates are needed before the model
can be treated in a stochastic framework. Better estimatés of hydro~- -
logic parameters also would add to the realism of the results. This
is particularly true for areés where no information was available and
educated -assumptions were used instead. Drawdown eétimates, particular-
ly.when the system becomes unconfined; were arbitrarily selected at a
level far lesé than that calculated for the confined setting. Addition-
-al analygis using different rateés of drawdown would indicate the overall
sensitivity of the aecision rule structure to this variable. The impact
of different transmissivity measures and differences in other physical
characteristics within the basin also would be extremely instructive.
While such differences greatly compiicate the optimizatidn_model, 1acky
of uniformity within a basin is probably more the rule than the
.exception. Finally, risk and uncertéinty could be incorporated into
- the objective function used in generating a gross returns function for

groundwater use to examine their impact on the optimal decision rule.
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Appendix A. Linear Programmlng Matrix for Derlving Marg:tnal Value Function For
Groundwater Use. e

‘ Currently Irrigated Land Potentlally Irrigable Land Dryland
RESOURCE ACTIVITY:
> . Alfalfa Spring Seed Alfalfa Spring Seed Winter Summer
CONS?RAINE‘ : Hay Wheat Barley Potato Hay Wheat Barley Potato Wheat Barley Fallow
Oﬁject;ve Function i K 180.60 142.03 78.99 401.26 138.97 100.40 37.36 359.63 60.88 47.46 =7.45
Labor Balagce ’ - . . .
Equation . 0 =20 2,18 =2.18 -6.87 -2.00 -2.18 -2,18 - -6.87 =41 ~.47 -.29
Groundwater Balance 2
Equation ¢ 2.14 1.29 1.29 1.85
Currently Igrigated
Land Base 17,090.00 1.0 1.0 1.0 1.0
Class I land 921.85 - 1.0
Potentially Irrigable X ‘
Land Base 31,961.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Class 1 Potentiaily .
Irrigable Land 361.00 ) : 1.0
Alfalfa Hay Balance
Equation . 0 .50 -.50 ~-.50 -.50 .50 -.50 =.50 -.50
Irrigated Grain . :
Balance Equation -0 -.75 .25 .25 -.75- -.75 .25. .25 - =75
Irrigated Barley ]
Balance Equation 0 . W12 .12 ~-.88 .12 .12 .12 -.88 .2
Summer Fallow . ] )
" Balance Equation 0 . ) : - 1.0 1.0 -1.0

1 Not a constraint but entered to account for the units of labor used.
Varied parametrically in increments of 2,500 acre feet up to a maximum of 50,000 acre feet.

Water is assumed not to be a constraint.
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Varilable Cost Calculatlons for Alfalfa Hay1
(1980 dollars).

Variable Cost Description : Quantity Cost

Nitrogen : " 22 1bs 5.58
"Phosphate - 110 1bs 19.52
Potash 30 lbs’ 3.80
. Fertilizer Spreading ' 1 acre 1.90
Insecticide 1 acre 5.39
Stand Establishment 1 acre 2.26
Plow-up Alfalfa 1 acre 1.53
‘ Misc. Expenses ‘ I acre ' 6.48 -
Pickup Costs " 20 miles 3.04
Machinery ‘ 1 acre 9.99
Tractors 1 acre 4.04
Labor (Tractor & Machinery)2 . 1.30 hrs 6.50
Interest on Operating Capitai 12.14. dollars 1.38
Twine 120 bales : 4.56
Irrigation Labor2 .7 hrs 3.50
Irrigation Equipment Maintenance3 1 acre 3.67
Irrigation Equipment Insurance4 1 acre .88
Power (Irrigation)5 1 acre 8.26
Total Variable Cost, Curtently Irrigated Land 92.28
Irrigation Hell6 and Distribution Equipment Investment Cost 40.68
Well Maintenance Cost .55
Well Insurance Cost . 40

Total Variable Cost, Potentially Irrigable Land 133.91

1Updated_from Enterprise Costs of Irrigated Crops in Broadwater County, .
Bulletin 1187, Montana Cooperative Extension Service, April 1978.

2Assumes fifry percent supplied by management. Irrigéqion labor reﬁu{te~
ments are different from that reported in the enterprise cost study.
Labor costs are computed at $5/hr.

3Based on information supplied by irrigation equipment dealers.

4New Cost/2 x .006/acres.

5Assumés zero lift.

bye11 cost excludes pump, motor, panel and wiring.
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L 1
Appendix C. Variable Cost Calculations for Irrigated Spring Wheat
(1980 dollars).

Variable Cost Description . Quantity Cost

Nitrogen ' 100 1bs 25.35
Phosphate ] 45 1bs 7.98
Fertilizer Spreading . " 1 acre ) 1.90
Seed 1.17 bu ’ 7.41
Roundup 1 acre 1.27
2,4~D 1 acre 3.36
Hail Insurance 1 acre’ ~ 7.60
Misc. Expenses 1 acre’ 8.22
Pickup Costs 20 miles 3.04
Machinery 1 acre ’ 7.41
Tractors 1 acre 11.33
Labor (Tractor & Machinery)> 1.48 hrs - '7.40
Interest on Operating Capital ’ 19.45 dollars 2,22
Custom Combine ' I acre 15.21
Irrigation Labor2 . .7 hrs ~3.50
Irrigation Equipment Maintenance3 1 acre 3.67
Irrigation Equipment Insurancea . 1 acre . .88
Power (irrigation)5 1 acre 6.06
Total Variable Cost, Currently Irrigated Land 123.77
Irrigation Well6 and Distribution Equipment Investment Cost 40.68
Well Maintenance Cost : .55
Well Insurance Cost . .40
Total Variable Cost, Potentially Irrigable Land 165.40

1Uptiated from Enterprise Costs of Irrigated Crops iﬁ Broadwater County,
Bulletin 1187, Montana Cooperative Extension Service, April 1978.

2Aasumes fifty percent supplied by management. Irrigation labor require-
ments are different from that reported in the enterprise cost study.
Labor costs are computed at $5/hr.

3Baaed on information supplied by irrigation equipment dealers.

aNew Cost/2 x .006/acres.

SAssuﬁea zero lift.

6Well cost excludes pump, motor, panel and wiring.
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1
Variable Cost Calculations for Irrigated Barley

(1980 dollars).

_Variable Cost Description Quantity Cost
Nitrogen i . 70 1bs 17.74
Phosphate 45 1bs 7.98
Potash . ' 25 1bs 3.17
Fertilizer Spreading ‘ .1 acre 1.90
Seed ) 75 1bs 7.60
Rounduﬁ ' ’ 1 acre’ 1.27
2,4-D 1 acre 3.36
Hail Insurance 1 aére 7.60
Misc. Expenses 1 acre 7.82
Pickup Cost ' 20 miles 3.04
Machinery ' 1 acre 7.41
Tractors 1 acre 11.37
Labor (Machinery & Tract:or)2 1.48 hrs 7.40
Interest on Operating Capital 18.34 dollars 7.09
Custom Combine 1 acre 15.21
Irrigation'Labof2 .7 hrs 3.50
Ir;igation Equipment Maintenance3 1 acre 3.67
Irrigation Equipment InsuranceA 1 acre .88
Power (Irrigation)5 1 acre 6.06
Total Variable Cost, Currently Irrigated Land 119.01
Irrigation Wé116 and Distribution Equipment Investment Cost 40,63
Well Maintenance Cost .55
Well Insurance Cost . 40
Total Variable Cost, Potentially Irrigable Land 160. 64

1

Updated from Enterprise Costs of Irrigated Crops in Broadwater County,

Bulletin 1187, Montana Cooperative Extension Service, April 1978.

2Assumes fifty percent supplied by management. Irrigation labor require-

ments are different from that reported in the enterptise cost study.

Labor costs are computed at $5/hr.
3Based on information supplied by irrigation equipment dealers.
4New Cost/2 x .006/acres.

5Assumes zero lift.

6Well cost excludes. pump, motor, panel and wiring.
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Appendix E, Variable Cost Calculations for Seed Potatoes1
(1980 dollars). ‘
Variable Cost Description Quantity Cost
Potato Seed © 19 sacks 114.00
Nitrogen © 112 1bs 25.76
Phosphate 112 1bs 24.64
Potash ' 112 ibs 13.44
Disyston 20 1bs 15.00
Monitor 1 acre 17.00
Des~i~cate 1 acre 6.00
Sort Potatoes 250 sacks 150.00
Automobile Cost ) 15 miles Z.éS
Misc. Expenses 1 acre 36.6§
Machinery 1 ;cre 85.84
Tractors 1 acre 41.20
Labor (Machinery & Tractors)2 6.17 hrs 30.85
Interest on dperating Capital 75.94 dollars " 10.63
Irrigation Labor2 .7 hrs 3.50
Irrigation Equipment Maintenance3 1 acre 3.67
Irrigation Equipment Insurance4 ’ 1 acre .88
Power (Ir."rigation)5 1 acre 7.59
Total Variable Cost, Currently Irrigated Land 588.90
Irrigation Well6 and Distribution Equipment Investment Cost 40.68l
Well ﬁaintenance Cost .55
Well Insurance Cost .40
Total Variable Cost, Potentially Irrigable Land 630.53

1

2Assumes fifty percent supplied by management.

From Enterprise Costs of Irrigated Seed Potatoes in Lake County, Bulletin

1245, Montana Cooperative Extension Service, November 1980.

Irrigation labor require-

ments are different from that reported. in the enterprise cost study.

Labor costs are computed at $5/hr.

3Based on information supplied by irrigation equipment dealers.

4New Cost/2 x .006/acres.

5Assumes zero lift.

6Well cost excludes pump, motor, panel and wiring.
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Appendix F. Variable COSE Calculations for Dryland Winter Wheat
After Fallow (1980 dollars). : '

Variable Cost'Descriptién ' Quantity Cost
Seed : : . 65 lbs = 4,79
Fertllizer; Nitrogen 70 1bs © 23.06
Phosphorus 30 1bs
Crop Chemicals (2,4-D & Fargo) 1 acre . 4.75
Fertilizer Spreading "1 acre’ - ~ - 1.58
"Machinery - 1 acre . 5.36
Pickup Cost o . 2.75 miles 42
Misc. Expense 1 acre . 3.36
Interest on Oﬁerating Capital 7.49 dollars ‘ .85
Labor2 ‘ ) ' .41 hrs . 2.05
Total Variable Cost ‘ 46.22

1Updated from Costs of Dryland Crop Production in Gallatin County, .
Bulletin 1139 (Revised), Montana Cooperative Extension Service,
Apfil 1978. ‘

2Assumes.fifty percent supplied by management. Labor costs are
computed at $5/hr.
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Appendix G. - Varlab}e Cost Calculations for Dryland Barley After =
Fallow (1980 dollars).

Variable Cost Description Quantity Cost

Seed L : 65 1bs 4.28
Fertilizer: Nitrogen 21 1bs

. Phosphorus 10 1bs 7.10
Crop Chemicals -(2,4-D & Fargo) 1 acre 4.75
Fértilizer Spreading _ 1 acre ' 1.58
Machinery . 1 acre ‘ 6.25
Pickup Cost 2.75 miles ' 42
Misc. Expenses 1 acre 2.66
Interest on Operating Capital 6.71 dollars . .79
Labor2 .47 hrs 2.33
Total Variable Cost . o - 30.16

1Updated from Costs of Dryland Crop Production in Gallatin County,
Bulletin 1139 (Revised), Montana Cooperative Extension Service,
April 1978,

2Assumes fifty percent supplled by management Labor costs are
computed .at $5/hr. '
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Appendix H. Variable Cost Calculations for Summer Fallow1
(1980 dollars).

Variable Cost Description Quantity Cost
Machinery 1 acre ‘ 4.54
Pickup Cost 2.75 miles ) .42
Misc. Expenses 1 acre . - .82
Interest on Operating Capital 1.65 dollars .24
Labor2 : . .29 hrs 1.43.
Total Variable Cost ’ 7.45
lUpdated from Costs of Dryland Crop Production in Gallatin County,

Bulletin 1139 (Revised), Montana Cooperative Extension Service,
April 1978.

2Aséumes fifty percent supplied by managément. Labor costs are
computed at $5/hr.
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Irrigation electricity rate schedules for Montana -

Appendix I.
: Power Company and Vigilante Rural Power Cooperative.
1. Montana Power Company

2,

KWH per horsepower billed Cha;gg

1 to 500 kwh $12.511795
501 to 750 kwh . $0.025024
751 to 1000 kwh $0.020701

1001 to 1250 kwh $0.019302
1251 to 1500 kwh ~$0.017777
1501 to 2000 kwh - $0.016377
2001 to 2500 kwh , $0.014978

over 2500 kwh $0.014089

per
per
per
per
per
per
per

per

hp billed
kwh
kwh
kwh
kwh
kwh
kwh
kwh

Minimal seasonal bill: $12.511795 per horsepower billed

Vigilante Power Cooperative

$10/horsepower + $0.012/kwh
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