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Abstract:

Increasing demand for weter in the environment has increased the cost of
irrigation water in agriculture leading to the adoption of water saving irrigation
technologies, reducing agriculturd return flows. However, when agriculturd return
flows are a source of environmenta supply ‘savings soon disgppear because of the

reduced agriculturd return flows.



Introduction

Increasing demand for water in the environment has increased the cost of water for use
in agriculturd production and led to the adoption of water saving irrigation technologies.
However, it may be amisnomer, to say that saving water a the farm leved trandates into abasin
wide saving. The quantity of water saved is dependent the reuse of agricultura return flow.

The on-farm benefits of improving irrigation efficiency to maintain agricultura production
in the face of decreasing agriculturd water endowmentsis commonly researched by economigts.
Where, irrigation efficiency (IE) is defined asthe ratio of evapotransporation (ETc)to inflow'.
The higher the | E rate the less the return flow. However from a basin wide perspective, to
trandate the decrease of agriculturd water endowments into a ‘ savings of water’ isincorrect
when agriculturd return flow is used to supply non-agriculture demand. Thisis because dl or
part of the quantity of water ‘saved’ by reducing agriculturd deliveries must be used to meet the
shortfdl in non-agricultura demands driven by the reduction in agriculturd return flow.

This paper nests an on-farm decision making modd, used to predict irrigation
technology adoption rates, with a smplified basin wide hydrologic mode of water use to
quantify changesin water use. The god of the mode isto provide the policy maker with atool
to determine the amount of water available to agriculture conditioned by the expected
technology response of individua farmers and the subsequent change in basin wide water use.
The empirica backdrop isthe Upper Klamath Basin, straddling the Cdliforniaand Oregon

border.

! Evapotranspiration is the quantity of water that is removed from the system by crop consumption,
evaporation and deep percolation.



Literature Review

The dlocation of scarce water resources to agriculture in the American West has
recelved increasing attention as the cost to the environment of diverting and consuming water in
agricultura increases. The chronology of economic research on the subject began with
quantifying increasesin dlocative efficiency (Burness and Quirk; Hartman and Seastone, Vaux
and Howitt; Booker and Y oung) by increasing the price of water through such means as
increasing block rate pricing structures or creating water markets.

More recent research focuses on the trade- offs between agriculturd production and the
environment from changes to existing dlocation methods and to various efficiency control
policies. The environmentd effects examined have included changes in stream flow, weater
qudity, goplication of agro-chemicas and quantity and quality of deep percolation. (Weinberg
et. a.; Dinar and Letey; Colby; Caswell et.a (1990)., Hefand and House and Heming and
Adams). However none of thiswork has examined the re-use of water on abasin wide scale?

The Model
The economic and hydrologic modes are linked by irrigation efficiency. A asmplified

hydrologic modd of return flow inabasinis
RF=1*(1- IE) 1)
Where RF isreturn flow, | isinflow and IE isthe irrigation efficiency rate.
The farmer alocates resources; land, applied water, labor and capita dollars, across

crops, in order to maximize profits. Farmers choose |E rates indirectly by determining the

2 Griffin and Hsu, Burness and Quirk and Bockstael have done research regarding the importance of relative
spatial location in economic modeling



optima combination of water and technology or labor costs required to ddliver ETc to the crop.
In addition to the standard requirement of quasi-concavity, the production function should
possess two properties to accurately model agricultura production: 1) input subgtitution and 2)
the ability to account for land heterogeneity. Each of these propertiesis discussed below in
turn.

Subgtitution between labor/capita and water is made through the farmer’ s choice of
irrigation technology and management. For example, flood irrigation requires less capitd than
drip irrigation, however flood irrigation requires sgnificantly more goplied water than drip
irrigation, yet both technologies can supply the yield maximizing quantity of ETc®. For smplicity
the inputs, labor and capital, will be combined into one composite good called technology”.
This amplification defines ETc is afunction of water and technology dollars, in either labor or
capitd. Nothing islost by making this smplification because the focus of this research is on how
much farmersimprove efficiency not how | E rates are improved.

Land heterogeneity, described as the difference in the qudity of land as measured by
crop yield per acre, is the second property sought after in the model. The underlying
assumption isthat farmersintroduce land into production in the order of the land’s quality. The

best land comesinto production first followed by continudly decreasing quality until the last unit

® The practice of deliveringless ETc than isyield maximizing isreferred to as stressirrigation. Whether farm
managers practice stressirrigation seems dependent on the geography and type of crop. In some
agricultural areas, with relatively high valued crops and constraints on land farm managers choose to deliver
yield maximizing quantities of ETc to their crops. In other agricultural areas, without land constraints,
keeping more land in production and reducing the yield of each acre of land, may be the profit maximizing
behavior. This model assumes the former condition, extensions of this research would include stress
irrigation as achoicein the set of on-farm management options.

* Technology is denominated in dollars representing increasesin labor (as per hour labor dollars) and capital
(asannual depreciation costs of capital investment.)



of land placed into production has amargina return of zero. Conversdly, asland isforced from
production by a reduction in other inputs, here gpplied irrigation water, the margina land isthe
firs to exit. Theresult of this decrease (increase) in land in production isincreasing (decreasing)
average crop yields per acre.

The generd functiona form that posses the above properties for average yield per acre

of cropiis
Yi :fi(XiI‘ETCig(it’XiW%) (29)
.
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Where x; isthe input of thej resources, |, t, w, referring to land, technology and water,
repectively. This generd form of the production function defines the average yield of crop i as
afunction of land and ETc; and ETc as afunction of technology and applied irrigation water.
Equation (2b) is a curvature restriction that accounts for land heterogeneity, where average yield
per acreincreases astotd land in production fals. Equations (2¢-d) define diminishing margind
rate of technica subgtitution between gpplied water and technology in the production of ETc.
Specificaly, the functiond form of the profit maximization problem which possesses the
two properties of the production function, input substitution and land heterogeneity, can be
modeled by combining a quadratic yield expression for land with a congtant eagticity of
subdtitution (CES) function which produces ETc. Assuming the costs are linear, the functiona

form of the mode for one crop and one region is:
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where: eisthe subscript referring to ETc
P = output price

a = averageyidd intercept parameter

d = averageyidd dope parameter

w; = input cost

x; = input of the j resources

R; = coefficient of per acre input requirement for j resources
R, = coefficient of minimum per acre ETc

y = CES technology parameter

j « = CES share parameter

h =function of the dagticity of substitution, s (s = ﬁ )

C, = total endowment of resourcej, note: R= 1
1E =Theinitid IE rate

The quantity of gpplied water and technology are incorporated into the production
function through congraints (3b) and (3c), which account for the fixed proportions relationship
of ETc and land and, which defines ETc in terms of gpplied water and technology, respectively.
Through the use of a CES function for ETc, the modd returns information regarding the
subdtitutability of technology for gpplied water thereby estimating the increases in the (IE) rate.
The lIE rateisinitidized at the observed rate, TE. Equation (3d) limitsthe | E rate to be greater

than or equd to theinitid rate.



Examination of thefirg order conditions reveds intuitive margind relationships.
Consder asmplified Lagrangian that assumes the congtraints (3b) and (3e) bind. Let m bethe

Lagrange multiplier on ETc.

(4)

First order conditions of the Lagrangian are:

%zP(a- 2d)x, = mR, +w note R, =1 (5a)
%: mMP, =w, " K (5b-d)

where MP, :faeéj k(xk)h j k(xk)h'1 " K (6)
k

Examination of the first order conditions shows the connectivity of land, applied water
and technology to ETc. In equation (5a), the equilibrium quantity of land in production is
determined by equating the vaue of the margind product of land, (VMRP), to the price of land
plus the per acre requirement of ETc, R, times the shadow vaue of the margina product of
ETc, m. Consider R.m to be the value margina product of ETc, VMP.. Smilarly, thefirst
order conditions generated by differentiating the objective function with respect to gpplied water
and technology (equations 4b-d) equate the respective input price to the shadow vaue of ETc
times the respective input’s margina product. Where m isthe‘price’ of ETc (the shadow

vaue), thefirst order conditions of applied water and technology can best be described as an



andog to the familiar first order condition, where vaue of the margind product of aninput is
equated to its price, as equating the shadow-vaue of the margind product inputs to their prices.

The parameters of the mode are developed using positive mathematica programming
(PMP) (Howitt 1995) and a cross section of data. The cross section, or basdine year is
chosen based on whether there were full agricultural water deliveries. Multiple modd scenarios
are run assuming various reductions to agricultural water endowments as a percent of the
basdline year endowments. Predicted changesin | E rates are then used in the hydrologic model
to calculate changes in return flow and consequential shortages of water supply to non-
agriculturd users.

Andyzing the change in return flow is helped by taking the total differentid of the return
flow equation (equation 1). The differentid is:

DRF=DI(1- IE)- IDIE 7

The first expression on the right hand side of equation (7) isthe planned reduction in agricultura
diversons, or inflow, I, times the portion of inflow that becomes return flow, (1-1E). This
expression represents the policy makers choice on the reduction in return flow. The second
expression on the right hand side of equation (7) is the change in return flow that results from a
changeintheon fam IE rate. Thisexpresson is more difficult for a policy maker to plan asitis
generated from the profit maximizing irrigation technology choices of the farmers, conditioned on
the reduction of agriculturd diverson. The modd presented here estimates the unplanned

change.



Empirical Backdrop
The Upper Klamath River Basin (the Upper Basin) is situated on the California-Oregon

border to the east of the Cascade mountains. It covers gpproximately 5,155,000 acres and is
home to anationa park, a national monument, two nationa forests and sx wildlife refuges. The
wetlands of the Upper Basin are a pinch point of the Pacific Flyway, therefore they are essentia
for migratory waterfowl. In addition to the natural resources within the Upper Badin, the
Klamath River itsdf is one of the Pacific Coasts most important salmon and steelhead trout
rivers.

The Klamath Project, located in the south central Upper Basin was initiated in 1905 as
one of the first federd irrigation projects to be constructed by U.S. Bureau of Reclamation
(USBR). The project encompasses 234,000 acres of land. Upper Klamath Lake, the source
of the Klamath River provides ninety percent of the off-stream diversions used to irrigated lands
within the Klamath Project.

Within the Klamath Project the proximity of farming and wildlife is griking. Farm fields
border on or are located within the Tule Lake Nationa Wildlife Refuge (TLNWR) and the
Lower Klamath Lake Nationa Wildlife Refuge (LKLNWR) and water flows directly into the
marshes from irrigation drainage channels. Within the Klamath Project, the distinction between
cand and drain water becomes blurred as conveyance channels carry amixture of source water
and irrigation return flows. Legdly the LKLNWR and TLNWR hold junior weter rightsto
agriculture and are dependent on these agriculture return flows for amgority of water used to

flood the marshes.



Sdmon are threatened and endangered speciesin the Klamath River. Additiondly the
shortnose sucker fish whose habitat is Upper Klamath lakeis listed as endangered. Situated at
the source of the Klamath River, and as the largest diverter of Klamath system water, the
Klamath Project is currently the target for reductionsin diversons. When these reductions
occur, they cause reductions in return flow and therefore shortages in the water required to
maintain LKLNWR and TLNWR.

In short, between Upper Klamath Lake and the river, both geographicaly and
politicaly, lies the Bureau of Reclamation’s Klamath Project. The Bureau must balance water
leve requirements in the Upper Klamath Lake with stream flow requirements in the Klamath
River and Wildlife requirements to the south.

Results

Figure 1 shows the rdationship of |E rates to the percent of available agricultural water
ddiveries. Beginning a abasin wide average |E rate of 70 percent increasing to 82 percent
when agriculturd water deliveries are 30 percent of basdine. The curve demondtrates a cubic
relationship whereby the change in the | E rate increases a an increasing rate until the 60 percent
avallability and then increases a a decreasing rate. The curve asymptotes after a 30 percent
avalahility. Thisrange of |E ratesis condstent with irrigation technology methods in the

Klamath Project.
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Thetotd differentid of the percent change in return flow is shown in Table 2. The two
effects discussed above, are the planned effect, resulting from areduction in agricultura
deliveries and the unplanned effect, resulting from the change in IE rate. In the case of 90
percent basdine water deliveries the planned reduction in return flow is 10 percent and the
unplanned reduction is 5.9 percent, making the total reduction 15.9 percent. The contribution
of the unplanned reduction more than doubles the shortage in return flows. In the Klamath
Basin the unplanned effect reduces the amount of water that was expected to be available to

flood marshlands for wildlife habitat by half.

Percent of Basdine
Applied Water 1000 900 800 700 600 500 400 300

W ) ) ) ) ) )

Percent reduction in agriculturd return flow

Planned 00 -100 -200 -30.0 -40.0 -50.0 -60.0 -70.0
Unplanned 00 59 56 -51 -58 -38 -20 -11
Tota 00 -159 -256 -35.1 -458 -538 -62.0 -71.1




The unplanned reductions fdl as the percent of baseline gpplied water fals. The reason
for thisistwofold. Firgt the rate of changein the IE ratio is faling and secondly as the amount of
water diverted to agriculture decreases, the effect of achangein |E rates becomes less
ggnificant.

Assuming the Nationd Wildlife Refuges preserve habitat, the unplanned reduction in
agriculturd return flow must be replaced with water from Upper Klamath Lake. In the above
example the ‘savings of 10 percent of water to agriculture (90 percent of baseline applied
water) is reduced by the shortfal of 5.9 percent of water to the Nationd Wildlife Refuge.
Therefore the savings of water generated by anincrease in |E rates, isonly 4.1 percent. This
result holds anytime thereis reuse of agricultura return flows within abasin.

Conclusion

To understand the basin wide savings of water requires an understanding of the change
in |E rates and ultimatdly the change in basin wide ETc. Agricultural economic models that
focus on the change in applied water as areaction to reductions in water available to
agricultura, without regard to the change in technology that occurs may be mideading policy
makers on potentia water savings. The oversatement will be largest the smdler the reduction
of agriculturd water deliveries. Modds that focus only on changesin ETc, without regard to the
subdtitution of technology for water may be mis-stating ether the costs of technology required to
produce ETc, or water costs, or both, thereby mis-stating the economic consequences to
agriculture from reductionsiin irrigation water deliveries. To affect a true basn wide savings the

modd must condition the choice of water available to agriculture on changesin IE rates.

1
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