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Abstract

Increasing groundwater extraction threatens aqusfestainability for future generations.
Making the best use of limited groundwater resoaimegjuires knowledge of its alternative
extractive and non-extractive values, as well &adbst of extraction and the hydrological
interlinkages between alternative uses. Groundwadkre is driven by a number of factors
including its supply and demand and institutionat goolicy factors. In this paper we
describe these factors and how they affect valugrofindwater. We describe the various
components relevant to the economic valuation auigdwater and discuss potential
difficulties in their practical estimation. We amgthat groundwater management is essential
when there are large potential spatial and tempex#érnalities related to groundwater
pumping. Maintaining non-extractive and option aus likely to require trade-offs with
current extractive uses. Well-informed managemehtbe required to allocate groundwater
efficiently between different users such as agticel industry and the environment, while

also balancing the needs of current and futurergéioas.
Keywords: Economic value, groundwater management, exteieslnon-extractive values

Introduction

Groundwater extraction supports a range of aguecallt industrial and household water uses
around the world. Conversely, non-extracted growatdwstocks can provide services, such
as acting as a barrier against seawater intrusicsupporting natural flows critical to the
functioning of ecological communities, and can haweoption value for future uses, such as
buffering periodic shortages in surface suppliesil®Vgroundwater is a renewable resource

when recharge is present, aquifers have limitechafp and recharge rates are frequently
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less than extraction rates. As populations grow wadfall patterns change, groundwater

resources are likely to come under increasing press

Making the best use of limited groundwater resoaineguires knowledge of its alternative
extractive and non-extractive values, as well &sdbst of extraction and the hydrological
interlinkages between alternative uses; therefomlaboration between economists and
hydrologists is essential to achieve this goal.sTgaper seeks to engage hydrologists with
answers to questions that economists ask whengttgirdetermine the best use of limited
groundwater resources. What factors influence tom@mic value of groundwater? Should
groundwater be used now or later? How do diffevemtier institutions lead to different water
allocations across time and space? Why are undédisth demand and supply equally
important? To ensure the optimal use of scarce ngheater, resource managers must
ultimately integrate sufficiently detailed hydrologl and economic models that address these

guestions.

The paper proceeds as follows. Section two desctibe standard economic framework for
the optimal allocation of groundwater. Section ¢hoensiders the ‘supply side’, that is the
nature of the groundwater resource. Groundwatereva influenced by the capacity of an
aquifer, its location, water quality (e.g. salt centration), natural rates of recharge and
discharge, potential extraction and artificial rexge rates, and links to other groundwater
and surface water systems. Section four consithersié¢mand side, based on the concept of

total economic value. Concluding remarks are predioh the final section.

Economic framework of optimal groundwater management

From the standard economic perspective, optimalrghovater management is defined by the
rate of extraction over space and time that maxemithe present value of benefits minus
costs, subject to the physical hydrology of theifegquand related water sources (Brown and
Deacon 1972; Gisser and Sanchez 1980; ProvencddBwan 1993; Brozowi et al. 2010). A
descriptive solution to this dynamic optimizatiorolplem states that the marginal benefit or
value of extracting an additional unit of wateradittimes and locations must equal the full

marginal opportunity cost of extracting that urfiinater.

Economists represent the marginal value of watezximactive uses with a demand curve.

Downward sloping demand curves indicate that uskosate water to the highest value uses
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first and subsequently to lower value uses, orvadenntly that the marginal value decreases

as more water is used.

The full marginal opportunity cost consists of tetual marginal cost of extracting a unit of
water plus the present value of the increase urdéutnarginal costs caused by the absence of
that unit of water. The increase in future margic@sts falls into two general categories: the
future increase in marginal costs of all extracamsg the marginal reduction of future non-

extractive benefits that depend on water stoclhoovd from that water stock.

Future marginal costs increase for all extractogsalbse pumping an additional unit of
groundwater reduces the total aquifer stock whigates two consequences for both the
extractor and all other users. First, lower stockreases the depth to groundwater and
consequently the pumping costs of all impacted sus€his higher cost of pumping can
persist indefinitely dependent on hydrological sfiez Those costs that extractors impose
on other extractors are external to the market raediated by the physical environment,
economists call these negative externalities. Ecusis define the marginal pumping cost
externality as the present value of the changeitaré pumping costs imposed on all other
extractors as a consequence of pumping a unit térviaday. Second, lower stock reduces
future availability and decreases extraction aliuwes for all users. If the stock constraint
ever becomes binding (due to its quantity or gyplion future pumping decisions,
economists define a marginal stock externalityhesresent value of the loss in net value
arising from the non-availability of groundwateost caused by pumping a unit of water
today. One consequence of the stock externalitiyas part of the full marginal opportunity
cost of extracting water depends on its value ia. lor example, if seawater intrusion
eliminates the water supply for a particular pie€errigated farm land, then the future net
productive value from that land is lost or minindsehen alternative but more expensive

water supply is available.

Other types of externalities are also possible thvilismall number of extractors a strategic
externality related to the pumping cost externaditises if extractors take into account the
behavior of other extractors (Negri 1989). An estina pumps more, realizing that pumping
less will result in higher groundwater levels redgahe marginal cost of extraction for other
extractors inducing them to pump more. Also, thpedty impacts on groundwater quality

may arise from extraction as well as other prastic&urthermore, groundwater extraction
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can reduce surface water flows through hydrologikages, potentially causing damage to

ecosystems and decreasing the quantity or qudlisater available for other uses.

In a stochastic setting, additional values andscasse. The existence of groundwater stock
to use in conjunction with stochastic surface watgiplies creates a buffer value, defined as
“... the difference between the maximal value of @clktof groundwater under uncertainty
and its maximal value under certainty where thepsupf surface water is stabilized at the
mean.” (Tsur and Graham-Tomasi 1991). And fdk agerse extractors, a risk externality
arises because lower stock increases the inconabily tied to stochastic surface water
supplies as lower groundwater stocks are less tblbuffer against stochastic surface

supplies (Provencher and Burt 1993).

The allocations of groundwater which do not accolamt externalities may substantially
deviate from optimal extraction desirable for maisimy social welfare from the
groundwater use and stock, both from current artdrdéugenerations’ perspective. If
groundwater management policies are required teeeehsustainable extraction, a critical
guestion is the design, implementation and enfoer#nof such policies. Formulation of
appropriate groundwater management policies ortuisins is essential for economically
efficient, environmentally sustainable and socialigceptable allocations. Economic
rationality in design, political sensitivity in ingmentation, and close and constant attention
to political-economic interactions and social-ingtonal factors is critical for the success of

these institutions, as they determine in each ttesdynamics to follow (Koundouri, 2004).

Groundwater supply: The nature of the resource

Understanding the hydrology and ecology of the gdwater source and groundwater
surface water interactions is critical for evalogtithe interlinkages between alternative
extractive and non-extractive uses. Hydrologic finfation includes factors such as: rainfall,
runoff, and infiltration; depth, whether the wateraring zone is confined or unconfined,
groundwater flow rates and direction; type of vad@shallow water zone) and water-bearing

zone materials, and groundwater influence on stiease flow, lakes and wetlands.

Figure 1 summarises the linkages between thesenkesologic factors and direct human
influences via extraction and artificial recharéeuifers can be thought of as natural assets

composed of an existing stock and quality of watestorage capacity and a distribution
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capacity. In their natural state, aquifers are larlz® between discharge (e.g. into surface
flows) and recharge (from rainfall). There may bstantial time lags between rainfall and
groundwater aquifer recharge capacity; additionadlsharge rates are highly variable. Some
aquifers (such as the Burdekin Delta aquifer inthreyn Australia, the Romeral aquifer in
north-central Chile and the Carrizo-Wilcox aquifeiTexas) are naturally rapidly recharging,
while others (such as the Great Artesian Basinfagum Australia, the Ogallala or High
Plains aquifer underlying the Great Plains in thetéd States and the Gulf Coast aquifer in
Texas) are slow recharging aquifers (Scanlon eR@D3). The contribution of rainfall to
recharge depends among other things on soil tydevagetation. A recent Australian study
found higher recharge rates under annual vegetdtian perennial vegetation and under
coarse textured soils than heavy clays (Crosb&. &009). Disturbances to natural recharge
can affect groundwater quantity and quality. Foaregle, land clearing or land use change
can result in dramatic modifications in the watetapce affecting recharge capacity and

groundwater quantity and quality (Favreau et a0

Figure 1l near here

Climate change is expected to reduce rainfall imynagions across the world (IPCC 2007;
Shindell et al. 2006; CSIRO 2008), which is likety result in both reduced groundwater
recharge and increased demand for groundwatercérina(Shrestha and Kataoka 2008;
Zagonari 2010). One management option is artifi@aharge, deliberately conveying water
to the saturated zone, which can be used to tog dgclining aquifer. This occurs in some
large aquifer systems such as the Burdekin Deltaonth Queensland, Australia (Bristow et
al. 2003; Qureshi et al. 2007) and the Tucson Basi@olorado, USA (Al-Sabbry et al.
2002). Recharge can also occur through excesgigmtion where a portion of the water
applied is not consumed by crops and either entevdeep drainage, reappears downstream
or recharges the local aquifer (Qureshi et al. 20Bhukla and Jabel 2006). For example, a
study in the Campaspe River Basin in Australia tbtimat 15% of applied irrigation water

recharged the shallow aquifer (Chiew and Mahon 1991

The quality of groundwater has a significant effentwhere and how it is potentially used.
Aquifers containing only slightly mineralised wasme suitable for the widest range of uses,
including for drinking water, while poorer gqualityources may be restricted to certain

agricultural or industrial applications. In agrituke, for example, poor quality groundwater
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reduces crop yield; however within limits farmeraytbe able to blend it with fresher surface
water to expand irrigation opportunities. Treatmeah make poor quality groundwater

useful for a broader range of purposes, but thisesoat a cost.

In some instances groundwater extraction can redlieefuture storage capacity of the
aquifer or affect its quality. For example, leakagfe contaminants into aquifers (from
agriculture, mining and other sources) may reduwe future range of uses and values
available (FAO 1996; FAO 2003; Msangi and HowittO80 When seawater intrusion
eliminates the good quality water supply for a ipatér irrigated area, then the future net
productive value from that land is lost or redu¢etien a more tolerant crop is grown). If
substitute transfer water could be delivered thioudrastructure built to replace the natural
conveyance and distribution capacity of the intdudquifer, then the increase in the marginal
cost of water (infrastructure, operations, and wataurce costs), and consequently lower
output and revenue, may be thought of as the do#teoloss of groundwater availability.
Groundwater extraction has resulted in seawateusian into aquifers in the Burdekin Delta
(Bristow et al. 2003; Narayan et al. 2003) andha Salinas Valley of Monterey County,
California, which is the top-ranked vegetable-pmdg county in the USA (Reinelt 2005;
USDA 1999). Qureshi et al. (2007) estimated thet afsusing surface water which
substituted groundwater use which became brachkisttaas where sea water intrusion took
place. In intruded areas of the Salinas Valleyntar per unit average water cost increased
267% to approximately $215/ML, with the cost tolaege the conveyance and distribution
functions being slightly more than the cost of aggiment water stock from a combined
reclaimed urban wastewater treatment and enhanod#dce water system (Reinelt 2005;
MCWRA 2007). A prior economic study of the regi@reen and Sunding 2000) indicates
this cost increase would halt planting of some kmalue summer crops, but mainly would
directly reduce profits from high value strawbecrgps and spring and fall vegetable crops.
Similarly, extraction can lead to land subsidenoe seduced future storage capacity (Bell et
al. 2002), which can reduce or eliminate the valieghe aquifer to all other current and

future users.

Groundwater extraction can reduce surface watevsfloausing damage to ecosystems and
decreasing the quantity or quality of water avddafor other uses. In the western United
States, conflict over surface water impacts of gawater pumping has occurred related to

both the protection of endangered species (e @alifornia, Idaho, and Texas; McCarl 1999;
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Smith 2008; Associated Press 2010) and to intersgt@ampacts governing the allocation of
transboundary rivers (e.g. in Nebraska, Kansasor@db, New Mexico, and Texas;
McKusick 2002; Hathaway 2010). In Australia’s Mw+Barling Basin, reduced surface
water allocations due to recent droughts has isegtgroundwater pumping by an estimated
447 Gl/year and reduced annual stream flow by 84&r (CSIRO 20083. Groundwater
extraction can also impact wetland and lake ecesyst(National Academy of Sciences
1997).

Groundwater demand: Components of total economic value

Groundwater valuation is an important step for eeimg sustainable groundwater extraction.
Valuation of groundwater resources in alternates s provide important information to

decision makers in establishing equitable and iefficgroundwater management policies.
Societies derive many benefits from groundwatevises that can be classified into two
broad categories: extractive values (or use valaed)non-extractive values (in-situ or non-
use values). Together they comprise the total enanwalue as illustrated in Figure 2.

Extractive values are further subdivided into direse values (such as municipal/urban,
agriculture, industrial or mining) and indirect usalues (such as biological support of
groundwater dependent ecosystems and supportingatean value at discharge sites). Non-
extractive values include buffering value (which atso an option value), subsidence
avoidance, water quality protection and prevenibdrsea water intrusion. In addition to

values for current uses, there are also optionegatar future uses (which may be extractive
or non-extractive), including both the value of gndwater to current users in the future and

the bequest value of groundwater to future geraiati

Figure 2 near here

Extractive use values are the most amenable tayleipressed in monetary terms, and in
some instances market trades can provide usefalfdaestimating these values. Extractive
use values vary between users, and also vary €vidual users depending on how much
water is available to them. Market prices provideeasonable proxy for values, since they
provide a real measure of users’ willingness to feaywater. However, it should be noted

that market prices only reflect the value of watethe margin (i.e. where demand meets

2 One GL (gigalitre) is one million litres and isued to 811 acre feet.
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supply). At the margin extraction cost can be difecin describing households’ willingness
to pay. For an industrial or agricultural firm, tinearginal value of water equals the net

increase in the value of output (product) from gsan additional unit of water.

The extractive value of groundwater is dependentsoproximity to both potential users and
alternative sources of water supply. Agriculturéysically the largest user of water, but the
marginal value of water in agriculture is often Evthan in other sectors such as household,
mining and manufacturing. The extractive value wfugpdwater depends both on what it is
used for, and when. There is often greater flexybih the timing of groundwater use relative
to other water sources since it is less subjese&sonal fluctuations. However, if the rate of
extraction exceeds the long-term recharge rate rofaquifer, its use also entails an
opportunity cost, through foregoing opportunitiesuse the resource in the future. If less
groundwater is available in the future, there Vol less opportunity to buffer stochastic
surface water supplies, resulting in increasedfoskvater users (Provencher and Burt 1993).

The value of flexibility in when and how the resceiis used is described by option values.

As an example, consider the value of groundwateadpicultural use. When groundwater is
used for irrigation it may supplement a supply offace water, such as rainfall. Since the
surface water supply is typically stochastic (assitlependent on short-term rainfall), the
stock of groundwater serves two purposes: a) aease or substitution in the overall supply
of water; and b) as a buffer against fluctuationghe availability of surface water (Tsur and
Graham-Tomasi 1991). Buffer values will be partly high in perennial crops such as
orchards or vineyards, where groundwater can ertaljdants to survive through periods of
low rainfall, protecting the value of the investrheQureshi et al. (2010b) estimate that the
value of water can be an order of magnitude hig¥en it used for perennial crops than for
annual crops which have little or no capital cdstis value depends on the age of the crop;
younger orchards and vineyards represent an ineestmth a longer potential lifespan and

hence greater future income potential comparedder plantations (Qureshi et al. 2010a).

There are also a range of risk and uncertaintyideretions in assessing groundwater values.
These arise from the influences of economic unceigg and events that take place at local,
regional, national, or international levels. Foaewle, changes in commodity prices, local

policies and international markets can affect takie of the groundwater used to produce



those commodities. They also extend to key hydioddgnd economic variables, such as the
impacts of climate change, energy costs and hygyodm pumping costs, and changes in the
quality of groundwater. New extraction technologasnew applications for groundwater
may also affect its value in the future.

Critically the impact of uncertainty on groundwateziues is linked to uncertainty around
alternative water supplies, which is high undemelie change. In this environment
consideration of real options analysis techniquédsch allow estimation of the option value
of retaining flexibility over future groundwateraisinder conditions of risk, will be necessary
to estimate values with any accuracy (see for examijezey and Conrad 2010). However,
option values can never be captured completelyesthey are dependent on both known
unknowns such as future commodity price fluctuai@nd unknown unknowns such as
future technology changes. As climate change ingpact surface water availability, the
future value of groundwater may be significantlgher across a range of uses including

agriculture.

Groundwater can support agriculture in areas thaildvotherwise prove too arid and can
increase agricultural productivity in semi-arid @selncreased agricultural profits related to
irrigation can be capitalized into land rents ahd market sale prices of agricultural land.
Hedonic studies of the capitalization sifirface water rights have found that irrigation
increases sale prices of land (e.g. Xu et al. 1888x and Perry 1999). Conversely, hedonic
studies of the capitalization of groundwater avaligy into farmland values have found
mixed results. Hartman and Taylor (1989) found tdraundwater did not have a significant
effect on sale prices of agricultural land in Caldo in the United States. A large study by
Torell et al. (1990) that included Colorado, Kanddsbraska, New Mexico, and Oklahoma
(all of which overlie the Ogallala aquifer in thenited States) found a positive effect of
groundwater irrigation on sale price, though witaclthing price differentials between
irrigated and non-irrigated land over time. Tosdllal. (1990) suggested differences between
studies were driven by regional differences in Bgjusaturated thickness and measures of
farm income. Another possible explanation for obsdrinsignificant capitalized values of
groundwater irrigation is that groundwater is geflgrprivate property and its use is not
regulated. Without regulations in place the optommplement irrigation in the future exists
and so thepotential value of irrigation may be capitalized into thacprof both currently

irrigated land and dryland.



Enforceable restrictions on groundwater use shtuld affect its value as capitalized into
land markets. Petrie and Taylor (2007) examinedrtipact of a change in institutions, in the
form of a moratorium on groundwater use permitdDaoly County (Georgia) in the United

States. They found that before the moratorium wa®anced, there was no difference in the
market prices of agricultural land with or withquérmits to pump groundwater. However,
after the moratorium, land with attached groundwpermits sold for about 30% more than
land without permits. In effect, introduction ofettmoratorium removed the option to use

groundwater on land without permits, thus redugiagsible future profits.

Institutions that regulate groundwater use can impact its enanealue in multiple ways.
For example, rules requiring annual use will teaddtive direct substitution with surface
water, while accounting across longer time periody encourage more complementary uses
with other sources, which can have a higher vdRegulation becomes particularly important
when there is trade off between short term usageresource and its longer term resilience,
for example if excessive extraction could resultan irreversible loss of an aquifer.
According to Katic and Grafton (2011) when the #hi@d at which an irreversible impact
occurs is uncertain, controlling both the rate degth of extraction can generate a higher
economic return (value) and a lower probability @bssing the threshold than only

controlling the rate of extraction.

One type of institution for allocating groundwatbat is receiving increasing attention is
private water markets (NWC 2011; Parris 2010). Wetlanised functioning groundwater
markets offer the potential to allocate groundwagdficiently and generate enhanced
economic outcomes. However, due to the difficulteesd costs in designing properly
functioning groundwater markets (i.e. property tigmust be defined, allocated, monitored
and enforced) and the transaction costs involvexaating and participating in such markets,
the gains to society need to be sufficiently laimensure a net benefit results (Coggan et al.
2005). However, in areas where groundwater pumg@ngetered and pumping restrictions
have been put in place and enforced (such as ilN#giwaskan portion of the Republican

River Basin in the United States and McLaren Vate South Australia), informal

% An institution isa structure or mechanism of social order and cadjoer governing the
behavior of individuals within a society.
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groundwater markets are present even with largesaction costs, suggesting that the

potential benefits from market-based groundwataitoeation are large (Palazzo 2009).

A particular issue that has received little att@mtin the literature is the interaction between
institutional design in surface water markets armligdwater markets (Grafton et al. 2009)
and the resulting value of groundwater to usersicyPactors, such as carry over rules (i.e.
allowing farmers to carry forward some of their @raallocation in one year to the next year),
restrictions on surface water use or rules reltdesurface water storage capacity can affect
the value of groundwater. Carry over rules in stefavater markets (for example) can impact
the value of complementary surface and groundwaateess. Alternatively, groundwater use
rules which encourage or restrict farmers to uspegific groundwater entitlement within an
annual period will reduce the potential to switcbnfi one source to another across longer
periods of times. The effectiveness of such rutegroundwater management is dependent on
the recharge capacity of the aquifer. For examigles groundwater use in one year in a
rapidly recharging aquifer will result in less stge capacity available for recharge in the
next and reduce net economic value added by thig caer rule. In a slow recharge system
the opposite may occur, where annual extraction rs@yulate groundwater mining.
Critically, aligning private decisions with aquiférydrological parameters will allow for
better decisions to be made, and in some instdoceagption values to be internalised more
fully in individual decisions.

An important issue in determining the total ecormomnvialue of groundwater is the
consideration of future generations. The practicdiscounting future benefits can result in
decisions which are profitable in the short ternh impose substantial costs into the future.
Standard economic models weigh the wellbeing afirtutyenerations less than that of the
current generation, since at even relatively loscdunt rates (e.g. 5% per annum), costs
which occur just a few decades ahead are discouateards zero. The choice of discount
rate is a contentious issue. For short-term dewss{ee. groundwater allocation over a few
years), discount rates based on the market cosaital (i.e. the interest rate) may be
appropriate, but for longer term decisions (i.ecadkes or more) it may be more appropriate
to use much lower discount rates (see Fredericl6;280ern 2006; Gollier and Weitzman
2010).
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Indirect use and non-extractive values, which meybiwmlogical, physical, social or cultural
in nature, influence the wellbeing of individualsdacannot be easily quantified in monetary
terms. This is because markets for these typesafngwater services either do not exist
(especially for non-extractive values) or are hygimhperfect, so much of the information
needed for valuation is not readily available. Noarket valuation techniques can be used to
estimate these values, though there are numerouthodwdogical challenges and

controversies (National Academy of Sciences 199iflso and Carpenter, 1997).

Maximising the value realised from a groundwatesotece requires trade-offs to be made
between the benefits (or costs) in one period (a&ckhe present) against the benefits in a
different time period (i.e. future years); userstioé resource must balance the desire for
current consumption against a desire for consumptio the future. For groundwater
managers, the challenge is to balance current alpseguent uses of groundwater stocks by
maximizing the present value of the net benefitsvdd from the limited resource. The
difficulty in estimating values in a common unitdedollars) complicates comparisons of
alternative uses for groundwater, particularly titraative extractive and non-extractive
uses. Even when it is impossible to estimate ndraetive values accurately, measurement
of extractive values of groundwater serves an itgmbrpolicy role. Alternative policies to
restrict groundwater use will impose different miaigghes and distributions of costs (in the
form of reduced profits) on groundwater users, dadision makers must understand how
policies will affect relevant stakeholders in order understand whether policies will be
implementable. For example, policies with similaqpected hydrological and ecological
impacts might have a very different cost-effecte®n in terms of changes in groundwater

users’ profits.

Conclusions

Groundwater is a finite resource as aquifers hawedd capacity and natural recharge is
often lower than extraction rates. As a result,ifegsiin many arid and semi arid regions of
the world are being depleted. Understanding thedigdical characteristics and alternative
extractive and non-extractive values of groundwai@n help in making the best use of
groundwater resources. The total economic valumdveork described in this paper can
assist in identifying and estimating groundwatefuga. Understanding the supply and
demand factors which determine the value of growatdwcan help resource managers in

better understanding groundwater stock and flowesl The ultimate aim must be to create a
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balance between current and future uses of grouedvead to maximise the expected net
present value of all benefits derived from a reseurlinstitutions for groundwater
management should be designed to protect thosesralhich are important but for which no
market value is likely (i.e. where there are migsmarkets) and must reflect the physical
parameters of the aquifer (storage capacity, rgehand discharge rates, potential extraction
rates and artificial recharge opportunities). Tlsapuld also reflect the inherent uncertainty

around future values of groundwater, particulariger climate change.

Investment in effective management institutionsmest warranted where groundwater
resources have high extractive use values, whde hhving significant non-extractive and
option values. The complexity of the required mamagnt is likely to vary with the degree to
which use decisions align with aquifer parameté®. example, rapidly recharging, large
storage space aquifers, where the actions of itdals do not affect other users, will tend to
require weaker and less complex institutions th&ere this is not the case. Furthermore,
where option values are high, institutions thatuemshat the needs of future users are taken
into account are more likely to be required.
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