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A time-series cross-sectiond modd of irrigation technology choiceis developed for an irrigation
digrict in Cdifornias Centrd Valey to show how changesin the rdlative price of irrigation
water and variations in water supply over time influence the choice of irrigation system. Results
indicate changes in crop mix and variations in water supply are at least asimportant aspricein
determining the choice of irrigation system.

Key words: irrigation, weter policy
Copyright 2002 by Eric Schuck and Gareth Green. All rights reserved.  Readers may make

verbaim copies of this document for non-commerciad purposes by any means, provided that this
copyright notice gppears on all such copies.

This paper was presented at the American Agriculturd Economics Association Annud Mesting,
Long Beach, CA, July 28-31, 2002.

The authors are, respectively, assistant professor, Department of Agricultural and Resource
Economics, Colorado State University; and assistant professor, Department of Economics and
Finance, Sedttle University.

The authors would like to thank Arvin-Edison Water Storage Didrict for their assistance.
Any opinions, findings, conclusions, or recommendations expressed here are those of the authors
and do not necessarily reflect the views of Colorado State University, Seattle University, or the
Arvin-Edison Water Storage Didtrict.



Introduction

Price can play a sgnificart role in promoting conservation of irrigation water, and conservation
pricing of water has become amgor policy tool for the United States Bureau of Reclamation
(USBR, 1997). However, the effects of a price change on irrigation water use are multi-faceted
and may not lead to reductionsin physica water use. Thisis due to differences between water
gpplication rates at the extensve and intensve margins. Specifically, while increasing the price
of irrigation water initidly may encourage irrigators to reduce water gpplications— an intensve
margin response — changes a the extensve margin, such as adjusments in acreage levels, crop
selection, and irrigation technology, may enforce or counteract initia reductions in water
applications.

Chief among potential responses are adjustments in irrigation technology. Irrigation
water demand istypicaly indastic and not substitutable in production (Nieswiadomy, 1988; Ogg
and Gollehon, 1989). Sunding et d. (1997) confirmed the rigidity of irrigation water in
agricultural production and showed that irrigators primary response to water scarcity and
drought istaking land out of production, rather than adjustmentsin water gpplication rates.
Given therigidity of water applications and the importance of falowing asanirrigator's
response to risng water costs, changesin irrigation technology become one of the most
important responses by irrigatorsto rising water prices.

When and how irrigators adopt new irrigation technology has been studied both
theoreticdly and empiricdly. The primary factors influencing technology adoption decisons are
water price and land qudity. Caswell and Zilberman (1986) showed theoretically that the

adoption decison is affected by well depth (i.e.,, water price), land qudity, and crop type. Cason



and Uhlaner (1991); Wichelns, (1993); Caswdl and Zilberman (1985); Green et a. (1996); Negri
and Brooks (1990); Nieswiadomy (1988); and Schuck and Green (2001) all support Caswell and
Zilberman'stheoreticd results. Unfortunately, dl of this research on irrigation technology

adoption focuses on spatid rather than tempora variaionsin price. Thisisduelargely to the

lack of adequate panel data describing irrigation technology choices. Asaresult, most applied
research subditutes time invariant measures of land qudity for non-water prices. Thisleadsto
irrigation technology choice modes that are primarily afunction of congtant physica attributes
rather than relative prices over time. Subdtitution of field attributes for prices means existing
irrigation technology choice modes may not adequately capture the extent to which changesin
irrigation water price over time leads to extensve margin adjusmentsin acreege levels and
irrigetion technology.

The present research extends exigting irrigation technology adoption models by
developing amodd of on-farm irrigation technology choice that recognizes both spatid and
temporal variationsin water price. The research proceeds by first developing a theoretica model
of irrigation technology. This adoption mode is conditioned on cropping patterns thet are, in
turn, conditioned on the relative prices of water and other inputs. The mode is gpplied to time-
series cross-sectiona data on both irrigation technology choice and acreage alocations for an

irrigation didrict in Cdifornia’s Centrd Vdley.

Background
The amount of water the i-th irrigator applies to the k-th crop is denoted AW, which dso
depends on the type of irrigation system used and the cost of water. For thei-thirrigetor, the

technicd efficiency of ther irrigation system (the proportion of applied water which is actudly



transmitted to the crop for consumption by the plant) under the j-th type of irrigetion systemis

denoted djj. If the consumptive water demand of the k-th crop typeis EWk, which relates to AW

which smply shows that the amount of water that must be gpplied to a crop is the consumptive
requirements of the crop inflated by the technicd efficiency of the farm’sirrigation system.

In the short-run, irrigators will adjust water gpplication rates in reponse to achangein
water price while holding irrigation technology congtant. Consequently, the impact of a change
inwater price on AW by differentiating (1) with respect to the price of water r, asfollows:

AW, 1 TEW,
T d; r~
Equation 2 shows that the change in water gpplication rates due to a change in surface water

2

price will be the change in the margind water consumption of the crop weighted by the technica
efficiency of theirrigation sysem. This change in gpplied water is usudly consdered to
represent water consarvation.> While (2) shows the margind reductionsin water gpplication
rates, it isimportant to redize that this change hinges on the change in crop consumptive demand
known as “water-gressing,” which is generdly congdrained by plant physology.

As mentioned previoudy, most existing research suggests water price has little impact on
crop water demands and that (2) tendsto bereaivey indagtic. Changesin irrigation efficiency
are critical to evaluating irrigators’ responses to water price changes. If crop water demands, as
measured by EW,, are nearly constant and irrigators do not cease production, the only means by
which reductionsin gpplied water can be achieved isif risng water prices promote adoption of

improved irrigation technology, reducing water losses and the costs of production.



To examine the effect of anew irrigation technology, we assumed that EV isthe same
for each irrigation technology and that each irrigation system is being managed as efficiently as
possible. If risng water prices promote movement from the k-th irrigation technology to the
relatively more efficient |-th irrigation technology, AWk will dedine by the efficiency difference
between the two technologies. Denoting the change in applied water as DAW, water
consvation is given by:

& o)
(3)DAW, :gi- L2 Ew,
d| dk 4]

In this case, water consarvation is achieved by improving irrigation technology
efficiency, not by water-sressing. Thisimplies that the water conservation effects of a price
change are fet primarily through technologica change. In this case, andyss of changesin water
pricing policy requires determining the degree to which water price encourages adoption of more
efficient irrigation technologies.

However, it isimportant to note that not dl irrigation systlems are compatible with dl
crops. Some fieds and crops are physicdly incompatible with certain irrigation sysems. This
inability to combine certain fields and crops with some irrigation systems limits the choices an
irrigator can make and is an example of asset heterogeneity (Bellon and Taylor, 1993; Perrin and
Winkdmann, 1976). Asst heterogeneity plays a sgnificant rolein irrigation technology choice
by limiting the types of sysems an irrigator can use (Green et d., 1996).

Crop water consumption is dependent upon crop salection, which is dependent upon the
physical characteristics of afield. However, physica field characteristics do not vary over time,
and their effects are difficult to capture relative to prices that do vary over time. Consequently,

reflecting asset heterogeneity requiresincluding an explanatory variables that adequately reflects



the physica congraints of afield while varying over time. As mentioned previoudy, falowing
isaprimary response by irrigators to water scarcity and rising water costs. Since crop selection
will be limited by asset heterogeneity, including acreage can show the effects of asset
heterogeneity while dill using an explanatory variable that is not congtant over time.

This research examines the technology adoption decision for gravity, sprinkler, and drip
irrigation systems conditioned on the price of surface water and crop acreage using field-leve
data from the Arvin-Edison Water Storage Didrict in Kern County, CA. Since the cost-
effectiveness of a particular technology aso depends upon the relative costs of related inputs, the
pricesfor fuel, manufactured inputs, and fertilizer are dso included. Consequently, the adoption
function is conditioned on crop selection and the price of other relevant inputs. Use of other
inputs and the use of time-series cross-sectiond data on crop selection separates this research

from previous work.

Empirical M odd

Irrigators will choose whichever irrigation system is most profitable for their particular
circumgtances. The profits of crop production under the k-th irrigation technology for the i-th
irrigator are pj;. Profits under a given technology are a function of vector of crop acreage, a, and
avector of input prices, w. For agrower to adopt an dternative irrigation system the profits
under the |-th technology must be & least as greet as the k-th system:

(4) Dp = pii (& w)-pik(a, w) >0

Further, for water pricing policy to encourage adoption of a more efficient irrigation system,
changes in water price must increase the profit differentid between the dternative technologies.

Since different crops respond differently to different irrigation systems and because changes | the



price of one input price may promote subgtitution of other inputs, it is not possible to determine
how changes in water price will affect the profit differentia theoreticaly apriori and these
effects mugt be determined empiricaly.

The grower is assumed to maximize expected profits by sdecting theirrigation
technology with the highest perceived profits, given by:

(®) pikaw) = fik@, w) + ey
were fjj(a, w) isadeterministic function of crop selection and input prices (including the price of
water) and e;; represents random errors and unmeasured attributes.

Equation 5 can be estimated through a discrete choice model. Estimating adiscrete
choice mode will show the probability of adopting a given technology as a function of cropping
patterns and input prices. In particular, if it is assumed that fix(a, w) takes the form bNX;, where
by isavector of parameters associated with the k-th irrigation technology and X; is a vector of
observed crop sdections and input prices representing a and w for thei—thirrigator and it is

further assumed that the g ‘s are random independent variables following a Weibull digtribution,

the distribution of the difference between the g, ‘ sislogistic (Domencich and McFadden, 1975).
In that instance, equation 5 reduces to amultinomid logit. In the present research, the model
represents the choice between three dternative irrigation systems and is a function of crop
selection and input prices over time.

Irrigation technologies fdl into three generd categories: gravity-based, such as furrow or
flood; high-pressure, such as conventiona sprinklers and linear move or pivot systems; and low-
pressure, such asdrip or fan-jets. Low-pressure irrigation systems generaly require less water
than ether high-pressure or gravity-based irrigation systems and are consequently viewed as the

most efficient. High- pressure systems are viewed as being the next most efficient technology,



with gravity systems congdered the least efficient. However, this ranking does not dways hold
asarule. Asmentioned previoudy, not dl crops are compatible with al irrigation sysems. Asa
result, for some crops a gravity system can be nearly as efficient as any other system.
Additiondly, profitability will ultimately determine what type of irrigation system a particular
irrigator uses, even if this means adoption of atechnicdly less efficient but lower cost system.
Gravity sysems are the base irrigation technology. Typicdly, rising irrigation water prices will
prompt movement away from gravity-based irrigation systems toward either high pressure
gprinklers or low pressure drip systems.

Since the base technology was generdly chosen in atime period outside the current
period of andys's, the probability of adopting the base technology isindeterminate. The
customary solution to this problem isto normdize the b (the coefficients for gravity irrigation
systems) to zero. Under this specification, the probability that the k-th irrigation technology is

adopted by thei-thirrigator is given by?

eXi Bk

P
Ik é eXiB 1k=1,23..,K.
k

(6)
Theirrigation technology adoption model developed here is gpplied to the Arvin Edison
Water Storage Didtrict (Arvin) in Kern County, CA. Arvinisardativey smdl and junior
irrigation digtrict. Irrigated production began in Arvin a the beginning of the twentieth century,
and mogt of the irrigation water used at that time came from ground water. Heavy dependence
on ground water led to sgnificant overdraft of the aquifer. Asaresult, Arvin was created in
1942 with the express purpose of bringing surface water from the Centrd Valey Project to Arvin
and reducing overdraft of the aquifer.

Arvin manages a conjunctive use system with highly varigble water supplies and on-fam
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wellsare acriticd part of Arvin's water management dtrategies. Since firgt receiving surface
water deliveriesin 1966, the Ditrict has seen supplies range from alow of 36 thousand acre-feet
(kAF) to ahigh of 376 KAF. The Didrict experiences drought conditions of varying severity
45% of thetime,

Arvinisdivided up into two different regions, the Surface Water Service Area (SWSA)
and the Ground Water Service Area (GWSA). Growersin the SWSA receive water from Arvin
through a series of surface water canals. These cand's are subdivided into 6 separate pumping
zones differentiated by devation. The price of surface water from Arvin varies with these
pumping zones and irrigators receiving water a higher elevations pay a higher price for water.
Growersin the GWSA cannot recelve ddiveries from the Didtrict and must rely instead on o
farm wdlsfor irrigation water and are omitted from this study.

Irrigation water price isamagor policy tool in Arvin. In responseto USBR pricing
initiatives, Arvin abandoned a contract-quantity based dlocation system in favor of a price based
dlocation system in 1995, leaving surface water price asther primary control over surface water
use. Arvin does gtill encourage growers to use surface water first and maintain ground water
levels by setting the volumetric component of the surface water rate below the pumping cost of
growers. However, akey feature of the 1995 contract change was the adoption of drought-
contingent pricing as apolicy tool. The Didrict defines drought-contingent pricing asaprice
that rises and fals with imported surface water supplies. Current Didtrict plans areto raise or
lower the price of surface water by the change in margina delivery costs attributable to drought
(or flood) conditions.

Thereisawide variation in irrigation technologies, weater prices and crops within the

Digrict. The analyss focuses mainly on citrus, deciduous, truck, and vine crops. These arethe



standard crop classifications used by the Digtrict, and these crops account for over 78% of the
irrigated acreage in the Didrict and have significant variation in observed irrigation technologies.
Mog of the remaining irrigated acreage is made up of cotton. Cotton was omitted sinceit is
irrigated dmost exclusvey with high-pressure irrigation systems. Didtrict employees collected
data on irrigation technology, field size, and water price for their annua crop reports. Input

prices came from data series maintained by the National Agriculturd Statistics Service. This
andysisis based on data from the post-1995 contract change water years and relies on field-leve
irrigation technology and cropping patterns for 1997-2000. Acreage, irrigation technology, and
input price data are summarized in Table 1.

To measure the effects of input and water prices on irrigation technology choice over
time, amulti-nomid logit modd was estimated for each of the four crop categories. The anayss
uses four continuous variables: crop acreage in the field, the price of fud, the price of
manufactured inputs, and the price of fertilizer. All input prices are teken from Nationa
Agricultural Satigtics input price seriesfor Cdifornia s Centrd Valey and are expressed as a
ratio relative to the price of surface water. Consequently, the effects of water price appear in the
adoption model relative to other inputs. Gravity irrigation is the benchmark technology, with
high- pressure sprinklers being the next choice, followed by low-pressure drip irrigation systems.
Edtimation is carried out usng the LIMDEP econometrics software, and the results for each crop

and each irrigation system are reported in Table 2.

Estimation Results
The multinomid logit results for each crop and each irrigation system are reported in Table 2.

Thelog likelihood ratio test, given by 2(LW - Lw) and asymptoticaly distributed as a chi-
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sguared random variable, is reported since qualitative choice modd do not have asingle reliable
measure of modd fit (Maddda, 1987). As the chi-squared Satistics show, dl of the multinomid
logit modds are Sgnificantly sgnificant and regressons exist. However, examination of the
individud dope coefficients shows thet reaively few of the individua parameters are

datidicdly ggnificant. Thisisasgn of multi-collinearity, and is acommon problem in time-
series models across relatively narrow cross-sections.

While the parameters are not statistically significant, they are unbiased and do provide
useful information regarding the role of surface water price in irrigation technology. The
coefficients show the relative affect of surface water price on choosing sprinkler or drip
irrigation systems choice relative to gravity irrigation for citrus, deciduous, truck and vine crops
inthe Didrict. It isimportant to note that relative to the other input prices, the effects of surface
water price may increase or decrease the likelihood of adopting a more efficient irrigation
sysem. This suggests that while higher water prices over time may promote adoption of more
efficient irrigation systems, changes in the relaive prices to technica compliments and
subdtitutes to water may increase or decresse the effects of price. For example, while the price
of surface water has a postive effect on the adoption of sprinklers for irrigators growing citrus
crops relative to the prices of fuel and manufactured inputs, it has a negetive effect relative to the
price of fertilizer. Asaresult, the technology effects of changesin the price of surface water
price over time may beincreased or decreased by the relaive changes in the prices of other
inputs.

The coefficients of the multinomia logit models do not directly measure the margind
effects of surface water price on the probability of adopting each irrigation technology. Sincethe

price of surface water is expressed relative to other input prices, the probability of adopting each
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irrigetion system at dternative water prices are shown for each of the four crop groupsin figures
1 through 4.

Asthe figures show, higher surface water prices generdly move irrigators avay from
gravity systems toward more efficient drip syssems. However, the rate a which thistrangtion
occurs varies by crop. In particular, while irrigators growing citrus crops appear to move
directly from gravity-based irrigation to drip systems a higher water prices, irrigators growing
deciduous crops move to both sprinklers and drip systems. For deciduous crops, the trangition to
drip sysems occurs only at relatively higher water prices.

The combination of the mixed effects of surface water price relative to other input prices
and the difference in adoption rates across crops suggests that the influence of surface water
price on adoption of dternative irrigation sysemsis not uniform. While the results suggest
higher surface water prices over time may promote adoption of more efficient irrigation systems,
crop type and the prices of other inputs may increase or decrease these effects. This suggests
water pricing policy should account for both other prices and regiona crop coverage before

adoption of conservation pricing policies.

Conclusions

The effects of surface water price on the adoption of aternative irrigation systems over time vary
relaive to the prices of other inputs. Additiondly, surface water price influences each crop type
differently. Previous research, notably Green et a. (1996) and Schuck and Green (2001),
observed that the effectiveness of surface water price varied over space. The current research
suggests that the effectiveness of surface water price as a conservation tool will dso vary over

time, particularly when the prices of other inputs are varying. Since the possbility exists for
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limited technical subgtitution across inputs, the mixed effects of surface water price on adoption
of aternative irrigation systems relative to other prices suggests that surface water priceisan

effective policy tool, but which by no meansisflavless.
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Table 1. Crop Acreagein Arvin Edison Water Storage District and
Per centage of Each Crop under Three Typesof Irrigation

%in %in % in

Average Acres. Average Field Size: Gravity/Furrow Sprinkler Drip
Citrus 9990 61 7.36% 0.31% 92.33%
Deciduous 5369 58 34.24% 18.75% 47.01%
Truck 13134 58 15.81% 80.15% 4.03%
Vineyard 11127 69 35.81% 0.78% 63.41Y%
All Crops 50705
Average Prices  Units
Pfuel 16.83 $lac
Pmanuf  102.63 $lac
Pfert 28.35 $lac
Water 57.93 af
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Table 2: Multinomial Logit Resultsfor Irrigation System Adoption

CROP.

Citrus

Decidous

Truck

Vineyard

SYSTEM:

Constant
Acres
ps/pfuel
ps/pmanuf

ps/pfert

Constant
Acres
ps/pfuel
ps/pmanuf

ps/pfert

Constant
Acres
ps/pfuel
ps/pmanuf

ps/pfert

Constant
Acres
ps/pfuel
ps/pmanuf

ps/pfert

Sprinkler

Coefficient t-ratio

-3.37
-0.00264
2.8909
7.0195
-6.82883
chi-squared = 38.28
n =652
-349361
0.000741
1.58435
-13.4909
2.55001
chi-squared = 45.44
n =368
0.12212
0.004579
0.059006
1.69673
0.04049
chi-squared = 14.28
n=917
-9.40641
-0.00743
-5.42746

41.4786

0.555436
chi-squared = 3261
n=645

15

-0.60167

-0.24095

0.361042

0.136455

-0.63516

d.of f.

-2.78473

0.288991

1.406265

-1.08471

1.152807

d.of f.

0.203527

1.843559

0.094676

0.23792

0.034073

d. of f.

-2.92892

-0.85136

-1.45444

1.00304

0.093363
d. of f.

Drip

Coefficient
-3.5614

-0.00122
0.274747
-18.6918
7.65536
8
-5.84841
0.001453
-0.92188
4.01303

3.58416

-2.8253
0.002584
-0.81998
-0.52613
214321
8
0.470585
-0.00544
0.732397
-13.4691

2.7746
8

t-ratio
-3.09502

-0.54723

0.253694

-1.58488

3.62639

-547219

0.696323

-0.99912

0.39237

2038413

-2.34632

0.538556

-0.64438

-0.03369

0.828007

0.828848

-4.01241

1.195739

-1.92513

2.312608



Figure 1. Probability of Drip Irrigation Adoption for Citrus Cropsin California’s Central
Valley at Alternative Water Prices
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Figure 2: Probability of Drip Irrigation Adoption for Deciduous Cropsin California’s
Central Valley at Alternative Water Prices
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Figure 3: Probability of Drip Irrigation Adoption for Truck Cropsin California’s Central
Valley at Alternative Water Prices
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Figure 4. Probability of Drip Irrigation Adoption for Vineyardsin California’s Central
Valley at Alternative Water Prices
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