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Agricultural Water Conservation and Water Use Efficiency

Executive Summary

How Farmers Respond to Changes in Water Price

The dimensions of response to changesin financid incentives for water use include falowing,
adoption of conservation technology, crop shifting, and ground water pumping. A farmer’s
optima combination of responses depends on factors such as the magnitude and expected
duration of scarcity, environmenta conditions, human capital characteristics such as experience
and educationd attainment, the type of crop grown, and the availability and quality of ground
water.

A review of Cdiforniagrowers response to the 1987-1992 drought suggests that in that episode
farmers dealt with scarcity by reducing demand (i.e., by falowing and adopting conservation
technology—drip and microsprinkler, especidly) and by procuring supplementd water,

primarily from ground water pumping (Zilberman et d., 1995). Water trading also increased in
volume, and in importance (Howitt, 1994; Olmstead et d., 1997). For instance, the State's
Drought Water Bank transferred water from north to south, to both farms on the western side of
the San Joaguin Valey and to cities in Southern Cdifornia

More growers did not adopt technology during the drought because they were unsure of how
long it would last (implying that they had some uncertainty about the stream of economic returns
from the investment), and because many farmers were aready operating quite efficiently.

More evidence on how farmers respond to changes in the price and availability of water is
provided by the Chalenge Grant project’ s activitiesin the Arvin-Edison Water Storage District,
where the Didtrict reduced the standby charge for water (e.g., the per-acre assessment) and
increased the volumetric charge in an effort to improve water use efficiency. The Digtrict dso
eliminated the acreage entitlement within the surface water service area. Members of the
Chalenge Grant team tracked cropping patterns, technology adoption and water use before and
after the price change. Review of the Arvin-Edison data on farmer response to changes in water
price shows that, as expected, farmers shifted towards crops earning more profit per acre foot of
water used. However, the ultimate effect on water use was small since these crops aso used
more water per acre than others, implying that the dadticity of demand for irrigation water is
gmdl.

Adoption of Conservation Technology

The Chdlenge Grant team conducted a detailed study of irrigation technology adoption in Arvin-
Edison to better understand the factors that prompt farmers to use precision technologies.

Using advanced statistical techniques, the team demondtrated that while water price does have a
ggnificant impact on technology adoption, interestingly, other factors gppear to influence
technology choice more. For instance, landscape characteritics (e.g., dope, soil permesability)



and microclimate (e.g., number of frost-free days) appear to have far more influence. Further,
adoption of conservation technology is crop-specific as precision irrigation has different types of
benefits for different crops. In some instances, precision gpplication of fertilizers and peticides
increases yields and lowers per-acre costs, while for other crops these benefits may be modest or
nonexistent. Thus, one should not expect farmers to respond uniformly to changesin water price.
Rather, responses will vary by location, by the type of crop produced, and by the characteristics
of the farmer.

Another finding of the Chalenge Grant research in Arvin-Edison thet challenges conventiona
wisdom on technology adoption is the importance of the age and family structure of the farmer in
determining the response to water price changes. The team conducted alongitudind analysis of
irrigation technology choice in the Didtrict by asking various farmers when they changed their
irrigation hardware, and why. The 7677 and 87-92 droughts were important factors prompting
adoption. Changes in cropping patterns were also important. The factor most likely to prompt a
change inirrigation technology, however, was when the farm management was passed on from
parent to child. This finding underscores the importance of the human eement in technology
adoption, and suggests that responses to changesin price or scarcity may play out over along
period of time.

Yield Effects of Conservation Technology

For years, water policy analysts and hydrologists have questioned the benefits of agriculturd
water conservation in a conjunctive use system. They argue that technology adoption or other
improvements that reduce deep percolation do not produce any additiona water for the system
gnce ground water isjust future supply. The only time conservation matters, it is argued, is when
ground water is unusable or when thefarm isin acoadta area. For example, Dr. Robert Hagen of
UC Davis used to advocate the “ 98 Percent Rule’ postulating that California agriculture was 98
percent efficient in its water use.

Thiscdam iscoming under increasing scrutiny from academics, even though it is ill widely
accepted in the policy community. The Challenge Grant team has investigated perhaps the most
important aspect of the debate: whether adoption of precision technology like drip and
microsprinkler irrigation has yield benefits. That is, if it istrue that precision technology
increases the amount of farm output produced with a given amount of water application, then
water can be redlocated from agriculture without gppreciable impactsto farmers or rura
communities (for example, there are no employment effects). The only cost of the policy would
be the cogt of the technology itself, and any changes in margina operating costs, which should
be negligible or even negative. Thisline of research is Sgnificant, even if the yidd benefits are
smdl snce a5 or 10% redllocation from agriculture to the environment would solve many
indream quality problems.

Working with field level data, the Challenge Grant team is Sdtidticaly estimating the

relationship between technology choice and yield per acre. Prdliminary estimates indicate that,
controlling for environmenta conditions, processing tomato yields are 10-15% higher when drip
irrigation is used than when furrow or sprinkler is used.



Thisfinding is conastent with the history of the marketing of drip irrigation in Cdifornia. Drip
irrigation systems were originaly marketed before the 76—77 drought in aress like the east Sde
that had no scarcity problem. The origind marketing pitch had nothing to do with water
conservation and was based intead on yield effects. This aspect of drip irrigation (and other
precision techniques) has been somewhat lost as dedlers emphasized water use efficiency.
However, farmersinterviewed as part of the sudy, aswell as agronomists and soil scientists at
UC Davis, bdieve tha the yield effect isred. Large- scae field experiments are underway now
to document the yield effect systematicaly.

Reliability and Conservation

Increasingly, farmers and water policy andysts understand that the reliability of water supply
avalableto famersis at least asimportant asits average price. Working again with data from
Arvin-Edison, Chdlenge Grant researchers have shown how water supply reliability price affects
the choice of irrigation technology.

Conceptudly, the team has shown that the influence of rdiability on water use efficiency

depends on how cultivated acreage responds to temporary fluctuations in the price of water. If
acreageis highly responsive to the current price of water, then increasing the degree of price risk
strengthens the incentive to adopt conservation technology. However, if acreage is unresponsive
to the price of water, then an increase in volatility has the opposite effect.

This hypothess was tested and verified by examining field-level data on irrigation technology
choice collected in Arvin-Edison. The Chdlenge Grant team measured how reliability interacts
with the responsiveness of acreage to the current price of water. Responsveness was measured
by the type of crop grown: perennids or annuals. Variahility of the price of water was measured
by the service areain which the field is located. As predicted by the conceptua modd,
increasing the variability of water ddliveries increases the rate of precison technology adoption
for annuas and decreasesiit for perennids.

These results again point out that farmers have individualized responses to changes in water
supply conditions, including price. The results dso suggest that in some areas at least, water
price stabilization through financia means or through infrasiructure is complementary to water
use efficiency.

Water Pricing and Allocation at the Retail Level

Retail pricing by water agenciesis usualy based on average cost and islikely to lead to
economic inefficiency. The codts associated with thisinefficiency are likely to increase as water
availability declines. Block rate pricing and water trading have been important components of
proposas for water pricing reform. The Chalenge Grant team compared various policy options
avaladleto retall water agenciesto ded with problems of scarcity and alocation. These policies
are (i) average codt pricing with the administration of quota alocation; (i) block rate pricing;

and (iii) atranderable water rights regime within the retall utility (i.e,, an internd water market
among retall cusomers).



The Challenge Grant researchers obtained some important theoretica results. An interna water
market will result in an efficient alocation of water among retail cusomersif the following
conditions exist: information is perfect, trading is costless and the management dlocates “initia
endowments’ of water according to the historicd rights of the farmers. When trading is not
costless and information is imperfect, an dternative policy option of “passve trading” with
internd price quotation by the management achieves the same level of efficiency. Itisaso
shown that under redlistic assumptions, tiered pricing results in a second-best alocation.

The absence of well-defined property rights to water and high transaction costs remain barriers to
the development and efficacy of interna water markets. According to Coase (1992) “if the costs
of making an exchange are greater than the gains which that exchange would bring, that

exchange would not take place, and the greater production that would flow from specidization
would not beredized.” The*"passivetrading” policy enables atrade of water use rights with low
transaction codts. Passive trading enables an efficient alocation with minimal losses by farmers
and therefore minima political resstance by them. Thisis made possible by increasing the
welfare resulting from the use of water and establishing quas rights related to historicd use. The
gredter the“pi€’ the easer it isto redigtribute it between the farmers. In the long run the
increased “pie’ enables the diverson to higher value products and water saving technologies.

Water inditutions and their lawsin many states do not alow trading in water use rights. Tiered
prices have recently been suggested as an efficient pricing method. It is shown in this section that
under reasonable assumptions, tiered prices lead to a*“ second best” solution. Passive trading
resultsin a Pareto efficient alocation and does not require new water legidation. Such a policy
could aso be useful in other price pooling systems, such as production and marketing boards.

Water Allocation at the Regional Level

Water is not currently alocated by price in most areas of Cdifornia. As aresult, there are wide
digparitiesin water price and availability in Cdiforniaagriculture. Markets are emerging in
Cdifornia and e sawhere throughout the west in response to these factors, and also in response to
increasing scarcity.

Challenge Grant researchers have argued that increased flexibility in water trading would help
farmers cope with supply cutbacks needed to improve ingtream quality. This result follows from
the observation that markets alocate the burden of a supply reduction to the party most able to
bear it. In the case of water, awater market would alocate the cut to the grower making the least
productive use of his water.

Economic research of Cdifornia agriculture suggests that the benefits of amarket are large. For
example, Sunding et d. (1995) and others have shown that the most productive 25% of the water
used in Cdifornia agriculture accounts for 50% of the sector’ s revenue. Conversdly, the least
productive 20% of the water used in Cdifornia agriculture produces less than 5% of its revenue.



The WaterLink System

Previous analysesin this report point out the promise of weter trading within agriculture, even
within Sngle water didricts. These analyses dso point out that the effectiveness of weter trading
islimited by problems of transaction costs and limited information. In a practicd effort to
demondtrate that these problems can be overcome, the Chalenge Grant team initiated a mgjor
effort to establish and assess the first eectronic water market. The Water Link system, built by
the Challenge Grant team in Westlands Water Didtrict in 1996, has begun to reduce market
transaction costs and improve information flows. Recent private sector efforts have begun to
extend this technology to other water districts and other settings in the western United States.

The mgor features of the WaterLink system are the following:

Water Trading
Growers have the opportunity to post bids and asks in a central location. These are then
made available to other growers, either to find atrading partner or smply to keep tabs on
water trading activity. Information included in a pogting: the amount of weter, ddivery
time frame, the type of water to be traded, a bid/ask price (optiond), and a contact
person. Growers can then negotiate electronicaly over the WaterLink system, or can talk
off-line by phone or in person.

Water Market Summary
Water Link makes available the following market summary information: volumetraded in
the previous month, annud trading volume, price in the previous month. Thisinformation
isuseful to market participants and to growers who are consdering making a purchase or
se.

Transfer Approval
Significant cost savings have been redized by the Water Link system’s ahility to facilitate
the transfer approva process. Once growers have agreed on the terms of atransfer, they
notify the didrict saff via-e-mail about the terms of their proposed trade. The district can
then complete the transfer process.

Weater Ordering
Perhaps the most commonly used feature of the WaterLink system in Westlandsisthe
water ordering program. Growers can fill out and send the ditrict an eectronic form to
order water ddiveriesto their farm. Well over half of dl the irrigated acresin the didtrict
order their water viaWaterLink. The digtrict also reports cost savings from this fegture.

Didrict and USBR Information
The Westlands newdetter is available via the WaterLink system, asis USBR supply and
storage information.



Linksto Irrigation-Related Sites
WaterLink identifies other irrigation-reated Stes, including the Cdifornia lrrigation
Management Information System (CIMIS) that gives reference ET datafor numerous
westher Sationsin the Westlands service area, as well as wegther forecasts.

Bulletin Board
Growers can post information on this site. The bulletin board has been used to sdl farm
meachinery, for example.

In 1998, WaterLink was expanded to include 10 additiond water digtrictsin the San Luis &
Ddta-Mendota Water Authority. Users of the system include staff of the participating digtricts,
authority personnd and USBR daff. The festures of the system are Smilar to the intra-digtrict
systemn used in Westlands, with one notable exceptiorn: the inter-digtrict version of WaterLink
alows district managers to receive on-line agpprova for proposed inter-didrict transfers. This
feature of the system is quite popular since delay in receiving USBR gpprovd for proposed
transfers retarded development of a more active spot water market in this area.

Response to the WaterLink system has been overwhemingly positive. The Westlands version of
WaterLink is currently used by most of the largest growersin the didtrict. Water ordering isthe
maost commonly used feature of the program, but then water is ordered more often than it is
traded. With regard to trading, at any given time during the growing season there are severd
current bids and asks listed on Water Link. The eectronic market has not proven to be “thin.”
Also, the digtrict sometimes procures water viathe Water Link system, mostly to meet operationa
needs.

Significantly, there are at least four private companies that are attempting to sell Water Link-like
technology to other water digtricts. These companies, including commodities giant Enron, have
devel oped web-based operations and trading platforms for use by retail water utilities, and have
cited the success of WaterLink explicitly in their marketing and investor reaions materids.

The inter-digtrict verson of WaterLink has only operated for part of one growing year, S0 it hasa
more limited track record. Y et the ontline gpprova feature has caught the attention of didtrict
gaff. Thefirg two transfers submitted to the Bureau' s office were gpproved in asingle

afternoon. Like the rest of the economy, water usersin Cdifornia are beginning to take

advantage of improvements in information technology to minimize costs and improve resource

use decisons.



Agricultural Water Conservation and Water Use Efficiency:
L essons from the Challenge Grant

|. Farmer Responseto Changesin Financial I ncentives

The dimengons of response to changesin water price include falowing, adoption of
conservation technology, crop shifting, and ground water pumping. A farmer’s optimd
combination of responses depends on factors such as magnitude and expected duration of
scarcity, environmenta conditions, farmer characteritics, crop grown, availability and qudity of
ground water.

A review of Cdiforniagrowers response to the 87-92 drought conducted by the Chalenge
Grant team suggests that farmers dedlt with scarcity by reducing demand (fallowing and
adoption of conservation technology—drip and microsprinkler, especialy) and by procuring
supplementd water (primarily ground water). Water trading dso increased in volume, and in
importance. For instance, the state' s Drought Water Bank transferred water from north to south,
to both farmsin the San Joaguin Valey and citiesin southern Cdifornia

More growers did not adopt technology during the drought because they were unsure of how
long it would last (implying thet they had some uncertainty about the stream of economic returns
from the investment), and because many farmers were dready operating very efficiently.

More evidence is provided by the Challenge Grant experience in Arvin-Edison, where the didtrict
reduced the standby charge and increased the volumetric charge. The ditrict dso diminated the
acreege entitlement within the surface water service area. Members of the Chalenge Grant team
tracked cropping patterns, technology adoption and water use before and after the price change.
Review of the Arvin-Edison data on farmer response to changes in water price shows that
farmers did shift towards crops earning more profit per acre foot of water used. However, the
ultimate effect on water use was margina since these crops also used more water per acre than
others.

I1. Adoption of Conservation Technology

Adoption of modern irrigation technologies is often cited as akey to increasing water use
efficiency in agriculture and reducing the use of scarce inputs (Cason and Uhlaner, 1991) while
maintaining current levels of production. Policy makers have tried to encourage adoption of
modern technologiesin severd ways. For example, the Cdifornialegidature recently enacted a
mesasure (A.B. 3616) requiring irrigation digricts in the Sate to draft “best management
practices’ for the use of irrigation water, including farm-level measures such asirrigation
systems. Water price reforms are aso increasingly used to encourage improvementsin irrigation
efficiency through technology adoption. The federd Centrd Valley Project Improvement Act
requires the U.S. Bureau of Reclamation to adopt increasing block pricing for water provided to
irrigation didricts.



1. Adoption of Precison Irrigation Technology

In this section, we develop a verson of the modd of Caswell and Zilberman (1986), who outline
the influence of environmenta quaity and economic factors on the decision to adopt dternative
irrigation technologies. As will be discussed later, the modd is gpplicable to other examples of
precison technology.

To begin, we develop some useful notation. Let

y = output/acre
e = effective input/acre
a = appliedinput/acre
. o i 1=0 for traditional
I = technologyindicator |
1 i=1 for modern
a =landquality
p = outputprice
W =inputprice
k. = peracrecostof technology i, k; >k,

The production function is y=f(e) with f®{e)>0 and f@#e)<0. The input efficiency
function, h(a), is the fraction of the applied input consumed by the crop under technology i on
land qudity a . The technologies are such that

Ofh(a)=afh(a)£l
ht{a)>0 and héa)<oO.

The technology choice problem is asfollows:

max éd &Pt (h(@)a)- wa - kp
st. d1{03
0£§q £1.

i=0

The search for amaximum consgts of two stages. Firgt, the optima amount of gpplied input (a
continuous choice) is determined conditiona on each technology. Then, the highest-profit
technology isidentified.

The gpplied input choice is determined by the following:



p, =max Pf(h (a)g)-Wa - k.

a

TheFOCis
(11.1) pf a:VHV .

In words, this optimization condition implies that the VMP of effective water must equd the
margind price of effective water. Once the second-stage, continuous problem is solved, the
discrete choice problem of technology selection must be addressed, choosing

d =1 it  p,>p, and p,>0.
d,=1 if p,>p, and p,>0.

d=d,=0 if p,p,<0.
The mode generates a number of testable hypotheses about the influence of environmenta and

market conditions on adoption of precision technology. Consider first the role of land quality.
The margind impact on profits under technology i of achangein a isasfollows

dp; _ Pfi%a)a _Wha | 0,
da a

where h =h%a)a/h (@) . It follows that the difference in profits between the two technologiesis
equal to

P _\véa-a0
da WSaH

Now, this expression can be sgned by taking a Taylor’'s series gpproximation of a asfollows

a :%+%(m(a)- a),

recognizing that adoption of the precison technology is equivadent to a shift in land qudity from
a to h(a) . Subdgtituting the eladticity expressons above, it follows that

a = aogi“/f

where f =- f @/ f ¢. Subtituting this equation into (2), it follows that



' Y6 0
S M0 L

dbP _\weé & a g 4<0.
da é a U
g H

Thus, the profit gap between the modern and traditional technologies decreases as land qudity
improves. In this sense, the modern technology island qudity-augmenting. A further result helps
to undergtand the influence of land qudity on adoption. At the highest level of land qudity (i.e,
a =1), the modern technology will not be adopted. To see this, smply note thet at thisland
qudity h, (D) =h,(1) =1, and DP (1)= k,- k,<O.

Modern technology is adopted for levels of land qudity below a =a® and the traditiond
technology elsewhere. Note that the modern input technology aso has an extensve margin effect
in that it enables profitable operation on lower levels of land qudity than does the traditiond

technology (i.e, a," <a,").

With respect to market parameters, totd differentiation of the equation implicitly defining the
switch point a° reveadstha

da® _ (a-a)a’ _ .

= >0if f >1 ad
dw  Wlha, - a,]
da® _ (Y1' yo)aS >0

dP _W[hlal' ao] .

Despite the importance placed on micro-leve variations in the theoreticd literature, most
empirica sudies of irrigation technology adoption suffer from the use of regiond average data
on technology choices, and resort to comparing percentages of adoption among states or
counties. Previous empirical studies have not been able to match terminology choice on a one-to-
one basis with micro-leved variables, such as water-holding capacity, field gradient and size,
water price, and water supply source. Averaging data on aregiond bass has ahomogenizing
influence on both grower behavior and physical characterigtics; it may obscure the effect of
micro-variables, and, as aresult, it may serioudy bias satistica estimates of adoption behavior.

In the Chdlenge Grant study, a microparameter gpproach based on fidld-leve datais used to
assessirrigation technology choices. This study has severa advantages over previous empirical
andyses of irrigation technology adoption: (i) amultinomia modd is used rather than a binomid
modd s0 it is possble to examine switching between modern technologies, in addition to
switching from traditiona to modern technologies; (i) the empirica modd includes a complete
st of physica characteristics observed a the fidld-leve, thereby avoiding misspecification
problems inherent in earlier models based on grouped data; (iii) al members of the data set face
the same ingtitutions and input and output markets, so it is not necessary to use regional dummy
variables that obscure important satistical relationships; (iv) both annua and perennia crops are



included, whereas previous studies only included one or the other; and (v) the soil data variables
are continuous rather than ranked, asisthe casein most other studies. As aresult of the
disaggregated microparameter approach, we obtain more accurate conclusions regarding the
effect of soil characterigtics and water price on irrigation technology adoption, and overthrow or
ggnificantly modify some of the conventiona wisdom regarding irrigation technology adoption.

Wefirst present a discrete choice mode and show how it relates to the grower’ s decision
problem. Then cross-section data from a central Cdiforniairrigation water didtrict are employed
to estimate an empirical modd. Thisisfollowed by adiscusson of the results, paying specid
atention to variables that are the mogt influentia to irrigation technology choice.

2. Modd of the Adoption Decision

The grower decides which irrigation technology to adopt on the jth field by caculating expected
profits under each of the i technologies, while taking into account what type of crop is grown and
thefied's physica characteristics. The grower chooses the technology that maximizes perceived
profits, given that crop choice aready has been made! In this study crop and technology choice
are modeled as sequentid. An dternative assumption would be to mode the crop and technology
choice smultaneoudly, as suggested by Negri and Brooks (1990), and by Lichtenberg (1989).
While this may be appropriate for grain crops, it does not appear to be appropriate for high-vaue
fruits and vegetables. The didinction is that the production of high-vaue cropsinvolves

extremely specidized capitd, where grains are not as highly specidized. Therefore, even though
the actud investment in anew crop and technology physicaly may be made at the same time, the
decison to invest is made sequentidly. To test this, amode of smultaneous crop and

technology choice was estimated. The modd had incons stent results, predicted poorly, and was
datidicaly insgnificant.

Given the assumption of sequentia choice, the per acre profits are given by
pij = bi@j + G;

where b, isavector of esimable parameters, C; isavector of observed field characteristics
(including crop choice), and g, is an unobserved scalar associated with unmeasured

characterigtics. Setting the index of the traditiond technology to i =0, the grower sdectstheith
modern technology if

b€ - b;>e,-§.

To estimate the model parameters, it is necessary to choose a distribution for the g, ‘s and, thus,
the digtribution of the difference of the error terms. Two common assumptions are either the

! Though much of the more general literature on technology adoption examines profit risk, thisis not of great
concern in the irrigation technology adoption literature. Note that pressurized irrigation technol ogies generally
increase uniformity of input application, decrease output variability, and increase expected yields. The net result of
these attributes to risk considerations is ambiguous since they affect risk in opposite directions.



norma or the Weibull digtributions (Domencich and McFadden, 1975). Norma random
variables have the property that any linear combination of normd variatesis normd. The
difference between two Weibull random variables has alogitic digtribution, which is similar to
the normd, but with larger tails. Thus, the choice is somewhat arbitrary, especidly with large

sample sizes. We assume that the g, ‘sfollow alow Weibull distribution. Given this assumption,
the probability that the ith technology is adopted on the jth fidd is

(11.2) P = i=0,1; and j=1J.

These give the esimation equations for the standard multinomia logit mode that is based on the
characterigtics of the field, not the characterigtics of the choice. In thismodel the parameters vary
across technology choices, but not across field characterigtics. Thus, the number of estimated
parametersis equa to the number of characterigtics times the number of choices.

The effect of each of these variables is captured in the estimated parameter vector b . The

difference in characteristics across fid ds affects the technology choice via the perceived effect
on the profitability of production on a specific field. This differs from previous sudies that have
looked at how regiond differences affect profitability. While the previous results have given
ingght to regiond differences, they do not correspond to individua grower choices given the
fied characterigtics they face.

3. Data

The modd is gpplied to the Arvin Edison Water Storage Didtrict (the Digtrict) located in the
southern San Joaquin Valey in central Cdifornia Because of the regiond dlimate and favorable
s0ils, growersin the Didtrict benefit from an early harvest season that dlows for diverse cropping
patterns, as shown in Table 11.1. In addition, there has been alarge degree of irrigation

technology adoption—30% furrow or flood, 37% high- pressure sprinkler, and 33% low-pressure
drip and micro-sprinkler (Table11.1). The distribution of crops and irrigetion technol ogies makes
the Didtrict ided for andyss, yet, the areais rdatively smal, so the growers participate in many

of the same markets and indtitutions.

The data on crop choice, irrigation technology, price of water, and water source were collected
by the Didtrict. The study considers four crop categories. truck crops, citrus trees, deciduous
trees, and grape vineyards. Taken together, these crops congtitute 76% of the cultivated acreage
in the Didrict. The remaining acreage is distributed among grains, irrigated pasture, cotton, and
dry land crops.

Irrigation technologies are consolidated into three groups based on the required leve of
pressurization. These are asfollows: (1) furrow, flood, and border, which are considered the
traditional or gravity technology, and are used on dl types of crops; (2) high-pressure sprinklers,
which are used primarily on truck and deciduous crops; and (3) low-pressure systems like drip,
micro-sprinklers, and fan jets, which are dso used in each crop group.



Tablell.1. Irrigation and Acreage by Crop.

Percentage of Acreage by Irrigation Technology

Crop Acreage Furrow Sprinkler Drip
Citrus 12,065 15% 1% 84%
Deciduous 11,700 27% 33% 40%
Grapes 23,665 61% 2% 37%
Truck Crops 27,283 11% 86% 3%
Totd 74,713 30% 37% 33%

There are severd important points to be raised concerning low- pressure technologies and
perennid cropsin the Didrict. First, low-pressure systems such as drip only wet asmal area of
s0il. Asaresult, perennid crops under drip irrigation form asmdler root system than if a
traditiona irrigation system were used. Many growers fed that this makes the crop more
susceptible to disease and the accumulation of sdts, which reduces the attractiveness of these
systems. Second, many of the perennid crops were established prior to the introduction of low-
pressure systems. Because different types of root systems are devel oped under the different types
of technologies, growers are reluctant to switch technologies on an established crop for fear of
damaging the crop. To combat these potentid problems, growers have used multiple emitters for
each tree to achieve alarger area of water dispersion.

The margind price of ground water is estimated by the Didtrict based on depth to ground water
and the energy cogt for the Size of pump needed to lift water from a given depth. The margina
price for surface water is the variable component of the Didtrict charge for each acre-foot that is
actualy delivered. In 1993, margina water price ranged from $2 to $57 per acre-foot for surface
water, and $40 to $88 per acre-foot for ground water. Though the margind price of ground water
is about $25 more per acre-foot than surface water, the fixed component of the Didtrict charge
for surface water is st so that the tota price for ground and surface water is approximately the
same, ranging from $50 to $110 per acre-foot.

The Kern County Natural Resource Conservation Service collected data on soil permeability and
fidld dope to define land qudlity for each quarter section. To match the quarter sections (which
are 160-acre plots) to the specific fidds, Didtrict land maps were used to identify the exact
location of each field. Permegbility and dope were given in inches per hour and percentage,
respectively. The dataindicate that the distribution of irrigation technology for a given dope
ranges, when the dope increases so does the percentage of acreage under drip irrigation. This
indicates that the grower’ sirrigation technology choiceis conditioned on land characteridtics.

The effect of soil permeahility on technology choiceis not as digtinct.

The econometric model explains the use of the different types of irrigation technologiesas a
function of the characterigtics of the fids for which they are used. The estimation equationsin
(11.2) provide aset of probabilitiesfor the | +1 choices faced by the decison maker. However,
to proceed it is necessary to remove an indeterminacy in the modd. A convenient normalization



isto assumethat b, isavector of zeros. We can then take the log and estimate the log odds rétio
of choosing the ith technology on the jth fidd. Thisisgiven by

v

(11.3) In—L=p€, i=12 ad j=12,..1493.
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The coefficients can be interpreted as the margind impact of the variable on the log odds of
selecting a modern technology relative to the benchmark technology.

The data for the study are from the 1993 growing year and there are 1,493 fields cultivated by
approximately 350 growers. Though we are unable to identify which growers cultivated which
fields, based on sample interviews we determined that most growers had fewer than four fidds
and grew at least two different crops. Growers that had a large number of fields grew & least five
crops. There are eight independent variables: four continuous—(a) field size, (b) field dope, (C)
s0il permeability, and (d) price of water; and four binary—(€) water source (i.e., ground water or
both ground and surface water), (f) citrus crop, (g) deciduous crop, and (h) grape vineyard.
Without loss of generdity, truck crops and gravitational technology are used as benchmarks for
crops and technology choice.

4. Results

The Limdep datistica package is used to estimate the parameters of the modd using maximum
likelihood egtimation and Newton's method. We report the coefficients, asymptotic t-gatistics,
and three statigtical tests to evauate the performance of the mode. To dlow comparison of
adoption rates, among traditional, sprinkler, and drip technologies, we caculate the probability
of adoption, the eadticity of the continuous variables, and the percent change in probability of
the discrete variables if they were to change from 0to 1. These are dl reported in Table 11.2.

Of the coefficient estimatesin Table 11.2, more than haf are sgnificant a the 0.0001 level, and
al but two were sgnificant at the 0.07 level. To measure the performance of the modd, the

McFadden R?, the log-likelihood ratio test, and the percentage of correct predictions are
reported. The McFadden R iscaculated as R =1- L, /L, , where L, isthe restricted

maximum log-likelihood and L, is the restricted maximum log-likelihood with &l dope
coefficients set equa to zero (Amemiya, 1981). The log-likelihood ratio test is given by

2(Ly - L,) andisasymptotically distributed as a chi-squared random varigble. The percentage
of correct predictionsis calculated as the total number of correct predictions as a percentage of

the number of observations. Each of these measures indicated that the model has strong
explanatory power.

The gatidticd resultsindicate that the adoption of irrigation technologiesis highly dependent on
crop choice. The coefficients on the perennid crop variablesin the sprinkler technology equation
are d| negative, large, and highly sgnificant. This result implies that the probability of adopting
sprinkler rather than the traditiona technology islow for perennids, and reflects the physica
characterigtics of perenniad crops. For example, high-pressure sprinklers disperse water over a



large area saturating the tree and causing fruit decay, which is not a problem for many annud
crops such as potatoes. Crop choice aso strongly affects drip adoption, athough in nearly the
opposite way asfor sprinklers. Perennid crops, especidly citrus trees, are more likely to be
grown under drip irrigation than annuas. The influence of crop type on technology choiceisaso
reflected in the change in probability figuresin Table 11.2. These results show that a grower
producing perennid crops is much more likely to adopt drip than furrow or prinkler irrigation.
For example, growing citrus trees increases the probability of adopting drip by 58%, holding al
other variables at their mean vaue. Previous studies that focused on asmadl number of crops
(Lichtenberg, 1989; Shrestha and Gopa akrishnan, 1993) could not fully identify the importance
of crop type on irrigation technology adoption.

Tablell.2. Estimation Results, Elasticities, and Probabilities.

Estimation Results* Elasticities**
Variable Sprinkler Drip Furrow Sprinkler  Drip
Constant 1.9855 —4.5480
(3372 (~=7.701)
Water price ($/acre-foot) -0.0130 0.0257 -0.24 -084 096
(-1.333) (3.151)
Surface water (0/1) —0.5099 0.9706 [-0.11] [012] [0.23]
(—1.636) (3.930)
Soil permesbility (in/hr) 0.0002 0.0529 -0.04 -004 o011
(0.005) (2.082)
Field slope (%) 0.2210 0.6277 -0.32 0.01 0.61
(1.846) (8.081)
Field size (acres) 0.0101 0.0065 -0.19 034 0.15
(4.719) (4.028)
Crops
Citrus (0/1) —5.1537 21117 [-0.21] [-0.37] [058]
(-8.380) (6.095)
Deciduous (0/1) —2.3600 1.3872 [-0.16] [-023] [0.39]
(—11.186) (4.064)
Grapes (0/1) —6.3777 0.6760 [0.24] [-057] [033]
(-12.061) (2.052)
Probability of adoption evaluated 04 018 0.28
at variable means
Observations 1,493
McFadden R? 044
Likelihood ration test: X7 144116
Correct prediction 74%

*Termsin parenthesis are asymptotic t-statistics.
**Termsin brackets are not elasticities. They are the percent change in the probability of adoption asthe discrete
variable changes from O to 1.

Economic factors are dso important in determining irrigation technology choices. The
coefficient on the water price variable in the drip equation is postive and significant, confirming



previous findings that water-saving technology will be adopted as water price increases.
However, the coefficient on water price in the sprinkler equation is negetive. Figure I1.1 shows
the change in the probability of adoption as afunction of the price of water, with al other
variables sat a their mean vaues. This figure demondtrates that, as the price of water increases,
growers switch from both furrow and sprinkler irrigation technologies to drip.
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Figurell.l. Probability of Adoption by Marginal Water Price.

Theresultsin Table 1.2 and Figure 11.1 are in sharp contrast to the results of previous studies
that have found smilar adoption petternsfor high- and low-pressure irrigation systems. For
example, Caswell and Zilberman (1985) reported coefficients of 0.03 on margind water pricein
equations explaining both drip and sprinkler adoption, and Cason and Uhlaner (1991) estimated
water price coefficients between 0.02 and 0.07 for all technologies, depending on the region. The
results differ from these sudies for severd reasons. Examining severd technology choices
samultaneoudy gives a more complete picture of grower decision-making behavior and dlows
for explicit estimation of margnd probabilities. Further, growersin this sudy farmin an arid,

hot climate and pay more for water than irrigators in many other areas. As aresult, the diffuson
process for pressurized technologies is more advanced in the Didtrict than in other regions, and
sprinkler technologies appear to be nearing the end of their product life cycle. Sprinkler
irrigation has been employed in the Digtrict snce the early 1960s and iswiddy utilized on crops
that grow well with thistechnology. In particular, Table 11.1 shows that truck crops are grown
largely under sprinkler irrigation. However, potato growersin the Digtrict are now beginning to
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convert to low-pressure systems (especialy drip tape) in response to changes in water price. This
observation is congstent with the findings of Dinar and Y aron (1992). In their mode of
technology adoption and abandonment, Dinar and Y aron estimate the technology cycle of hand-
move sprinklers to range from twenty-two to twenty-four years.

The coefficients on the land qudity variables—soil permesahiility and field dope—are of the
expected sign and magnitude. Again, however, there are important differences between
technologiesin terms of the effect of land qudity variables. Sprinkler adoption is not as sengtive
to land quality as drip irrigation, which is especidly dependent on field dope. Prior to the
introduction of drip irrigation, it was difficult and costly to grow irrigated crops on lands with
steep dopes. As areault, the introduction of drip has alowed cultivation of land that had
previoudy been unproductive. This rdationship is best seen in Figure 1.2, which shows that
variationsin dope have a dramatic effect on the probability of adopting furrow and drip
irrigation.

Probability
1
Drip
07 |_
0.5
02 | . A-— ——
Sprinkler T
0
2.5 5 75 10
Field Slope (%)

Figurell.2. Probability of Adoption by Field Slope.

Caswell and Zilberman (1986) show theoreticdly that modern irrigation technologies are less
likely to be adopted on fields with surface water supplies rather than ground water supplies on
the assumption that surface water is supplied at lower pressure than ground weter. The Satistica
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results show that sprinkler adoption is less likely to be adopted in areas with surface water
supplies, but that drip adoption is more likey with surface supplies. While the Didtrict is one of
the few Cdifornia digtricts supplying pressurized surface water to its growers, the pressure is not
condgtent and is only sufficient to run alow-pressure system such as drip.

5. Palicy Implications

The results of this study point out that cross-section technology adoption coefficients must be
interpreted with the dynamic diffuson process in mind and aso show that the effect of economic
factors such as price on adoption is path-dependent. For example, in the results, we obtained a
negative coefficient on the water price variable for adoption of sprinkler irrigation, which would
seem to refute the theoretical and empirical literature. However, high-pressure sprinklers are
widely adopted in the study area, and because these technologies are far from the beginning of
their life cycle in the Digtrict, abandonment of sprinkler technologiesis more sengtive to water
price increases than adoption. In another area where growers rely more on gravitationa systems,
and hence sprinklers are at the beginning of their life cycle, the opposite should be true. This
demondtrates that the coefficients cannot be interpreted at face vaue and that it isimportant to
consder the underlying diffusion process when conddering the policy implications of an

andyss.

The results show that water price is not the most important factor governing irrigation
technology adoption; physical and agronomic characteristics gppear to matter more. As a reullt,
the digtributional impacts of irrigation water pricing reformswill be sgnificant, with changesin
producer welfare following the spatia ditribution of environmenta characterigtics. To the extent
that micro-levd factors condition irrigation technology choice, policies that change the price of
irrigation water to reflect its off-farm vaue will result in a pure loss for some producers while
encouraging adoption of modern irrigation technologies for other producers. This demonstrates
the importance for economists to bear in mind the equity implications of water pricing reform
proposas when interacting with decison makers.

This study has important implications for the design of water pricing and ddivery policies. The
datistica results of the modd show that large increasesin the price of water generdly simulate
the adoption of drip irrigation systems; that adoption patterns are heavily influenced by crop
type; and that the adoption decision is dso strongly conditioned by dope, but is only dightly
affected by variationsin water-holding capacity. These results are asignificant departure from
previous studies which have generdly failed to account for differencesin adoption behavior
within the group of pressurized technologies and for the influence of crop type on adoption
behavior, and which have inadequately measured physica characteristics and water prices by
relying on regiond data.

The study clearly shows that microparameters are crucialy important to understanding

agricultura technology adoption and can best be satistically assessed using micro-leve data
Since many of the important microparameters concern environmenta conditions, the study adso
shows the value of integrating economic and environmental data when predicting grower
behavior. Much relevant environmenta data (e.g., soil characteristics, microclimate, and

cropping patterns) can be captured on a Geographic Information System (GIS). Fortunatdly, GIS
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systems are increasingly common and are decreasing in price, so that there are good prospects
for incorporating environmenta conditions when performing highly disaggregated andyses of
agricultura technology choices.

Findly, it isimportant to note that this study supports the finding that heterogeneity of asset
quality is critica in the generd study of technology adoption. One of the mgor contributions of
past studies of agricultura technology adoption to the generd adoption literature is that they
emphasize the role of heterogeneity of asset qudity in the adoption process (Bellon and Taylor,
1993; Perrin and Winkelmann, 1976). Heterogeneity isacrucid element of the threshold model
of diffuson (Davies, 1979; Stoneman and Ireland, 1986), but many of the early threshold models
focus exclusvely on variaionsin wedth or rdaed factors such asfarm size. The agriculturd
technology problem highlights the importance of differencesin physica or geographica

conditions in explaining adoption behavior and points out that geographic information must be
combined with economic data to accurately predict adoption patterns.

6. Further Research: The Yidd Effect of Precison Technology

The traditiond approach to the irrigation technology choice problem isto assume a production
function with the form

where y iscrop output, &, isthe efficiency of technology i, X isthe amount of the water
applied and b is some parameter. Effective water, or the amount of water available to the crop,
isgivenby e =a X .

According to this traditiona approach, the technology choice problem is asfollows.

wx - K.
An additiond feature of the problem is that crop output has a*“linear-plateau” form, or

. éax _U
y=min &~—,yy.
eb g
Maximum yidd, or the height of the plateau, is presumed to be invariant with respect to the
choice of irrigation technology. Under this assumption, the amount of water gpplied issmply a
function of the technology chosen: the farmer irrigates with the minimum amount of water that
achieves maximum yield, or does not irrigete & dl.
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IIl. Water Supply Rdliability and Water Use Efficiency
1. Introduction

In recent years, growing concern for the environment has placed increasng emphasis on resource
conservation. Hausman (1979) was one of the first papers to address the issue of conservation
technology adoption. Hausman investigates consumer behavior with respect to choice of air-
conditioners. He modd s consumer behavior in a two-stage modd, where the consumer makes
two decisons: initid cgpita choice and utilization. His empiricd andyss finds thet consumers
indeed balance fixed costs with operating costs. Furthermore, he estimates consumer’ s discount
rates to be quite high relative to “engineering caculaions.” His andyss suggeststhat a

successful conservation policy should consider the complex relationship between individud
characteristics and the capital- utilization trade- off associated with adopting conservation
technology.

This section addresses how input price risk affects conservation technology adoption given the
capital- utilization trade- of f discussed by Hausman. We show theoreticaly and empiricaly that
price risk does have alarge influence on adoption of conservation technology, even if individuas
arerisk-neutrd. Usng Hausman' s framework, we develop agenera model of the effect of input
price risk on conservation technology adoption. We derive a generd model to predict the
adoption response to changes in input price risk in amodel generd enough to be applied to a
number of settings. We test the modd empiricaly using fidd-leve irrigation technology data
compiled in cooperation with the staff of the Arvin-Edison Water Storage Didtrict.

One feature of our modd is to make the so-called “rebound effect” of conservation technology
adoption explicit. Claims of environmental benefit from the adoption of conservation technology
are premised on the belief that conservation technology reduces the use of natura resources.
However, the adoption of conservation technology aso has the effect of lowering the ex post
margina cost of operation, thereby increasing the optima leve of output; thisis the rebound
effect. The output effect of conservation technology use may sgnificantly reduce the ultimate
amount of resource savings from its adoption (Greene et d., 1999; Wirl, 2000). By endogenizing
the utilization level into the technology adoption decision, our modd incorporates the rebound
effect. In particular, we are able to show that the influence of factor price risk on the adoption
decision depends critically on the magnitude of the rebound effect.

In Section 2, we develop amodd that distinguishes between long-term investmentsin
conservation technology and short-term decisions about the leve of utilization. We show that the
rel ationship between input price uncertainty and technology adoption is complex. We identify
casesin which increasing price risk can increase or decrease the incentive to adopt conservation
technology. One of our main conceptua results is thet the responsiveness of utilization to
changesin the input price has an important impact on adoption behavior. For example, we show
that the impact of a mean-preserving spread of input price on conservation technology choice
depends on the dadticity of utilization with respect to the input price. One implication of thisis
that changesin the didtribution of input price have different effects on different types of

economic activities.
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In Section 3 we present our empirica analysis. We estimate an ordered probit to test the
conceptua modd presented in Section 2 using irrigation technology data from Cdifornia. Our
empirica results strongly support our model. We consider the effects of a mean-preserving
spread of the input price distribution. Our empirical modd predicts that the incentive to adopt
consarvation technology increases when utilization is rdatively eastic with respect to input price
(i.e, annud crop production). The incentive to adopt decreases for an activity thet isrelativey
inelagtic with respect to input price (i.e., permanent crop production). In Section 4 we conclude
and discuss the policy implications of our findings.

2. Model

We define conservation technology as technology that has the lowest input requirement per unit
of output, relative to the aternative technologies. The technology is characterized as putty-clay

in terms of input use intengty: The input-output ratio is fixed in the short-run, but malegblein

the long-run, and in the long-run, technologies can be substituted with different types of
technologies (Johansen, 1959; Atkeson and Kehoe, 1999). For example, resource-intensve
technologies can be subgtituted with resource- conserving technologies. Since we are interested in
individua behavior with respect to conservation, we modd the decison at the microunit, that is,
the individua production unit. This can be aconsumer choosing an automobile or home
appliance, afirm choosing amachine for aparticular process, or afarmer choosing irrigation
technology for afidd.

Following Hausman (1979), the agent makes a two-stage decision. In the short-run, the agent
choosesthe leve of utilization, for example, miles driven, degree-hours cooled, or acresin
production. In the long-run, the agent chooses consarvation by choosing the input- output
coefficient, a, of the technology. Given the broad range of conservation practices available, from
investing in new equipment to changing habits, we model the technology choice as a continuum
of technologies measured by the choice of the input-output coefficient.

The agent faces a sochastic input price, p, assumed to be the constant margina cost of the input
(i.e, gasoline, éectricity, water, etc.). The probability distribution of the input price can be
affected by climatic conditions as well as by policy. While the policy maker may not be able to
affect when resource shocks occur, she can affect the probability distribution of resource supply
through various policies. These may include policies in response to the shocks, investment in
infrastructure, and policies to protect the environment. Here we focus on the policy impact on the
input price probability digtribution. We assume that p has aknown digtribution F ( p;q) , Where
g isthe policy parameter which reflects how policy affects the price distribution. The support of
F(pa) is[ P, p| andweassumepisliD.

1. Short-Run Equilibrium: The Utilization Decision
In the short-run, efficiency of the technology is fixed and input price is known. The agent
chooses utilization, X, to maximize short-run welfare. Utilization is chosen in terms of the input.

Short-run welfare is defined as short-run benefits from utilization less operating costs given a
fixed input-output coefficient, a . The agent’ s short-run optimization problem is given by
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(111.2) max W™ = B(x) - pax- z(a)

where B(x) isthe benefit from production of services. We assumethat B(x) isconcavein x.
Thefunction z(&) isthe annudlized cost of technology adoption, as a function of the input-

output coefficient. A higher input-output coefficient implies alower level of conservation, and
technologies with lower input-output coefficients (higher conservation) require larger
investments. Thus, expenditure on technology is decreasing in a, that is, z§a) <0.

The first order condition for the agent’ s short-run problem is

(111.2) BYx)- pa =0,

which implicitly definesthe optimd leve of x asafunctionof pand @,

(111.3) x =x(p,a).

From the optimality condition in (111.2), we obtain the comparative statics

x__P

(111.4) X <0,
da SOCg,

and

(111.5) X__3 o,
dp SOCg

where SOC,, = B# x) <0, the short-run second order condition for an interior maximum.

Equation (111.4) reflects the rebound effect, which implies that utilization changes in the opposite
direction to the input-output retio, or in terms of conservation, utilization increases with
conservation. Equation (111.5) is negative, as expected for an input demand.

We define the shut-down input price, p, as
p(a) ={p|B(x)- pax=0}.
At any input price above p , the technology will not be utilized.

2. Long-Run Equilibrium: Technology Decision

Now we turn to the long-run invesment choice, in which the agent chooses efficiency to
maximize long-run expected wefare. The long-run problem can be expressed as
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A

(111.6) m?xWLR = gB(x*)- pax*gf (ra)dp- z(a),

ol O,

where X' isthe short-run optimal utilization given in equation (111.3). The first termin the long-
run objective function, equation (111.6), is the net benefit of efficiency in states of nature when it
iseconomica to utilize the technology. Expenditure on conservation technology isincurred in all
States of nature.

Theoptimality condition for the long-run problem is

T g8(x(p.a)- pax(p.alg
3)I ' . X a .
(111.7) ot ¢8¢(x')- pal o gf(p?q)dp
)

Q

A

px f (p;q)dp- z(a) =0.

ol O,

By definitionof p , thefirst termin (111.7) is zero. The second term is zero by the Envelope
Theorem. Thus, (111.7) smplifiesto

Q

)

A

(111.8) - pX f(pia)dp - z4a) =

ol O,

The optimdity condition sets the expected margind vaue of conservation, that is, the expected
cost savings from investing in conservation technology, equa to the margind cost of the
technology. This condition defines the long-run equilibrium leve of the input-output coefficient,
and thus the optima choice of conservation technology. We use this condition to evauate the
impact of a price shock on the choice of conservation technology.

3. Impact Analysis

The equilibrium condition derived in equetion (111.8) isillugtrated in Figure 111.1. At theinitid
price distribution, F, the optima input-output coefficient is given by the intersection of the
margind cost of conservation, z(I( a) , and the expected margind value of consarvetion, E.v, .

Suppose that apalicy change induces a shift in the price digribution from ardatively stable
digribution, F, to amore volatile digtribution, H. For example, regulation that restricts water
diversons from ariver to protect in-stream uses, or eectric deregulation. From equation (111.8),
the expected margind value of conservation may increase or decrease with price, therefore the
choiceof a may aso increase or decrease with the price shock. In this subsection, we determine
cases in which conservation increases or decreases with changes in input price risk.
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Figurelll.l. Long-Run Equilibrium

Thisanadysisis amilar to the ranking theorems derived by Rothschild and Stiglitz (1970).
However, some features of our modd prevent us from directly invoking these ranking theorems
to evauate the impact of increasing price risk on conservation technology choice. First, from the
long-run firs-order condition in (111.8), the value of conservation may be increasing or
decreasing in p. Second, the range over which the expected margina vaue of conservation is
defined is endogenous to the choice of a, which reflects the rebound effect. By comparing the
expected margind vaue of conservation under the two digtributions, we derive the conditions
under which the shock to the price distribution induces an increase or a decrease in conservation.
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Let F and H be probability distributions of the input price with support [ b, p| andlet f (p) and
h(p) bethe corresponding densities. As aspecial case, assume that F second-order
stochastically dominates H. Define v( p) = - px  asthe margina value of conservation for a
particular redization of the factor price. Then E, gv( p)y isthe expected margind vaue of

conservation under the distribution F, represented as E.v, inFigurelll.1. E, gv( p)g isthe
expected margina value of conservation under the digtribution H.

To determine conservation technology choice under the two distributions, we compare the
expected values of v a the distributions F and H:

p(a) p(a)

(1.9) S @(p)i E-@/(P)a= O &/ (P)adH - 0 @~ (Plack
Integrating (111.9) by partsyields

(111.10) E. &/(p)g- E-év(p)g=- FA)(S[H - F]vq( p)dp

where

(11.11) vi(p)=- (e +1)x,

and e, istheinput price dadticity of utilization, or

X p

11.12 .
(111.12) S X

Define F (p) as
119 F(p)=¢gH () F(p)ib.

We define H as“riskier” than F (p) inthesensethat F (p) 2 0" p, whichisof course
equivaent to second-order stochastic dominance.

Integrating equation (111.10) by parts once again, we obtain
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p(a)

(111.14) E, &/(P)f- E-&v(P)B=ve(p) F(P|*?- Ve p)F (p)dp.

Using equation (111.4), equation (111.10) can be rewritten as

p(a)

(111.15) E. &v(p)§- E-gv(P)g=- g‘)vtu(p)F(p)dp.

These results together with the definition of €, in equation (111.12) indicate that we can evaluate
E, &v(p)g- E-gv(p)g intermsof theinput price elasticity of utilization. As €, becomes large
in absolute value, thefirst term in equation (111.15) dominates, and thus E,, gv( p)g> E-gv(P)g-
This case corresponds to ashift from E.v, to E, v, inFigurelll.1. Inthiscase, anincreasein
risk increases the margina productivity of investment in conservation technology. As €,

approaches 0, the second term in (111.15) dominates and E,, gv( p)g< E- g( p)g. Thiscase

corresponds to ashift from E.v, to E.v, in Fgurelll.1. We summarize these resuilts as

, ‘ ] 130 if g<<0
E, &v(p)g- Eng(p)H}go if e =0.

These conditions imply that as utilization becomes more responsive to changesin input price,
adoption of conservation technology increases in response to an increase in input price risk.

To illudrate the results, consder the case of irrigation technology adoption examined in the
empirica section. We compare conservation technology adoption under two distributions, where
oneis characterized as a mean- preserving spread of the other.? We compare the effect of a
change in the price digribution for two production activities: production of permanent crops and
production of annua crops. In the case of annua crop production, which is highly responsive to
short-run redlizations of water price, the modd presented in this section predicts that mean
preserving spread of the input price increases the incentive to adopt conservation technology. In
the case of permanent crop production, which isrelatively indastic to changesin water price, our
modd predicts that a mean preserving spread of input price decreases investment in conservetion
technology.

This anadyds establishes that changes in the digtribution of input price, regardiess of whether
they follow from policy reform or congtruction of infrastructure, may have an ambiguous effect
on the incentives to improve efficiency. We dso show that the rebound effect can determine the
effect of price risk on adoption of conservation technology. In the following section, we test our

2 A mean-preserving spread is aspecial case of second-order stochastic dominance, when the means are equal, thus
our results extend to this case.
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model predictions using data from the Arvin-Edison Water Storage Digtrict in the southern San
Joaguin Vdley of Cdifornia

3. Empiricd Andysis

In this section, we test the relationship between investment in conservation technology and the
probability digtribution of the price of water. The null hypothesis that we test is based on the
modd in the previous section. In particular, we test whether a mean preserving spread of the
water price distribution affects adoption of water-conserving irrigation technology. Rgecting the
null hypothesis would demondirate thet the price distribution has an effect on adoption of water-
conserving irrigation technology and support the theory presented in Section 2.

The data st is unique and highly useful in that the unit of observation isan individud fied. This
characteristic was aready exploited in the previous section, which is based on largely the same
data set. The data set includes information about the technology, crops produced, and agronomic
characterigtics of the fields. An ordered probit regression is used to estimate the probability of
adopting water-conserving irrigation technology.

1. Empirical Model

Actud input-output coefficients are not directly observed in this data set, however, we observe
the type of irrigation technology employed by the producer on each fidd in the sample. Irrigation
technology efficiency is measured in terms of evapotranspiration per unit of gpplied water, that
is, the percent of applied water that the plant utilizes. In generd, irrigators can choose among
three types of irrigation technologies: gravity, high pressure or low pressureirrigation
technologies. Gravity irrigation includes the “traditiona” technologies such as furrow or flood
irrigetion systems. These technologies are the leest efficient, with efficiency ranging from 70—
85%. High pressure technologies include sprinkler technologies such as center pivot and
mechanica-move sprinklers. Sprinklers have amedium levd of efficiency, ranging from 75—
85%. Low pressure technologies include drip and microsprinkler irrigation sysems. These are
the mogt efficient, with efficency ranging from 85-95%. These technology choices are ordered
in terms of efficiency aswell as cost. The least efficient systems (gravity) are the least expensve
while the most efficient systems (Iow pressure) are the most expensive®

We can make inferences about the irrigator’ s preference for conservation by andyzing the choice
of technology. Although the technology choice is discrete, ordering the technology choice by
efficiency reflects the ranked nature of the choicesin terms of conservation. Let T” represent the
unobserved input-output coefficient of conservation technology and assume that it isalinear
function of net benefits from investing in consarvation technology, thet is,

T =bk+e

3 See Caswell (1983) for a detailed description of irrigation technology used in California agriculture.
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where x isamatrix of the explanatory varigbles, b isavector of coefficientsand e isthe error

term, which is assumed to have a sandard norma didtribution. Technology choice, which can be
definedintermsof T :

10 if T Em
T=t1 if m<T £m
%2 if T >m

where T =0 indicates gravity technology is observed, T =1 indicates high pressure technology
isobserved, and T = 2 indicates |ow pressure technology is observed. The s represent the cut-
off pointsin the digtribution for each choice of technology; these parameters are estimated in the
moddl.

We egimate the following probabilities:

Prob(T =0) =F (m- b),
(111.16) Prob(T =1) =F (m- b&) - F (m- b),
Prob(T =2) =1- F (m- b&).

Equation (111.16) provides the structural model for the ordered probit estimation of the
probability of adopting water-conserving technology.” In the following sections we describe our
data and estimation results.

2. Data

The data st used in thisandysisisasample of 1,224 agriculturd fields serviced by the Arvin
Edison Water Storage Didtrict. The data set includes information on soil characterigtics,
irrigation technology and water source for 92,294 acres of land in 1993. It was compiled from
customer records maintained by the district. The data set categorizes irrigation technologies used
in the didtrict into three categories: gravity, high pressure and low-pressure technologies. We
estimate the probability of adopting conservation technologies using this discrete, ordered
variable. Next we consder the variables we use on the right hand-side of our estimation modd.

Caswdl and Zilberman (1986) show that soil qudity is an important determinant of irrigation
technology adoption. To control for the effect of soil quality on the decision to adopt irrigation
technology, we included two soil quality varigblesin our estimation: soil permegbility and field
dope. Soil permegbility is measured in inches per minute and describes how fast the soil drains,
or conversdy, how poorly it retains moisture. Because pressurized technologies can didtribute
water more evenly over time, these technologies may help improve the soil’ s water storage
capacity rlaive to gravity systems. Thus we expect soil permeability to have a postive effect on
adoption. Fied dope describes the grade of the field. This variable is measured as a percentage,
where ahigher percentage indicates a steeper dope. Since gravity irrigation technologies are

* The model does not include a constant as aright-hand side variable.
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difficult to implement on doped fidds, we would expect dope to have a positive effect on
adoption of pressure technologies.

The data ds0 include the size of each field in acres. Field size can be used to control for scae
economiesin technology adoption. If there are scale economies associated with conservation
technology adoption, we would expect the probability of adoption to increase with field size.
Summary datigics for field characterisics are given in Table 111.1.

Tablelll.1l. Summary Statisticsfor Field Characteristics.

Vaiable Mean Standard Minimum Maximum
Devidtion

Soil Permesbility 2.80 3.00 0.13 13
(invhr)

Slope 1.58 1.32 0.50 10
(%)

Fedd Sze 50.78 52.66 1 490
(acres)

The cropsincluded in this data set are citrus, deciduous, vine, and truck crops.® Because we are
interested in the difference in response to a change in the variance of water price by crop types,
we categorized crops into permanent and annual crops. Permanent crops in the data set include
citrus, deciduous, and vine crops. Truck crops make up the annua crop category.

Arvin-Edison has two service aress, which have the same mean price, but differ in terms of price
volatility. Water ratesin the Didlrict are set so that the mean input price (including lift for ground
water users) isthe same for both service areas. However, ground water levels are variable, and
the price of ground water fluctuates from year to year. Surface water prices and ddivery amounts
are condtant in the Didrict, owing to Arvin-Edison’s extensve conjunctive use facilities. Thus
with this data set, we can analyze the effect of a mean preserving spread in water price on
conservation choice by congdering the effect of switching from the more reliable water service

to the more volatile water service area.

The data set denotes the source of water to the field as abinary variable (Volatile), whichis
coded as 1 if thefidd isin the volatile service area. The conceptual mode predicts that the effect
of switching from surface water to ground water may decrease the incentive to adopt pressure
technology for fidds in permanent crops, and may increase the adoption incentive for fieldsin
annud crops. We evduate the effect of switching to the volatile service areas on technology
choice and control for field Sze and soil qudity.

® Truck cropsinclude lettuce, processing tomatoes, and carrots.
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3. Estimation Results

Following the conceptual modd developed above, we consder the impact of a mean preserving
decrease in the variance of the price of water on technology adoption. We estimate the
probability of adopting a conservation technology using an ordered probit. Our modd includes
service area, crop choice, an interaction dummy variable for service area and crop, soil
permesbility, and dope as regressors.

Table11.2 presents the ordered probit estimate of the probability of adopting water-conserving
technology. All the explanatory variables except soil permesbility and the dummy for reiability
are datigicdly sgnificant at the one percent levd. The interaction dummy (ground* permanent)
for sarvice area and crop typeis Satistically sgnificant. Reliability and the interaction dummy
arejointly Sgnificant a least at the 1 percent level. Interpreting the coefficients from the ordered
probit estimation is more intuitive when we consder the effect of the explanatory variables on
the probability of adoption.

Tablelll.2. Ordered Probit Estimation Results.

Vaiade Edtimated Standard Error p-vdue
Coefficient
Voldtile (0/1) 0.1297 0.1339 0.333
Voldatile*r Permanent (0/1) -0.5112* 0.1546 0.001
FHdd Sze 0.0027* 0.0007 0.000
Permegbility 0.0055 0.0120 0.646
Slope 0.3948* 0.0314 0.000
Permanent (0/1) .1942** 0.1147 0.0900
m .5654 0.1143
) 1.1886 0.1143
TeSt bvolatility = 0 = bvol*perm
x*(2) =22.77
p- value =.0000

* Statistically significant at the 1% level.
** Statistically significant at the 10% level.

Although the voldility variable is not Sgnificant, the volatility/permanent interaction varigble is
highly significant and the two variables are jointly significant. These results provide evidence in
support of our modd: the type of activity and price distribution matter in the technology choice.
To examine how much service area and crop choice matter, consder the discrete effect for
permanent and annua crops are computed in Table 111.3.
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In Table 1.3, we consder how the probability of adopting each of the three types of
technol ogies changes when the fied switches to the price volatile service area. For fieldsin
annua crops, increasing price volatility increases the probability of adopting low pressure
technologies by 5 percent. The effect on high pressure technologies is negative but smdl. This
corresponds to the case where dadticity of utilization is relatively high. Looking at the results for
fieldsin permanent crops, we find that a shift to amore volatile price distribution decreases the
probability of adopting low pressure technologies by nearly 12 percent. These results suggest
that input price risk has alarge influence on adoption of conservation technology and that these
effects depend on the type of economic activity.

Table111.3. Adoption Effectsfor Annual and Permanent Crops.

Annud Crop Permanent Crop
Predicted Probability Predicted Probability
Technology  Groundwater  Surface Discrete Groundwater Surface Discrete
Water Effect Water Effect*
Furrow 36.74% 41.73% —4.98% 49.14% 36.33% 12.81%
Sprinkler 24.46% 24.34% 12% 23.49% 24.45% —.96%
Drip 38.79% 33.93% 4.86% 27.37% 39.22%  -11.85%

*Changein probability of adopting when switching from surface to groundwater areas.

Now we evauate the margind effects on the probability of adopting with respect to the
continuous variables. Table 111.4 computes the eadticities of the probability of adopting each of
the technol ogies with respect to the continuous variables. All the variables are evauated at the
sample means. The effect of fidd sze is pogtive. Consarving technology is more likely to be
adopted on alarger fidd. This reflects the possble economies of scae associated with adopting
newer technologies. Soil permeability is positive. One would expect better draining soil to be
more conducive to pressure technologies, however the coefficient is not significantly different
from zero. Sopeis pogitive and sgnificant. More doped fields are more likely to have pressure
technologies snce gravity is difficult to implement on dopes.

Tablelll.4. Elasticities Evaluated at the Sample Means.

)(i
Eladgicties HedSze Soil Permesbility Feld Sope
Furrow =12.75 -1.50 —-58.76
Sprinkler 1.20 0.14 5.52
Drip 14.48 1.71 66.74
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4. Conclusion

In this section we explore the impact of input price risk on conservation technology adoption and
model technology as putty-clay. The theoretica modd developed shows that, unlike the option
vaue literature, the impact of increasing price risk can have an ambiguous effect on adoption of
consarvation technology. We show that the leve of activity responsveness to input price
determines the effect of price risk on conservation technology adoption. We aso extend the
technology adoption literature led by Hausman (1979) and Caswell and Zilberman (1986) by
introducing price risk into the adoption decision.

An empirica andysis of irrigation technology adoption in the San Joaquin Valey supports our
modd. Our empirica andysis predicts that a mean preserving spread of the input price
distribution can increase or decrease adoption. When the agent’ s activity is relaively price
eladtic, such as production of an annua crop, price risk increases adoption of conservation
technology. When the agent’ s activity is rdatively price indagtic, asin permanent crop
production, price risk decreases adoption.

The palicy implications of our results are two-fold. First policy makers should consider
reliability and conservation policy jointly. As our results indicate, response to conservation may
differ for different types of activities. Second, policy makers can use results from the mode!
presented in this section to more effectively encourage resource conservation. These issues may
become particularly important in energy markets. As deregulation in energy markets continues,
increasing price volatility may result, as has been observed in Cdifornia

V. Pricing and Conservation Policies at the Retail L evel
1. Introduction

Retail pricing by water agenciesis usualy based on average cost and islikely to lead to
economic inefficiency. The codts associated with thisinefficiency are likely to increase as water
avallability declines. Block rate pricing (Wichelns, 1991a, 1991b) and various water marketing
schemes (Howe et al., 1986) have been important components of proposals for water pricing
reform.

This section analyzes policy options available to retail water agencies. These policies are (i)
average codt pricing with the adminigtration of quota alocation; (i) block rate pricing; and (iii) a
transferable water rights regime.

The main obgtacle to efficient water alocation within awater agency is asymmetric information:
aggregate available water is known to the centra decision maker whereas a farm level the
individua farmers know (and tend not to reved) the efficient amount of water required for each
crop (see Zusman, 1991). This analys's shows that reform based water rights thet are relatively
trandferable may lead to welfare improvement with minimal information required, despite the
reduction in overal water use. It also shows that tiered pricing does not necessarily lead to an
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efficient outcome. The properties of these three policy options are compared, and a numerica
example is based on data from Isradl.

Some of the literature on water pricing (Burness and Quirk, 1979; Gisser and Sanchez, 1980;
Gisser and Johnson, 1983; Howe et d., 1986; Zilberman and Shah, 1994) recognizes the sub-
optimdity of atraditiona water pricing syslem and recommends transition to amore market-like
dlocation of water, athough these papers do not include a revenue condraint relevant to the nor+
profit nature of water utilities. The water pricing policies consdered in this section are subject to
the balanced budget congtraint of the water agencies. Furthermore, it is assumed that water rights
are defined by the water use level prior to awater supply reduction, rights which must be
considered by the water agency in response to supply cuts. Historical usage patterns are of
crucia importance in dlocating water with prior gppropriation and other water rights systems.
We expand Zusman's (1988) model of cooperative behavior to obtain optimal water pricing and
dlocation as wdl asincome digtribution taking previous water use levels into account. Also new
in this section, we explicitly incorporate heterogeneity among farmersin the andyss.

We have these theoretica results. A Hicksian barter market will result in Pareto efficiency if the
following conditions exidt: information is perfect, trading is costless and the management
dlocates“initid endowments’ of water according to the historica rights of the farmers. When
trading is not costless and information is imperfect, an dternative policy option of “passive
trading” with internd price quotation by the management achieves Pareto efficiency. Itisdso
shown that under redlistic assumptiors, tiered pricing results in a second best dlocation.

2. Modding the Exigting and Optima System

Let us assume that aregiond water agency conssts of N farmers. The supply of water is
generated from two origins loca underground weter from wells within the area, and surface
water imported from outside. The quantity of water used by the region is regulated by the State
asfollows maximum amount of loca underground water is fixed, while water from outside the
region, Q- Q,, can be purchased from other districts in such quantities as required. It is assumed
that water from both sources are of the same quaity. However, the cost per unit of locd water,
w,_, isfixed and lower then w,, the cost per unit of imported water. Thus, the region faces a two-

step supply function with the following properties:

iw, >0 0<Q<Q

% w0 <

The average cost function of generating water to the region decreases at therange 0<Q < Q,
and incresses asymptotically towards w, at therange Q> Q, .

Let f"(q,) bethenthindividual benefit from water use, measured by the dollar value obtained

by application of g units of water. This benefit function may represent gross revenue, if water is
the only scarce input, or revenue net of fixed input, assuming that water is the only scarce
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variableinput. Thefunction f"(q,) iswell behaved with ;' (q) >0, f_ (q)<0. Notethat the
water demand function of the nth individud isgivenby ;' (q).

The aggregate demand curve for water conssts of the horizonta summeation of the N individud
water demand curves. For each given price, the aggregate quantity is the sum of the quantities
demanded by the individuds.

1. Inefficient Allocation with Average Cost Pricing

Assume that under the initid system, the water agency sets a price for water that will both satisfy
farmers’ demands and balance the water agency budget. The equilibrium conditionsin this case
are

@  fo(ad)=w
()  w,=AC(Q),

where w, istheinitia price of water, ° isthe quantity of water used by the n'" farmer under the
N
initid sysemand Q, = é q° isthe aggregate water use under the initia system. Equation (a)

n=1
states that water use for the n™ individua is where the marginal benefit from water (inverse
demand) is equd to the water price. Equation (b) states that under the initid system, average cost
pricing is used for the price of water. It isamodt trivid to say that such apolicy resultsin
inefficient resource dlocation, i.e., the quantity Q, isgreater than the optimal quantity Q, which
results from the intersection between the MC curve and the aggregate demand curve, D. (It is
assumed that the intersection point occurs at the upper segment of the MC curve.)

2. Optimal Allocation and Pricing

Suppose that the water agency has centra management which ams at developing an optimal
pricing policy with the following criteria®

a Efficent water dlocation.
b. Balanced budget.

c. Equity-rent digtribution in proportion to historica water use.

Studies of water alocation design suggest that water reform seems more equitable and thus
politicaly acceptable if the reform recognizes higorica rights. An efficient resource dlocation
of water in the region is obtained by maximizing the aggregate wedfare function of the farmersin
the region.

® Fudenberg and Tirole (1991) identify properties a, b, and ¢ as necessary to obtain an efficient sustainable rate
design.
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(IV.1) max éN_ f(q,)- C(Q

""" n=1

st. Q=8 q, .
i=1

The necessary conditions which ensure the maximization in (1V.1) consst of the n equations,
(IV.2) fa (a,) =MC(Q).

These equations imply that each farmer equates the value of the margina product of weter to the
margina cogt of generating Q units of water.

Let h (qn .q" ) denote the payment function, i.e., the rule which determines the amount of

payments by each farmer where ¢, isthe amount of water delivered to the farmer, and q" isthe
historical water use right. At the micro level each farmer maximizes quas-rent,

(IV.3) max  £"(q,)- h(a,.d7).

The necessary conditions for solving the individua farmer’ s optimization problem imply that
each farmer equates the value of the margina product of weter to the margina payment charged
for water,

(IV.4) fo (a,) =hy.
Thus, (IV.2) and (V.4) result in
(IV.5) MC(Q) =h, .
which implies margindl pricing,

Now, for smplicity, assume that the payment function has a linear form and depends on the
actual use of water and the historica rights. Thus,

(IV.6) h(a,.a}) = Ag, +Ba;.

The no-profit congraint implies that the sum of payments of the N farmers equas the total costs
of generating Q units of water, i.e.,

(Iv.7) & &(a,¢)u=c(Q).

=1

>

Introducing (1V.6) into (1V.7), and using (1V.5), B reaultsin,
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C(Q)- MC(Q)Q
Qh

=€2(Q) - MC Qi

(IV.8) B=

N
where Q" = é q"' ad AC(Q) are the average costs. Since average costs are less than margina

i=1l
costs (C¢>0), Bisnegative, and thus under optimal pricing farmers are paid for their historical
water use rights. The per unit rent of historical water use rightsis—B.

Rewriting equation (1V.6),
. 2C(Q)- MC U,
(1V.9) h(qn,qn)=MC(Q)qn+g (Q) Q" (Q)ngn'
é a

The payment function (IV.9) depicts the two gods of the optimd poalicy: the firdt, efficient water
dlocation, i.e. eech farmer pays the margina costs of water for the actud quantity used by him,
and the second, water rent distribution in proportion to the historical water use rights.

The pricing rule (1V.9) can be written differently. Let s, = ¢ /Q" be the share of the n'"
individud in the historicd rights. Then, his*adjusted” water right is obtained by cdculating his
sharein thetotal quantity used, i.e, g, =s,Q . Thus, the alocation rule can be presented as:

(IV.10) h(a,.a}) =MC(Q) &1, - .+ AC(Q)ay.

According to equation (IV.10) the individua pays average costs for his adjusted rights and when
g, >q, , he dso paysthe margina costs for the difference between actua use and adjusted

rights When q, <q, , he receivesthis difference. Several payment schemes can be based on
equations (1V.9) and (1V.10).

3. Policy Options

Assume that the policy maker knows the aggregate demand and supply, but not the individud
demands, two policies are optiona. Thefirst option isthe “active trading” policy. At the
beginning of each time period (e.g., ayear or season), the water agency determines the optimal
aggregate quantity, Q,, at the intersection of the aggregate demand and supply and alocates

individud annua rightsin proportion to the historicd rights g;, = s,Q, . Each farmer pays for
eech unit of his“initia endowment” of water rightsthe priceof AC(Q,), i.e, the average costs

of generating the aggregate quantity Q.. This ensures a balanced budget. Farmers are alowed to
trade their water rights. Assuming a perfect competitive market with costless trading, the market
will determine the equilibrium price w, . At this price each farmer may have an excess demand

(supply) according to whether thesignof f' (q;) - W, ispogitive (negative). Assuming aso, that
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trading is conducted at a given place and time, the price, w,, will clear the market with arent per
unit of water rights: w, - AC(Q,)=r.

The second option is called “passive trading” policy. At the beginning of each time period, the
water agency determines and announces the optimal price, w;, at the intersection of the

aggregate demand and supply. Each farmer gpplies the amount of water, q;; according to his
individud demand & w, . The summetion of dl the quantities, g, used during the time period,
will result in an aggregate quantity Q, . At the end of the time period, the water agency caculates
theimputed price of aunit of water rightsthat equals r = w, - AC (Qe) . Thewater agency adso
caculates the periodical individud weter right as §,Q, . For each period the farmer will be
entitled to receive 5'Q,r . Thus, the total water expenditure of the n™ farmer will be

(IV.12) qAC(Q,) +r(ag- qf).

Note that ex-post (at the end of the period) afarmer isa“buyer” (“sdller”) of water according to
whether thesgnof g, - q, ispostive (negetive), and he pays (receives) the amount r (q;a - q,:) .

Thus, the “passive’ market has the characteristic whereby the participant buyer (sdler) does not
have to pursue amatching sdller (buyer).

For the passive trading policy, a unique market place is not needed. Each farmer determines his
water use a the price determined by the central management. In both cases, the distribution of
the water use rights is predetermined according to historica shares (e.g., riparian rightsaong a
river, see Anderson, 1983). For the active trading policy, the periodical water rights result from
the policy maker's ex-ante estimation of Q, , while for the passive trading policy, the periodical
water rights result from the ex-post summation of the quantities used by the individua farmers at
aunique price, w,, as announced by the water agency.

Water markets exist in some locdities, e.g., the water law in New Mexico alowstrading in
consumptive use of surface water rights. In other locdlities, inditutional water trading is absent.
Ingtitutions for active trading would have to be cresated, including new trading channels,
legidative framework and detailed regigtration of the bilaterd transactions. Hence, active trading
has substantia transaction costs. Centrd decision making by water agencies may be less costly,
explaining the absence of water markets in some locdities. However, the inefficiencies resulting
from adminigrative dlocation under asymmetric information may be higher than “active

trading” transaction cogts.

4. Effects on the Digtribution of Income
Incomeis redistributed by policy reform from average cost pricing to either active or passve

trading. We index average cost pricing with a0 subscript, and policy reform with a subscript of
1. For average cost pricing, the aggregate quantity of water used is Q,, and its price is equd to
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AC, . Policy reform resultsin aprice increase from AC, to w, with aggregate quantity and the
average cost decreasing respectively to Q, and AC, . Also, given the higtorical shares, each of the
n individual water use rights decresses from ¢, to q;, .

Congder the case of two farmers, i and j, with equa water rights. The demand curves of farmers
i and j are denoted respectively as f, and f_'. Farmer i obtains a higher income using the same
guota and therefore he is consdered to be more efficient. Under policy 1, farmer j (the sdler)

will use lessthan hisrights and farmer i (the buyer) will use more than hisrights. Neather of
them will be adversdly affected by the reform if the following holds,

(IV.12) (w.- AG)) ] £(w.- AG)q] .

Equation (1V.12) impliesthat the total water rent does not decrease after the implementation of
the reform. A necessary condition for (1V.12) isthat the arc dadticity of the AC curveis equd to
1 (which dso impliesthat the dadticity of the cost curve equals 2).” The income impact on each
of the two individuas depends on whether or not condition (1V.12) holds.

(D If (IV.12) holds, then it can be verified that farmer | benefits more than farmer i from the
reform.

Proof:

(a) The case of equa higtorica sharesof i and j.

Given that the eadticity of the AC curve equds 1, the area of the rectangular fghd (which
measures the increase in water rent resulting from the reform for both farmers) is equa to the
area cdak. Since aed < abcd < cdak, dthough both farmers benefit from the reform, farmer |
benefits morethan i.

(b) The case of unequd higtorical sharesof i and .

In this case farmer j benefits from the reform relatively morethan i. It can be easly verified by
normaizing the water use rights of both farmersto 1 and using the procedure asin (a).

(1) If, however, condition (IV.12) does not hold and the dadticity of the AC curveissmdler,
some of the farmers are worse off as aresult of the reform. The relative reduction in the regiona

water rent can be measured by r,Q./r ,Q, <1. The smdler the dadticity of the AC, i.e, the larger
the number of farmers that will be disadvantaged.

5. An Alternative Pricing Policy: Tiered Prices
Block pricing, acommon pricing method employed in the dectricity and naturd gasindudtries,

was introduced recently astiered pricing in some weter agenciesin Cdifornia. A two-block rate
design? consists of atwo-step payment function as follows,

7 . AC Q _MC : .
Note that the average cost elasticity equalsto ——=——-~-1=1 -1 wherel isthecost elasticity.

fQ AC AC
8 The implementation of tiered pricing may be much more complex. Here we use asimple general form. Most of the
results obtained here are preserved for other forms of tiered pricing.
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fw(g- gq' )+dwog" if ga(w)3 gd g
w1y o= %) el ol
i dwq if ga(w)<gq b

where ', w,gand d are determined by the water agency. The first two parameters measure the

assigned water quota of the n'™ individual farmer and the price of water, and the two last
parameters are between 0 and 1.

This payment function islinear in g in two segments with a discontinuous jump a gq,, . The
farmer pays areduced price, w, for the firstg percent of hiswater quota q;, , and full price, w, for
additional water, (qn - o9, ) .2 This payment function should be compared to the payment

function described by equation (IV.9), which islinear over the wholerange of q,, . Note that
some farmers may not use water efficiently for some parameter ranges. This can be verified by
applying the individua optimization conditions (see equations (IV.4) and (1V.5)) to the case of
the tiered pricing, deriving three types of behavior by the farmers:

(IV.143) Typej : 1, (ad}) <MC(Q) where ¢° <gq/,
(IV.14b) Typek: f¥(gq;)® MC(Q) 2 f(q) where gl < qf <q,
(IV.14c) Typei: fi(q') >MC(Q). where g <,

where g7,q,,q’ arethe economically efficient quantities for each type of farmer. While the
individual farmersin groups of typek and i apply their water efficiently, i.e, f(q7) = MC(Q,)
and f,(g°) =MC(Q,), thosein group typej apply their water inefficiently, i.e,

fJ (o) =aMC(Q.).

In genera, the corresponding losses of water and welfare by the farmers of type| group can be
cdculated from

(IV.153) a (d - ),

=1

and

° The payment function may include a third segment where water use in excess of the water quota q; will be
charged an extrafine.
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J Ui
(IV.15b) a gfJ (a)- MCydg.

j=1 qje
Aswas characterized above, the regiona water agency management follows the efficiency rule
w = MC which determines the efficient aggregate quantity Q,, subject to the balanced budget
congtraint. The water quotas q,, of each of theindividua farmers are determined exogenoudy by

the management relaive to the historica water rights subject to

N
(IV.16) Q.=ad.

n=1

The choice of the parameters is subject to the balanced budget congraint in (1V.7), i.e,
AC é u
—(Qe) and gl- AC(QE)l]EgEl.

0£dE
MC(Q) & MC(Q)g

Maximum reduction of inefficient use of water by typej farmers can be achieved by choosng
gther:

é AC u
@d adg=g- 2Cl2)a
& MC(Q)g
(b) Allowing trading in weter rights.

Note that the effectiveness of condition (@) is reduced as the heterogeneity of water requirements
among crops and among farmersisincreased. Hall and Hanemann (1996) argued that a policy
based on (a) may not be politicaly feasible due to equity considerations.™

In the case of water trading (b), efficient alocation implies
6] r e cl, e r
(IV.17) a(od-a7)=a(a-a)

i=1 i=1

The quantities scheduled for sadle by typej farmers must equa the quantities scheduled for
purchase by typei farmers. Note that for the type k farmers the following inequdity holds

(vV.18) aa>ao -

K K
[o] o]
k=1 k=1

Therefore, by using (1V.17) and (1V.18), it can be verified that

10 Under policy (a) the average charge per unit of water for farmers who use small amounts of water is significantly
lower than the average for those who use large amounts of water.
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N N
(IV.19) ad.>ad,

n=1 n=1

which contradicts (1V.16). Note that information on the digtribution of typej, k and i is needed
for complete efficient alocation given the congtraint in (1V.19). Thus, more informetion is
needed for efficient implementation of tiered pricing than the information needed for the
implementation of a market mechaniam.

An dternative policy for reducing the loss caused by the typej farmersisto abandon higtorical
rights and to design a block rate on acrop basis. Such a palicy requires detailed information
concerning the production functions of each crop and as pointed out by Hal and Hanemann
(1996), involves a trade-off between efficiency and transaction costs.

6. Conclusion

This section compares policy options to alocate water in response to reduced water supply.
Average cogt pricing with quota reductions results in adminigratively inefficient pricing and
dlocation.

Economists suggest water markets as a remedy, but the absence of well-defined property rights
and high transaction costs remain barriers to this solution. According to Coase (1992), “if the
cogs of making an exchange are gregter than the gains which that exchange would bring, that
exchange would not take place, and the greater production that would flow from specidization
would not be redized.” The“passve trading” policy developed in this section enables atrade of
water use rights with low transaction cogts. The passive trading enables an efficient alocation
with minimal losses by farmers and therefore minimal political resstance by them. Thisis made
possible by increasing the welfare resulting from the use of water and establishing quad rights
related to historical use. The greater the “pi€’ the eesier it isto redistribute it between the
farmers. In the long run the increased “pie’ enables the diverson to higher value products and
water saving technologies.

Water indtitutions and their laws in many states do not dlow trading in water use rights. Tiered
prices have recently been suggested as an efficient pricing method. It is shown in this section that
under reasonable assumptions tiered prices lead to a*“ second best” solution. Passive trading
results in a Pareto efficient allocation and does not require new water legidation. Such a policy
could also be useful in other price pooling systems, such as production and marketing boards.

V. Water Trading and the Cost of Reallocating Water from Agriculture

. Introduction

Agriculture in the western United States, particularly Cdifornia, is highly dependent on the
diverson of water resources for irrigation. At the same time, population growth, increased

indugtridization and, most importantly, heightened public avareness of environmenta benefits
from enhancing instream flows are dl exerting tremendous pressure on federd and state agencies
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to reduce these diversgons. This section presents a framework for ng the cogts of reducing
agriculturd water supplies and applies this method to California agriculture.

The design of this framework recognizes some of the unique features of water resources use and
management, in particular:

Barriersto trade in water resulting from the weter rights regime. The andysiswill consider
dternative implementation procedures for the water supply cuts, varying the extent to which
water trading is alowed and the regions affected by their water supply cuts.

Heterogenety in terms of cropping patterns and water availability and productivity among
regions.

Multiplicity of responsesto water supply reductions including: (a) changesin land dlocation
among crops, (b) adoption of water conserving practices, (€) use of ground water, and (d)
fdlowing of lands.

The modeling framework was devel oped to provide inputs to policy makersin ng
dternative versgons of the Centra Valey Project Improvement Act (CVPIA) and provides
various measures of economic impacts, including impacts of supply cuts on producers surplus,
producers revenue, Sate product, employment, and irrigated acreage. Furthermore, recognizing
the large uncertainty regarding producers behavior and water productivity in crop production,
differences between responsesin the short run and the long run, and data and computationa
congraints, the empirica analysis does not rely on one comprehensive mode! that incorporates

al aspects of the problem at hand. Instead, this section presents an overall conceptud framework
but obtains policy impacts from three empirical modds, each emphasizing different aspects of
agriculturd weter usein the Centrd Vdley.

The section is structured as follows. Section 2 below provides background on the economics of
agriculturd water usein generd and the particulars of the Cdlifornia policy problem. Section 3
provides a conceptual modd and andlysis of the impacts of water supply reduction policies. The
particulars of the Cdifornia policy problem and the three empiricd modds used to andyze it are
presented in Section 4. Section 5 presents the empirical findings, and conclusions and direction
for further research are presented in Section 6.

2. A Conceptud Modd of the Economic Impacts of Water Supply Reduction

The modeling framework applied here is taken from Sunding et a. (2001), and conssts of a
microeconomic modd of resource dlocation by theirrigated agricultura sector. Optimization is
conducted subject to water supply reductions and economic relationships that provide additiona
assessment measures, including estimated impacts of supply response on employment and gross
regiona product.

The mode recognizes the heterogeneity of producers, by assuming that production is carried out
by J micro production units of various sizes. Such units may be interpreted as farms, water
digtricts, or counties depending on the gpplication and the data available. The micro unit

indicator isj, j = 1, J; and the land base of each unit isdenoted by L, . It is assumed that there are

no condraints on water movement within the micro units, but there may be barriersto trade and
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transfer of water between micro units. Indeed, water rights regimes, such as the prior
appropriation system and riparian rights systems, restrict trading; and one mgjor features of a
policy reform is the extent to which water trading is alowed.

The andyssis conducted for N + 1 water policy scenarios, with n ascenario indicator n =0, 1,
2, ..., N. The scenario n = O corresponds to the pre-regulation or base water alocation. Under
each scenario, microunits are aggregated into regions. Water trading is feasible within regions

but not between regions. Let K" be the number of regions under scenarion and k" bethe region
indicator, so that k" =1, ..., K". The s&t of microunitsin region k" isdenoted by R/ . For
example, if we have eight microunits divided into two regions under scenario n,

R'={1,2,34}, R’ ={5,6,7,8}.

Each microunit has an initid “endowment” of surface or ground water representing annual
surface water rights and ground water pumping capacity. Let §1 be annual surface water

availableto didtrict j in the base scenario and Gj be annud ground water available to didtrict j.
Alternative policy scenarios affect these water availability condraints.

In the base scenario, tota water availableto region k" is § (§J +G, ) . However, surface water
iR

availability differs among dternative scenarios. Let DS be the reduction of water supply

avallabletoregion k" . The overall surface water supply reduction in scenario n is

Kn
DS =§ DS

k=1

This change reflects the total amount of water redlocated from agriculture. Actud use levels of
ground and surface water a region j are denoted by Gj and §;, respectively, with S, < §j and

G £G,

Following theory and empirica evidence, Sunding et d. (2001) suggest that Cdifornia growers
have responded to reductions in water supply by (i) changing land alocation among crops (i)
increasing the amount of ground weater pumping, and (iii) modernizing their water gpplication
methods (on this point, see a'so Moreno and Sunding, 2001; Green and Sunding, 1997; Green &t
a., 1996; and Zilberman et a., 1995). The modding of production relationships makes these
choicesfeasible here. There are | cropsand i isthe crop indicator, i = 1, |. Let the amount of
water applied to crop i in microunit j be denoted by Ajj and let Lj be the anount of land dlocated
to the production of crop i a microunit j. Let Yj; be the output of crop i a microunit j. For
modeling convenience, total output is represented as the product of yield per acre, yij, and

acreage of crop i inmicrounitj is'Y; =y, L;;

37



Output is produced by land, labor, irrigation equipment, and other inputs (e.g., chemicals), and is
affected by loca environmentd conditions. The generd specification of the per acre production
functionis

y; = (L, 8,79,
where

a; =A /L (applied water per acre),

z, =Z,; /L, (annud irrigation equipment cost per acre),

Zj; = totd irrigation equipment cost on crop i in microunit j,
and

g, = regiond environmentd quality parameters.

This specification is congstent with the observations of Dinar and Zilberman (19914)
Specificaly, they argue that increased annud irrigation equipment cogts increase output by
increasing irrigation efficiency, and that both land qudity (in particular, water- holding capacity)
and water qudity (especidly sdinity) affect the productivity of water. Specific applications may
have specid functiona forms, but al specifications maintain concavity. Yield per acre may

decline asland use increases (i.e, % £ 0) because of decreasing margina productivity of land.

J

Let the cost of surface water at microunitj beW and cost of ground water be W* . Generally,

ng > V\/].S , S0 that surface water is chegper than ground water. The cost of inputs other than water

and irrigation technology are assumed to be a convex function of crop i acreage in microunit |
and is denoted by the function Cj;(L;;) with

ﬂ ZCij
T
This cost function reflects the important empirica observation that land fertility is heterogeneous

in Cdiforniaand that increases in acreage lead to increased expenditures on inputs, such as
fertilizers, that augment land productivity. 2

3 0.

The most genera specification of output markets would assume that producers face downward-
doping demand curves and that output prices are determined endogenoudy. In this case, the
optimization problem will maximize the sum of producer and consumer surplus subject to
resource congraints. In our model, we assume price-taking behavior and denote the price of

11
These costs are delivery costs or water costs paid by users. Since we are interested in developing a regional
optimization model that will provide competitive outcomes, we do not consider differences between private and

public costs of obtaining water.

12 \We distinguish between dimensions of land quality such as water-holding capacity that affect productivity
indirectly (for example, through their effect on the productivity of applied water) and other dimensions such as

fertility that affect productivity directly.
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output i by P;. This assumption is condstent with the high demand dadticity that Cdifornia
producers face.

Assuming profit-maximizing behavior by growers, the aggregate regiona optimization problems
under scenario n are

J
vy PTEmax@§ RY WS- WG - 7, - CLL),
j=1i=
|
(V.2) st.aA=S+G "j,
1=1
(V.3) a(s+c)ea S+G-bs "k,
it R it R
|
(V.4) éLijELj "j.

Congraint (V.2) states that total water used in cropsis comprised of either surface water or
ground water. Condition (V.3) isthe most important congraint asit sets alimit on the water
available to each region under agiven policy scenario. Availability isthe sum of water available
to digricts under initid alocation minus the amount diverted under the specific scenario.
Inequdity (V .4) isthe land availability condraint.

The solution of the regiond optimization problem usng Kuhn-Tucker conditions requires
assgning shadow prices for each of the condraints. The shadow price of equation (V.2) is V\/jd :

Thisis the shadow cost of water ddivery and isequd to V\/js if only surface water isused and
V\/jg if ground water isused in digtrict j. The shadow price of the regiona water congraint (V.3)
isV,". Thus, the margina cost of aunit of water in digtrict j that belongsto region k under
scenario nis W +V,".

If the production function is differentiable, optima water use per acre with crop i at didtrict j isat
the level where the value of margina product of water is equd to the shadow price of water.

" _

(V5) R =W Ve

i
ij

Optimd irrigation cost per acre is determined smilarly at the level where the vaue of margina
product of the expenditureis equd to its price. The next condition is

Tf,
V.6 p—L=1.
(V.6) T
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The shadow price of the land availability congtraint in district j isrj, and under standard
assumptions, land isdlocated to crop i in didrict j so that the value of margina product of land
isequd torj, i.e,

(V.7) r, =R ()- (W +V)")a - z

]

RIS L
L) L, J

Condition (V.7) gates that the optima acreage of crop i at digtrict | issuch that net margind

benefit of land is equd to its shadow price. Margina net benefits of land are the difference

between revenue added by margind land and the extra cost of water, irrigation technology, and

other inputs as well as the extra cost associated with the decline of land productivity. The

conditions are more elaborate if there are land availability congraints for individua crops.

In principle, conceptua and empirica andysis requires solving the modd under scenario 0, the
initid condition, and then under each dternative scenario. The net income effect of a policy
under the scenario denoted by DP " is the change in producer surplus between scenario 0 and
scenarion, i.e.,

DP"=P°-P".

It is expected that, for most scenarios, DP " > 0, namely, reduction in water supply reduces
overdl income. But different scenarios assume different partitions of the regions. Under the
initid scenario (N = 0), the state is divided into K, regions, where water trading is feasible
within regions and where water trading is alowed between regions. Two types of scenarios are
likely to be associated with a given reduction in overal surface water supply. Under water trade
scenarios, trading is alowed throughout the state; under proportional cuts scenarios, the supply
reductions to regions are proportiond to initial alocations so that the reduction in surface water
for regions under such scenarios, DS, is

DS’ =DS S :

o

S}

1

oX

=
Il

By the La Chatelier Principle, given total supply reduction, aggregate profit is higher under the
free trade scenario as there are fewer constraints. In some cases, awater reform that reduces

surface water supply and alows trading may increase profit (DP "> O) if gainsfrom trading are
greater than losses from surface water supply reductions.
Standard wefare andysis consders impacts on consumer and producer surplus, but policy

makers may be interested in changes in other variables.™® Other such variables are gross farm
income, regiona income, and employment.

13 These impact measures were requested from us by the U.S. EPA for their usein designing water quality standards.
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The gross income effect of scenario n, DR", is derived by subtracting gross revenues of scenario
n from gross revenues of theinitia scenario. Aswith net income, it seemsthat gross revenues

will decline as aggregate water levels decline. However, under some scenarios, the reduced water
supply may lead producers to adopt modern irrigation technologies, which tend to increase per
acreyidds (Caswell and Zilberman, 1986) but adso entail higher production costs. Under these
scenaios, the higher yield will result in increased revenues in spite of the overdl water supply
reductions.

The impact of water policy changes on the nonagricultural economy is another useful policy
indicator. Lety, bearegiona impact coefficient, denoting an increasein regiona product (both
direct and indirect effects) associated with a $1.00 increase in revenues of crop i. The reduction
in regiona impact associated with policy scenarion, DRNP" is

DRP" :éN.éJ_. F?(Yijo- Y”n)y.

i j=1

In most cases one expects regional product to decline as aresult of reduction in water supply.
However, if supply reduction is associated with increased water trading possibilities and higher
water prices, regiond income may increase because of adoption of conservation technologies
that increase yield or increase water used for production of high value crops. These crops
generate more revenue per acre-feet of water than low value crops and have stronger linkagesto
the non-agricultura regiona economy due to their higher |abor requirements.

The employment impact of awater policy change can adso be caculated usng standard
multipliers. Typicaly, job loss is measured based on changes in gross revenues. Of course the
scope of water trading should mitigate the total labor market impact of water policy changes,
paticularly if trading resultsin less high-val ue fruits and vegetables going out of production
following a supply cut.

4. Alternative Impact Models

The impacts of reducing agriculturd water supplies vary with the planning horizon. The
immediate impacts of supply reduction may differ from longer run impacts snce in the short run
growers flexibility is much more limited. Production function parameters, water availability,

and cogts are subject to much variability and randomness. Idedlly, an impact assessment model
should be versatile and comprehensive to generate various types of impact estimates.
Unfortunately, amodel that accounts for heterogeneity among growing regions and dl
dimensions of grower response to water supply changes does not exist and would be quite costly
to congtruct. Instead, this section obtains policy impact estimates from three modds, each
emphasizing a different agpect of Centrd Vdley agriculture. The results of these various models
provide a range of impacts within which the actua outcomes are likely to lie.

The three impact models are specia cases of the model presented above. They differ in their
assumptions regarding production technologies and the set of responses that growers havein

41



adjugting to changes. They dso differ in the degree of detall in the data they use, in particular,
the type and number of basic units of andyssthey assume. A mode that includes a response set
with awide variety of options requires acomplex nonlinear programming agorithm and alarge
amount of data for each decison-maker. As the response set becomes smaller, fewer data are
required for each unit. This lower data requirement per unit dlows larger numbers of decision+
making units to be consdered. Thus, the models that alow more responses to policy changes
have more aggregated basic units.

The models measure the impact of severa policy scenarios that have three basic dimensions. The
firsa dimension of the policy changeistheleve of the supply cut. Two levels of aggregate water
supply reduction are considered. The lower level of 0.8 MAF corresponds to a requirement of
annua enhancement of instream flows. The higher leve of annud reduction is 1.3 MAF, and

was derived by U.S. EPA and the U.S. FWSin the context of their work on endangered species
protection.

The second dimension of the water alocation policies consdered is the alocation of the
aggregate cutback among growers. To alarge extent, the fina alocation of the supply reduction
IS an open question, depending on what state or federa agency takes respongbility for the
decison. If the State of California makes the decision, then al water usersin the State whose
consumption affects Bay/Ddta flows are potentid targets for cutbacks. However, if the federd
government implements the reduced diversions, then only CVP users are lidble for the
reductions. Thus, the alocation of the cuts is treated as a choice variable, and a variety of initia
alocation schemes are considered.

Third, the extent of water trading is currently a policy choice, particularly for the State of
Cdifornia Trading is highly active within small units such as water didricts, and alarge volume
of water istraded between neighboring digtricts within the CVP system. Thereis, however,
controversy about how much water can and should be traded among growers, between growers
and urban aress, and between basins. Further, there are physica constraints on conveyance that
are, & present, hard to define precisely due to hydrologica uncertainties and congtantly changing
regulatory restrictions on pumping. Thus, the scope of the water market is treated here as a
policy variable, and the impact modes are used to examine awide array of trading scenarios.

The following sections describe each of the three impact models in more detail and discuss how
each modd cd culates the economic consequences of agricultural water supply reductions.

1. CARM Model

The Cdlifornia Agriculture and Resource Model (CARM) was developed to predict profit-
maximizing farmers short-run acreage and production responses to changing market conditions or
resource congtraints (Howitt, 1995; California Air Resources Board, 1987; Goodman and Howitt,
1986). The model divides Cdiforniainto fourteen regions that are homogenous in terms of their
agronomic conditions, microclimate and resource costs. Each region has a set of cropping activities
defined that are drawn from a set of thirty-four crop types, and correspond to the observed annual
crop data recorded by the county agricultural commissioners. Each crop has an average yidd
function, a calibrated quadratic cost function and Leontieff input requirement coefficients for land,

42



irrigation water, nitrogen, fuel and labor. The resulting modd is a caibrated quadratic programming
modd with quadratic functions for both the regiona crop supplies, and the statewide output prices.

The CARM modd objective function can be shown to maximize the sum of producer and consumer
aurplus from Cdifornia agricultural crop production. The model has regiond congtraints on land

and water availability and some crops that are sold through predetermined contracts. The shadow
va ues on these congraints enable the mode to generate estimates of the regional opportunity costs
of land and water resources in excess of the fixed charges for these inputs. By changing the regiond
availability of surfaceirrigation water, and restricting the farmer’ s ability to subgtitute ground weter,
the effects of dternative implementation methods for the CVPIA can be modeled and compared
with other andyss methods.

The CARM modd differs from the two other modes presented by having aforma and explicit
cdlibration procedure for the crop acreages produced in a given year. The gpproach is termed
Positive Mathematica Programming (PMP) (Howitt, 1995). The essentid difference between PMP
and other cdibration methods based on congraints isin the quadratic costs that are a function of
regiona crop acres. The cost functions are derived from the shadow vaues of congraints that
cdlibrate the cropping pattern in the modd to that observed in the base data. The cdibration is
performed by changing the linear average cost function to a quadratic specification that equates the
reduced gradient to the cdibration shadow vaue at the observed level of crop production. However,
the average cost and shadow vaues of the binding resource congraints are not changed by this
modification of the crop production cost function. The resulting calibrated mode is therefore able to
respond to changes in physical quantities of available resources or their prices, and reflect these
changesin terms of changes in acreage, production, consumer surplus or producer surplus.

The combination of the fourteen growing regions and thirty-four potentia crops yields three
hundred and five regiond cropping activities. The quadratic crop cost cdibration resultsin aprecise
cdibration to the base year data, but alows the model to respond to changes in comparative
advantage due to policy changes. The model responds to changes in surface irrigation water by
adjustments on three margins. The first margin is the tota statewide production of crops. Second,
the baance of crops grown in particular regions changes in response to changes in water supply.
Given the reductions in water availability from the CVPIA, crops with lower margina product
vaues from water will be reduced in the affected areas. Third, the balance between surface water,
ground water and limited dry-land production will change within the limits of the agriculturd and
water infragtructure in agiven region. The modd is not restricted by rotationd congraints as
empirical tests of correlation between the rates of change of crop acresin aregion do not show any
relationship.

2. The Agroeconomic Model

Thismodd hasthe least detal in terms of number of crops and regions but has the most
advanced specification of water productivity. This specification dlows investigation of the
impacts of water supply reductions on irrigation technology choices under aternative scenarios,
and aso enables adjustment of predicted water use and technology choices to variaionsin
wegther and land quaity. The modd was congtructed initidly to andyze water and drainage
policies and is described in detail in Dinar et d. (1991).
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The agroeconomic modd is applied to three policy scenarios. The * Proportiond” scenario
assumes that the cutsin surface water ddliveries are dlocated proportiond to water use among
growersin both the Sacramento and San Joaquin Valeys and that there are only markets for
water within each of the four regions. The * San Joaguin” scenario assumesthat dl reductionsin
diversons are borne by growersin the San Joaguin Vdley, and that there is trading among the
basc unitsin thisarea only. Findly, the “Efficient” scenario assumes that there is amarket for
surface water encompassing al four regions so that water is allocated according to its margind
vaue across dl four regions.

3. Rationing Model

The rationing model measures immediate impacts from changes in water supply policy and relies
on the most detailed micro level data. The basic unit of the rationing model is the individua
water digrict. The water digtricts are grouped into five regions according to their proximity to
various CVP fadilities and have smilar water rights and growing conditions. The mode adso
captures the largest number of crops among the three impact models and is the only mode to
include both annuds and perennids.

Growersin the rationing mode respond to reductions in surface weter availability by ceasing
production of the crops with the lowest margind vaue of gpplied water. This approach is
motivated by the fact that growers have alarge degree of flexibility when they make long-term
decisons regarding irrigation technology and cropping patterns but have only limited flexibility

in the short run. In this respect, the model is based on the “putty-clay” approach to water policy
modding of Hochman and Zilberman (1978) and Green and Sunding (2000).

Anacther fact motiveting the rationing analyss is the large degree of heterogeneity in Cdifornia
agriculture. The Centrd Valley congsts of many production regions that vary both in terms of
weether and land qudity. Exigting crop dlocation patterns have evolved over time to maximize
the overdl benefits from agricultural production. At each location, farmers have invested
subgtantia resourcesin production infrastructure, including equipment for harvesting, packing,
and irrigation. As aresult, crop mix choices are largely predetermined in the short run and
appropriate for individua locations. Agronomic evidence suggests that, within a given
production technology, a crop should either be irrigated with a certain amount of water, the
“water requirement,” or not irrigated at al (Letey et d., 1985; Letey and Dinar, 1986). Asa
result of these considerations, water supply reductions that change the preconditions for a
successtul crop mix are likely to be met in the short run with the only response available to
growers. reducing the amount of land cultivated while retaining the exigting production
technology on the land remaining in production.

The rationing modd ca culates the impacts of water policy changes on farm revenue, falowing,
gate product, and employment. The latter measures are computed with revenue multipliers. Two
policy scenarios are smulated by the rationing modd: the “Proportiond” scenario in which the
supply reduction is alocated pro rata among al CVP contractors in the Centra Valey with no
trading among regions, and the “Efficient” scenario in which thereis an interregiond market for
surface water incorporating both the Sacramento and San Joaquin Valeys. In this latter scenario,



as discussed earlier, the total impacts of the supply reduction are independent of theinitid
alocation of the cutbacks.

5. Benefits to Agriculture of Water Trading

Table V.1 summarizes the impacts measured by the three models. The estimated impacts are
quite consistent between models. This consistency is gpparent by comparing the results of the
agroeconomic modd, which computes profit, with the results of the rationing modd, which has
impacts on revenue, and comparing them to the CARM modd, which has impacts on both profit
and revenue.

All of the modds suggest thet the incrementd costs of removing water from the Centra Vdley
increase sharply as the quantity reallocated increases. Increasing the amount of water devoted to
environmenta protection from 0.8 MAF to 1.3 MAF more than doubles the cost of the regulation
to growers. Experimenta runswith higher leves of water supply reduction show that this
tendency continues and incremental costs of water supply reduction increase as water scarcity
increases. This result is atributable to the fact that profit-maximizing farmers will first reduce or
cease production of low-vaue cropsin response to reductions in water supply, and will only
cease producing high-value cropsif the reductions are drastic.

The results of Table V.1 further suggest that the overdl level of the water supply cut is not the
most important factor affecting the socid cost of protecting Bay/Detawater quaity. Rether, the
impacts depend more importantly on the extent of awater market and, when trading is limited,
on how supply cuts are distributed among regions. If a market mechanism is used to dlocate an
annud reduction of 0.8 MAF among alarge body of growersin the Centrd Valey, both the
CARM modd and the agroeconomic mode estimate the annud reduction as around $10 million,
and the CARM modd suggests that the revenue reduction is gpproximately $19 million. Using a
proportiond dlocation for the same region, the agroeconomic and CARM models both suggest
that the annua reduction of profitsis nearly $45 million, and the CARM modd suggests that
annua revenue reductions are around $85 million. The rationing model suggests that if the 0.8
MAF reduction applies to CV P contractors done, under the market solution, revenue reductions
are close to $40 million, and under the proportiond solution, reductions total about $100 million.
If the cuts are redtricted to the Delta-Mendota Cana area, the most water-efficient region in the
San Joaquin Vadley, the CARM model suggests that with a market alocation, the revenue losses
are around $110 million, and with proportiond dlocation, losses are close to $165 million.

When the overal water supply reduction is 1.3 MAF, then according to both the agronomic and
CARM modds, profit lossis close to $30 million if the cut gppliesto alarge group of farmersin
the San Joaquin Vdley, and the revenue effect is about $52 million annudly. If the dlocation is
proportiond for alarge region, both the CARM and agronomic models predict annud profit
reductions of around $77 million and revenue reductions of around $145 million. When the cuts
are targeted to the CVP contractors, revenue losses with awater market are around $100 million,
and with a proportiona alocation, about $224 million. When the cuts are amed at growersin the
Ddta-Mendota Canad area, revenue losses can reach $276 million annudly.
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TableV.1. Summary of Impactson California Agriculture

Decrease
CutsinCVP M odel Decrease  Decrease inGross  Decrease Acres
Ddliveries in in Profit State in Labor Fallowed
Revenue Product
acre-feet $ million 000 person 000 acres
yrs
800,000
CARM
Proportional Allocation
San Joaquin 85.96 4550 90.26 215
Local Market Allocation
San Joaquin 18.88 9.82 19.82 A7
Agroeconomic
Proportional 53.05 127
South of Delta 36.87 14
Rationing
Proportional 97.38 102.86 449 243
Efficient 4021 46.25 202 132
1,300,000
CARM
Proportional Allocation
San Joaquin 145.83 76.95 15312 3.65
Local Market Allocation
San Joaquin 5243 26.69 55.05 131
Agroeconomic
Proportional 11844 239
South of Delta 59.14 39
Rationing
Proportional 224.88 226.63 10.80 373
Efficient 96.62 111.90 487 321

6. Concluding Comments

Thereisincreasing pressure in the western United States to protect natura resources by
enhancing indream flows. Such policies inevitably mean reducing diversonsto irrigated
agriculture. This section presents a method for measuring the impacts on agriculture of such
reductions. The fundamentd tension to be addressed in constructing an agriculturd impact
mode is between the detall necessary to permit examination of the distributional consegquences
impacts, and the fact that growers have a multidimensiona response to policy changes. Rather
than congtructing a highly complex modd incorporating dl growing regions and al responses,
this section argues that the results of existing, smaler modes can be compared to accurately
measure policy impacts in a codt-effective way.

With regard to the Bay/Delta problem, the three impact anayses consdered here suggest that the
overdl cogt of improved water qudity in the estuary can be reduced dramaticaly by adlowing
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broad- scale water trading among growers. In particular, the costs are much lower if most of the
reduction is borne by growers in the Sacramento Valley instead of the west Sde of the San
Joaguin Valey, including the Ddta- Mendota Cand region. Reducing the scale of agriculturd
production in the Sacramento Valley effectively diminishes the acreage planted to irrigated
pasture and field cropsincluding dfafa, whest, beans, rice and feed corn.

Thisleast-cogt solution may face palitical and physical feasihility congtraints because loca
concerns may well resst large-scale, out- of-area trades. Policies that entall either limiting water
supply reductions to one region or proportiond cuts represent higher cost dternatives than the
least cogt dternative. These are likely to be the solutions for the short run without extensive
transfers. These will cost about $100 million for the 0.8 MAF cut and about $225 miillion for the
1.3 MAF cut. Direct costs per acre-foot in lost farm returns range from $50 to $80/AF depending
on location and quantity of water removed.

One of the implications of the anadlyssisthat if thelack of conveyance infrastructureisa
physical barrier to trade, then enhanced conveyance facilities such as the Periphera Cand can
lower the costs of water quality regulations by reducing the transaction costs associated with
water trading. The buildup of water storage reservoirs can further reduce the impact of supply
reductions. Increased storage facilities south of the Delta may enhance the ability of growersto
trade water between the Sacramento and San Joaguin Valeys and with urban areas. Future
economic anadysis should measure the costs and benefits of these facilities.

VI. Water Trading within Agriculture: Current Patternsand Ideasfor | mprovement
1. Water Trading within Cdifornia Agriculture

Water is not currently alocated by price in mogt areas of Cdifornia. Asaresult, farmersface
wide digparitiesin price and availability. Markets are emerging in Cdiforniaand &t other
locations throughout the west in response to these factors, and aso in response to increasing
scarcity.

Challenge Grant researchers have argued that increased flexibility in water trading would help
farmers cope with supply cutbacks needed to improve instream qudity. This result follows from
the observation that markets alocate the burden of a supply reduction to the party most able to
bear it. In the case of water, awater market would alocate the cut to the grower making the least
productive use of his water.

Economic research of Cdifornia agriculture suggests that the benefits of a market are large. For
example, Sunding and others have shown that the most productive 25% of the water used in
Cdifornia agriculture accounts for 50% of the sector’ s revenue. Conversely, the least productive
20% of the water used in Cdifornia agriculture produces less than 5% of its revenue.

A number of regiona water markets have emerged in Cdiforniain response to the scarcity of

water resources in the region. These markets are local, as opposed to statewide or otherwise, due
to legal, economic and conveyance congtraints on transfers. However, despite their limited
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geographic scope, trading can be quite active within these cells. One such regiona market occurs
within Cdifornia's Westlands Water Didtrict.

Every year, farmsin Westlands compl ete thousands of water trades involving hundreds of
thousands of acre-feet. Given that the Sze of aloca water market is congtrained by the size of
the water didtrict, thereis more “market potentia” in Westlands than in other water didricts. It is
the largest digtrict in the Centrd Valley Project, covering nearly 600,000 acres and including
goproximately 800 farms.

The volume of water traded in Westlands was greater in the wet years of 1995 and 1996 than in

the dry years of 1993 and 1994. However, the volume traded as a share of the annual CVP water
supply, and the number of trades made were greater in 1993 and 1994.

TableVI.1. Westlands Water M arket

Y ear Trades Acre-Feet AF/Trade Share

1993-94 2,519 382,964 152 51%
199495 2,580 284,540 110 45%
1995-96 1,839 410,493 223 27%
199697 1,673 394,449 236 28%

Small farms participated in the market less frequently than large farms. Looking at the 1993 deta,
61.1 percent of the small farms made at |east one market trade; 48.0 percent of the medium farms
and 36.2 percent of the large farms made at |east one market trade.

Table VI.2. Percent Participation

1993-94 1994-95 1995-96 199697

sl 61.1 49.6 50.3 45.7
medium 76.0 79.2 86.2 64.4
large 93.9 84.8 81.3 87.5

Generdly, large farms are net buyers and small farms are net sdllers. Large growers thus appear
to benefit from trading more than small growers. Thisfinding reflects the fact thet large growers
are dble to afford the high transactions costs present in an informa market. Thisis one of the
reasons behind the creation of WaterLink — providing water market information is fundamentaly
democratic and extends the benefits of trading to smdl growers.
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TableVI1.3. Average Annual Supply Change (Acre Feet /Year)

Sze 199394 199495 199596 1996-97

smd| —73 -14 120 -309
medium 222 -35 103 69
large —197 152 703 744

The amount and nature of water trading within Westlands is not typicad, but is dill of interest to
irrigators throughout the Reclamation service area. Westlands should be viewed as a glimpse into
the future rather than smply as an aberration. Farmers in Westlands have achieved remarkable
levels of productivity and efficiency while owning some of the most junior weter rightsin the
CVP sysem. Water trading has hel ped them cope with scarcity, and even thrive, in the face of
highly unrdliable water supplies. As pressure on agricultura water use mounts throughout the
western United States, agricultura interests would be wise to study the lessons of the Westlands
experience with water markets, and consider how they can be gpplied to other settings.

2. Reducing Transaction Cogts with the WaterLink System

The WaterLink eectronic marketing system, introduced by the Chdllenge Grant team in
Westlands in 1996, has begun to reduce market transaction costs. WaterLink conssts of a server
(located in the main didtrict office in Fresno), abank of phone lines and modems, and
communications software. The mgor features of the system are the following:

Water Trading
Growers have the opportunity to post bids and asksin a centra location. These are then
made available to other growers, ether to find atrading partner or smply to keep tabs on
water trading activity. Information included in a pogting: the amount of water, ddivery
time frame, the type of water to be traded, a bid/ask price (optional), and a contact
person. Growers can then negotiate eectronically over the WaterLink system, or can talk
off-line by phone or in person.

Water Market Summary
Water Link makes available the following market summary information: volume traded in
the previous month, annud trading volume, price in the previous month. Thisinformation
is useful to market participants and to growers who are considering making a purchase or
se.

Transfer Approval
Significant cost savings have been redlized by the Water Link system’s ahility to facilitate
the transfer approva process. Once growers have agreed on the terms of atransfer, they
notify the digtrict S&ff via-e-mail about the terms of their proposed trade. The didtrict can
then complete the transfer process.
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Weater Ordering
Perhaps the most commonly used feature of the WaterLink system in Westlandsisthe
water ordering program. Growers can fill out and send the district an eectronic form to
order water deliveriesto their farm. Well over half of dl the irrigated acresin the didtrict
order their water viaWaterLink. The digtrict aso reports cost savings from this fegture.

Didrict and USBR Information
The Westlands newdetter is available via the WaterLink system, asis USBR supply and
dorage information.

Linksto Irrigation-Related Sites
Water Link identifies other irrigation-related sites, induding the Cdifornialrrigation
Management Information System (CIMIS) that gives reference ET data for numerous
wegther stationsin the Westlands service area, as well as wegather forecadts.

Bulletin Board
Growers can post information on this Site. The bulletin board has been used to sdl farm

mechinery, for example.

In 1998, WaterLink was expanded to include 10 additiond water digtrictsin the San Luis &
Ddta- Mendota Water Authority. Users of the systemn include staff of the participating digtricts,
authority personnd and USBR gtaff. The features of the system are Smilar to the intra-district
system used in Westlands, with one notable exception: the inter-digtrict verson of WaterLink
dlows digtrict managers to receive ortline gpprova for proposed inter-didrict transfers. This
feature of the system is quite popular since delay in receiving USBR agpprovd for proposed
transfers retarded devel opment of a more active spot water market in this area.

Response to the Water Link system has been positive. The Westlands verson of WaterLink is
currently used by most of the largest growersin the digtrict. Water ordering is the most
commonly used fegture of the program, but then water is ordered more often than it is traded.
With regard to trading, a any given time during the growing season there are severd current bids
and asks listed on Water Link. The eectronic market has not proven to be “thin.” Also, the
district sometimes procures water viathe WaterLink system, mostly to meet operationa needs.

Theinter-digtrict verson of WaterLink has only operated for part of one growing year, soit hasa
more limited track record. Y et the ontline gpprova feature has caught the attention of digtrict
gaff. Thefirg two transfers submitted to the Bureau' s office were gpproved in asingle

afternoon. Like the rest of the economy, water usersin Caifornia are beginning to take

advantage of improvements in informeation technology to minimize production costs and improve
the efficiency of resource use decisons.
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