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Evaluating Economic Efficiency of a Water Buyback Program:  3 

The Klamath Irrigation Project 4 

 5 

ABSTRACT 6 

Increasing scarcity of water resources in many regions is likely to give rise to disputes 7 

similar to those observed in the Klamath region of Oregon and California where 8 

irrigation water buyback programs have been implemented to reduce irrigation diversions 9 

with the purpose of securing required instream flow for aquatic habitat. In this study 10 

using a mathematical programming approach we compare a direct water buyback 11 

program with an indirect, land idling based, program for securing required amount of 12 

water.  We show that land idling based programs can be costlier than direct water 13 

buyback programs. Compensation for water idling directly, unlike land idling based 14 

programs, ensures that marginal water units with the lowest derived demand values are 15 

removed from production first.   16 

 17 

Key words: Water demand, Irrigation, Water Buyback.   18 
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 Evaluating Economic Efficiency of a Water Buyback Program:  21 

 22 

The Klamath Irrigation Project  23 

 24 

Since the 1970s the focus of water management policies in the US has shifted from 25 

supply augmentation towards reallocation of existing supplies to meet competing 26 

demands (Chong and Sunding, 2009). Water acquisition and buyback programs are 27 

intended to reallocate existing water supplies among competing uses to correct under 28 

provision of public goods such as biodiversity and endangered species habitat.  The 29 

Klamath Water Bank, California’s Environmental Water Account, and Washington 30 

State’s Walla Walla Mitigation Exchange are examples of programs that lease or buy 31 

water for environmental purposes.  This paper evaluates the cost effectiveness of the 32 

2010 Klamath Irrigation Project (KIP) water buyback program.  The program solicited 33 

bids for idling land to reduce surface irrigation water diversions in accordance with the 34 

Endangered Species Act (ESA) mandate for aquatic habitat provision. 35 

We demonstrate that an irrigation water buyback based on land idling bids, versus 36 

direct water idlingi, requires expenditures in excess of the value of irrigation water in 37 

agricultural production.  To illustrate this disparity, we first provide a theoretical 38 

illustration of land versus water idling.   Next, the derived demand for irrigation water in 39 

the Klamath Irrigation Project is empirically estimated.  The derived demand is used to 40 

compare the observed expenditures in the 2010 water buyback program to the 41 

corresponding estimated derived value of irrigation water.  The model is also used to 42 

compare the estimated expenditures from direct water idling to the estimated 43 

expenditures from a land idling based water buyback program.  The analysis seeks to 44 

make two contributions to the water acquisition literature.  First, our methodology 45 
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illustrates a practical empirical framework that regulators can use to value irrigation 46 

water.  Second, the disparity between actual 2010 buyback expenditures and the 47 

estimated marginal value product (MVP) of surface irrigation water is estimated.  This 48 

difference can be attributed to the design of the water buyback program and/or to the 49 

premium necessary to induce participation in a water buyback auction (Burke, 2002; 50 

Burke et al. 2004).   51 

The central argument of this paper is that, barring transaction costs including 52 

monitoring and enforcement, land idling buyback programs are costlier than paying 53 

directly for reductions in diversions of surface water.  Land idling bids include 54 

opportunity costs of both land and water as inputs in production.  In contrast, a water 55 

buyback program based exclusively on water idling avoids expenses associated with 56 

idling land as a factor of production.  In addition, idling a parcel of land with its 57 

appurtenant water right idles water with high MVP as well as water with lower MVP.  In 58 

contrast, a program which pays for water directly, rather than indirectly via land idling, 59 

ensures that water with the lowest marginal derived demand values is purchased first.  60 

Cost inefficiency results from the foregone value of removing land from production and 61 

the decreasing marginal productivity of irrigation water. 62 

 This study examines potential differences in expenditures on securing reductions 63 

in diversions not accounting for monitoring and enforcement costs.  Monitoring and 64 

enforcement costs of land based idling programs are low.  In contrast, direct water idling 65 

programs require investment in water meters, gauges, or other technologiesii.  Thus, if 66 

monitoring costs exceed the savings that may be realized by switching from land idling to 67 

direct water use reduction based programs, then direct water idling programs are not 68 
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justified.  While benefits of switching from land based idling to direct water idling during 69 

a water shortage in any given year may not exceed costs of monitoring, repeated water 70 

shortages requiring repeated buybacks may justify investments in monitoring 71 

infrastructure. Furthermore, monitoring infrastructure can provide benefits in addition to 72 

the facilitating monitoring and enforcement in water buyback programs.   73 

The paper is structured as follows:  Section 2 provides necessary background on 74 

the study area; Section 3 provides a theoretical illustration of land idling based vs. direct 75 

water buybacks; Section 4 describes the empirical approach; Section 5 discusses the data 76 

and data sources; Section 6 presents results and Section 7 provides discussion and 77 

concluding statements.  78 

 79 

Study Area and Background 80 

The Klamath Irrigation Project (KIP, Figure I), located on the Oregon/California border, 81 

was created in 1905 under the provisions of the 1902 Reclamation Act to provide 82 

irrigated agricultural land for homesteading (USBR, 2009; Hathaway and Welch, 2002).  83 

KIP includes approximately 200,000 acres of farmland with approximately 1,400 84 

individual farms and ranches which principally produce pasture, alfalfa, other hay, 85 

barley, wheat, oats, potatoes, and onions (USBR, 2005-2009).  Surface water from Upper 86 

Klamath Lake, Clear Lake, and Gerber Reservoir is used to irrigate Project and non-87 

Project land in the Klamath Basin, provide in-stream flows for endangered fish habitat, 88 

and water for two wildlife refuges.  The Klamath Basin is home to 19 species of native 89 

fish, including the endangered Coho salmon and the Lost River and Shortnose suckers, 90 

which support tribal, sport, and commercial fisheries (Lewis et al., 2004).  The decline of 91 
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endangered fish species has been attributed to water management, water quality, loss of 92 

habitat, overfishing, and other causes (Lewis et al., 2004).  93 

The U.S. Bureau of Reclamation (USBR) manages surface water deliveries to 94 

Project irrigators from water stored in Upper Klamath Lake, Gerber Reservoir, and Clear 95 

Lake Reservoir.  Prior to releasing surface water for irrigation, USBR must comply with 96 

Endangered Species Act mandates in the Biological Opinions of U.S. Fish and Wildlife 97 

Service (USFWS) and National Marine Fisheries Service (NMFS).  The USFWS’ 98 

Biological Opinion recommends a minimum elevation for Upper Klamath Lake to protect 99 

the Lost River and Shortnose suckers. Similarly, NMFS’ Biological Opinion recommends 100 

minimum in-stream flows in the Klamath River to protect endangered Coho salmon 101 

(Hathaway and Welch, 2002).  102 

Water management in the Upper Klamath Basin has been contentious.  Prior to 103 

2001, irrigation curtailments during low flows were limited to low-priority Project water 104 

contracts (Markle and Cooperman, 2002).  However, the severity of the 2001 drought 105 

necessitated the inclusion of high-priority water contracts in some areas of the Project.  106 

This curtailment attracted significant public attention, protests, and calls for annulment of 107 

the Endangered Species Act (Jaeger, 2004).  The 2001-2002 surface water curtailment of 108 

KIP irrigators, as administered by the USBR, has been addressed by Braunsworth, et al. 109 

(2002), Jaeger, (2004), Boehlert and Jaeger, (2010), and Adams and Cho, (1998).  The 110 

curtailment resulted in estimated losses of $27 to $46 million in net revenue for KIP 111 

agricultural production (Jaeger, 2002; 2004).  To alleviate the economic impact of 112 

irrigation curtailment, $35 to $37 million was paid in emergency government transfers 113 

(Jaeger, 2002).  Drought induced high water temperatures and low in-stream flows along 114 
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with irrigation withdrawals contributed to the 2002 die-off of an estimated 34,000 115 

Chinook salmon (Guillen, 2003; Lewis et al., 2004) injuring tribal communities and 116 

commercial fisheries (Powers et al., 2005).  117 

Several recommendations have been proposed to mitigate the effect of water 118 

shortages including: simplifying and strengthening water property rights structure 119 

(Slaughter and Wiener, 2007), allowing for off-Project water purchases and trades 120 

(Jaeger, 2004), water banks (Burke et. al., 2004; Lewis et al., 2004), and tradable 121 

environmental rights (Tisdall, 2010).  Legal barriers preclude enforcing ESA-related 122 

surface water use restrictions on non-Project lands (Jaeger, 2004).  Furthermore, complex 123 

guidelines for water transfers in California and the absence of proper water right structure 124 

in the Oregon portion of the Klamath Project made water market transfer programs 125 

difficult to implement (Burke et. al., 2004).  Jaeger (2004) estimates that water market 126 

mechanisms could have reduced the impact of the 2001 curtailment on farm incomes by 127 

as much as 75%.  Most of the mitigated impact stems from allocating water to Project 128 

areas while reducing irrigation on less productive outside the Project. In addition, surface 129 

irrigation water shortages might be mitigated by deficit irrigation (Adams and Cho, 1998) 130 

and increasing groundwater pumping to supplement surface water use (Boehlert and 131 

Jaeger, 2010).  Groundwater pumping in the KIP has risen significantly in the years 132 

following the 2001 shortage, but the availability and sustainability of groundwater 133 

pumping has not been fully investigated (USGS, 2005).  In the upper Klamath Basin, 134 

groundwater is a major component of stream flow and groundwater use may affect 135 

stream flow through reductions in surface water discharge (Gannet et al., 2010).  Canal 136 
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leakage and percolation of irrigation water are not considered to be significant sources of 137 

aquifer recharge overall (Gannet et al., 2010).  138 

In 2010, USBR reduced expected deliveries to irrigators in the KIP to comply 139 

with the Biological Opinions of the U.S. Fish and Wildlife Service and the National 140 

Marine Fisheries Service (USBR, 2010a).  To mitigate irrigation shortages in the KIP, 141 

additional funding was allocated to the Klamath Water and Power Authority (KWAPA) 142 

which manages water supplementation, groundwater pumping, and land idling programs.  143 

The Land Idling Program reduce surface water use by compensating irrigators for 144 

forgoing irrigation on all or part of their land.  In 2010, KWAPA accepted sealed bids to 145 

idle 18,000 acres at a cost of $3.2 million.  Accepted bid amounts ranged from $0 to $225 146 

per idled acre with a weighted average bid of $176.  Between 36,000 to 45,000 acre feet 147 

(AF) of surface water was purchased at a cost $70 to $88 per AF (assuming 2 to 2.5 AF 148 

of surface water per acreiii).   149 

Burke et al. (2004) use positive mathematical programming (PMP) to simulate the 150 

value of water purchases from KIP irrigators.  Using the 2003 Water Bank Program offer 151 

price of $75/AF as a reference point, they estimate a “participation factor” cost of 152 

$15/AF, or approximately 25% to 40% of the price. “Participation factor” is defined as 153 

the monetrary incentive needed to encourage  participation in the water buyback program 154 

from the point of indifference between using and selling water (Burke et. al., 2004).  155 

They also conclude that the irrigators’ demand curve is relatively elastic as a result of the 156 

small portion of high valued crops (e.g., onions, potatoes, mint) planted during a given 157 

year.  Thus, lowering the Water Bank Program offer of $75 to $73 per acre foot could 158 

result in a reduction of water offers from 60,000 to 30,000 AF (Burke et al., 2004).  159 
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Slaughter and Wiener (2007) argue that USBR purchases of Klamath Basin irrigation 160 

water in 2002 were priced well above the estimated return on water.  Boehlert and Jaeger 161 

(2010) evaluate the effects of adjustments in ESA requirements, expansions in 162 

groundwater pumping capacity, and extended water transfers, on economic impacts of 163 

water shortages in the Klamath Basin.  They use Ricardian rent farmland market prices to 164 

estimate marginal value of water per acre foot ranging from $9 on the poorest soils (class 165 

V) to $105 on the best soils (class I).  Using an LP model of four representative farms 166 

and crop rotations in the Project Adams and Cho (1998) estimate the marginal value of 167 

water in the Klamath Basin to be between $22 and $79 per acre foot.   168 

 169 

THEORETICAL ILLUSTRATION 170 

The difference between a program which pays for land idling to reduce water diversions 171 

and a program which pays for reductions in water diversions directly can be illustrated 172 

using the construct of an isoprofit function.  The difference between the two programs 173 

can be represented in terms of compensation which would be required to achieve a 174 

targeted reduction in water diversions under each program.,  For theoretical illustration 175 

define ( ),w aπ  as isoprofit lines, net of all costs of production, for agricultural producers 176 

whose activities are constrained by the maximum amount of available irrigation water (177 

w ) and maximum land acreage ( a).  Define 1r  and 2r  as pseudo scale linesiv (Debertin 178 

2012).  With no water use reduction policies producers’ profits are ( ),w aπ .  The 179 

regulator’s objective is to reduce water withdrawals in the region from w  to w w− % .  To 180 

do so, the regulator can either directly compensate irrigators not to use w%  amount of 181 

water, and let the producer select the corresponding optimal *a (scenario 1), or 182 
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compensate the producers to idle enough land to reduce water withdrawals by w%  183 

(scenario 2).  For incentive compatibility, the regulators expenditures for encouraging 184 

producers’ participation in the buyback program have to be greater than or equal to the 185 

difference in producers’ profits with and without participation in the program.     186 

In scenario 1, producers maximize ( )1 ,w w aπ − %  with respect to acreage of 187 

cultivated land given a w%  reduction in water use, subject to a a≤ .  If for optimal *
( )|
w w

a − %
188 

the acreage constraint is binding, *
a a= , then ( )1 1 ,w w aπ π= − % .  If the acreage 189 

constraint for optimal *
( )| w wa − %

is not binding then first order conditions 190 

( ), 0
a

w w a aπ π= ∂ − ∂ =%  can be used to obtain ( )* 1 ˆ
a

a a a w wπ= = − %  where ˆ
a

aπ is an 191 

explicit expression for *a from ( , ) 0
a

w aπ = .   Hence, in scenario 1 change in profits can 192 

be expressed as: 193 

( ) ( )( ) ( )
( )

( )
1 1,

ˆ,
ˆ ˆ, , where

ˆ ,

a

a a

a

w a
a if a w w a

w w a w w a w w
a w w otherwise

π
π π

π

ππ π
 − ≥∆ = − − − − =  −

%

% % %
%

   (1) 194 

In scenario 2, producers maximize profits ( )2 ,w aπ with respect to applied 195 

irrigation water depending on the amount of idled acreage, subject to w w≤ .  Producers 196 

choose the optimal amount of irrigation water, *w , corresponding to the amount of 197 

planted acres.  The objective of the regulator is to incentivize the producer to idle enough 198 

acres to cause a desired reduction in water use from w to w w− % .  If for a′  planted acres 199 

the water constraint is binding, *w w= , then idling a a′−  acres produces no reductions in 200 

water use. In this situation w  amount of water gets redistributed across fewer acres with 201 

a lower marginal value product then prior to redistribution.  Reduction in cultivated 202 
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acreage does not reduce water use until enough acres are idled to ensure that acres 203 

remaining in production receive profit maximizing amounts of irrigation water.  At this 204 

point further land idling will free up water which would not be profitable to apply to 205 

acres remaining in production and total water use across all acres will fall below w.  This 206 

occurs when pseudo scale line 1r  falls below w (Figure II). After this point further 207 

reduction in acreage will generate a water use reduction equal to the distance between 1r  208 

andwv.  From first order condition ( ), 0w w a wπ π= ∂ ∂ = we can get acreage for which 209 

optimal water use is w w− % , ( )2 ˆ
w

a a w wπ= − % .  Hence, in scenario 2, change in profits can 210 

be expressed as: 211 

 ( ) ( )( )2 2, ˆ,
w

w a w w a w wπππ π∆ = − − −% %           (2) 212 

It can be easily seen that 2 1π π∆ > ∆  because 1
a in scenario 1 is derived from 213 

( , ) 0|
a w w w

w w aπ = −− =
%

%  corresponding to acreages defined by either pseudo scale line 2r or 214 

adepending on the magnitude of required water use reduction w% .  On the other hand, 2
a215 

in scenario 2 is obtained from ( ), 0 |w w w ww aπ = −=
%
 corresponding acreages defined by 216 

pseudo scale line 1r .  Given that in both scenarios water use is w w− % , scenario 2 217 

produces lower profits than scenario 1because isoprofit 1π  is preferable to isoprofit 2π  218 

(Figure II).      219 

 220 

MODEL 221 

We employ crop and soil specific agronomic production functions expressed in 222 

terms of per acre applied irrigation water.  The model also includes 134 soil types with 223 
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respective productivities and acreages to represent variability of soil productivity in the 224 

KIP (Figure I).  The model thus allows flexibility in production decisions in term of per 225 

acre water application as well as planting decisions per crop and soil combinations.  As a 226 

result, the MVP of water is directly computed at various levels of water availability 227 

producing derived demand for irrigation water.  This specification allows for the analysis 228 

of the program under assumptions of deficit irrigation as well as no deficit irrigation 229 

(English and Raja, 1996, Cortignani and Severini 2009, Burke, Wallander, and Adams, 230 

2004). GIS data is combined with the profit maximization model and in lieu of a Leontief 231 

production technology, used in linear programs, agronomic crop production functions 232 

that exhibit decreasing marginal physical product for applied water are used (Martin, 233 

Gilley, and Supalla, 1989; Contor et al. 2008). 234 

The profit maximization model calculates the MVP of water under various levels 235 

of surface water availability corresponding to various water buyback targets.  Irrigators 236 

maximize profits by choosing planted acreages of various crops on various soils, as well 237 

as levels of applied irrigation water depending on the deficit irrigation assumption 238 

scenario.  Irrigators face the constraints of soil type acreage availability, water 239 

availability, and crop rotation restrictions reflecting managerial and agronomic 240 

requirements.   Total profits for the KIP are total revenue (yield times crop price) minus 241 

variable costs of production.  Variable costs are split into irrigation costs and non-242 

irrigation costs.  The profit function to be maximized is:243 

( ) ( ), , , , , ,  , , , ,  , , , ,  , , , ,  , , 
, ,  , , 

3 * * *      
c s i w k c s i w k c s i w k c k c i w k c s i w k c

c s i w k

a f w P IrrCo w Coπ  = − − ∑    244 

where � is crop type; � is soil type; � is irrigation technology; � is water source; k is 245 

either the California or Oregon side of the irrigation project; � is acreages of various 246 
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crops planted on various soils irrigated using either surface or groundwater with either 247 

gravity or sprinkler irrigation technology in either California or Oregon; � is the 248 

corresponding applied water per acre; ���� is the per acre crop yield; 	 is crop price; 249 


���
 are variable costs of irrigation which include costs of pumping, labor, and 250 

machinery/repair, and vary to account for the differences across crops, irrigation 251 

technology, water sources and states; and �
 is per acre non-irrigation variable costs of 252 

production by crop type and includes non-irrigation related variable production costs like 253 

labor, fertilizers, pest management, fuel, etc.  254 

The crop production function ��,�,�,�,����,�,�,�,�� varies by crop, soil type, 255 

irrigation technology, water source, and state.  Yield is invariant to water source. 256 

However, water source does affect irrigation costs via additional energy costs associated 257 

with groundwater pumping.  The production function (Martin, Gilley, and Supalla 1989) 258 

is: 259 

( ) ( )
, ,

, , , ,

, , , , , , , , , , , , , ,

, , ,

1 1     (4)

c s k

c c

Im

ETm ETd
c s i w k

c s i w k c s i w k c s k c s k c s k

c s i k

w
f w Yd Ym Yd

Im

 
 − 

 
  = + − − −   
  

 

   260 

where �� is crop yield at full irrigation; �� is non-irrigated yield (dry yield)vi; w is 261 

irrigation depth or amount of water applied per acre; 
� is irrigation depth at full 262 

irrigation or amount of water applied per acre at full irrigation required to produce �� ; 263 

��� is evapotranspiration at full irrigation; and ��� is evapotranspiration at non-264 

irrigated yield or dry yield.  265 

Profits are maximized subject to land availability, crop rotation, and water 266 

availability constraints.  Planted acreage must be less than or equal to the land available 267 

for production within each state’s distribution of acres across soil types, irrigation 268 
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technologies, and water sources.  While some land can be irrigated only using surface 269 

water, other parts of the KIP can be irrigated using either surface or ground water.  270 

Constraints (5) and (5) restrict total planted acreage and limit ground water acreage to be 271 

no more than the amount of land that can be irrigated using either surface or ground 272 

water.  In this formulation “ground” refers to acreages that can be irrigated either using 273 

groundwater or using surface water.  All other lands within the project are assumed to be 274 

irrigated only using surface water.  The formulation allows for substitution of production 275 

between surface and groundwater irrigation in some areas of the KIP.  276 

, , , , , , ,   , , , c s i w k s i w k

w wc

a Land s i w k≤ ∀∑ ∑∑                   (5) 277 

, , , " ", , , " ",   , ,  c s i w ground k s i w ground k

c

a Land s i k= =≤ ∀∑   (6) 278 

Crop rotation constraints are imposed based on historically observed variability of 279 

planted crop acreages to reflect agronomic, farm management, and other factors which 280 

affect planting decisions.  Crop planted acreage is restricted to be a convex combination 281 

of historically observed crop mix proportions (McCarl et al., 1982; Elbakidze et al., 282 

2012).  These proportions were taken from KIP crop reports provided by the U.S. Bureau 283 

of Reclamation, Klamath Basin Area office, which split planted acreage between the 284 

Oregon and California sides of the Project.  Constraints for convex combinations of crop 285 

rotations are: 286 

, , , , , , , 
,  , 

,

*   , (7)

1        (8)

c s i w k k y c k y

s w i y

k y

y

a CropMix c k

k

λ

λ

= ∀

= ∀

∑ ∑

∑
  287 
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where � is a historical year from observed crop mix data; ��
�����,�,  is historically 288 

observed acreage of each crop by state in year �; !�,  is a choice variable restricted to the 289 

bounds [0 : 1] and can be interpreted as the proportion of simulated acreage that is 290 

planted consistent with the crop acreage distribution observed in year y.  In other words, 291 

!�,  shows the percentage of planted acreage simulated to be planted in similar crop mix 292 

proportions as in historical year y.  This specification constrains the simulated planted 293 

acreage to fall within the bounds of planted crop mix acreages observed in recent years 294 

and indirectly forces the solution to obey various agronomic and managerial rotation 295 

constraints and other restrictions which affect planted acreage decisions in addition to 296 

water and land availability constraints.  For example, in practice planting decisions take 297 

into account crop rotation requirements based on pest management and soil quality 298 

considerations.  In the absence of constraints capturing such rotation requirements the 299 

optimization model will over allocate land for more profitable crops and under allocate 300 

land for less profitable crops relative to crop mixes observed in practice.    301 

Shadow prices from the surface water availability constraint are used to obtain a 302 

series of MVP estimates corresponding to various levels of surface water availability.  303 

The constraint maintains that applied surface water must be less than or equal to surface 304 

water availability. "�#$��%&�'()*�+& is varied across multiple model runs to reflect 305 

different levels of surface water availability and to generate corresponding MVP valuesvii 306 

which are used to construct derived demand for irrigation water.  307 

 308 

 , , , 'surface', , , , 'surface', ' '

, , ,

*        (9) c s i w k c s i w k w surface

c k s i

w a Water= = =≤∑   309 

 310 
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DATA 311 

 The model includes the following crops: alfalfa, oats, barley, wheat, hay, potatoes, 312 

peppermint, onions, and pasture.  Crop prices are obtained from the U.S. Bureau of 313 

Reclamation 2005-2009 Klamath Irrigation Project crop reports provided by the Klamath 314 

Basin Area Office.  Crop prices are defined separately for each state (California and 315 

Oregon) in the KIP.  Per unit prices of each crop over 2005-2009 are CPI adjusted for 316 

inflation, expressed in 2010 dollars, and averaged for each state over years. 317 

 Production costs, from crop budget reports (Oregon State University; University of 318 

California, Davis), are bifurcated into irrigation and non-irrigation related variable 319 

costsviii.  Irrigation costs include fixed per acre costs (independent of rate of irrigation), 320 

which includes operation and maintenance (O&M) and equipment rentalix, and variable 321 

costs (depending on the amount of water used per acre), which includes water chargesx, 322 

electricity, labor, and repair costs. Electricity, labor, and repair costs are obtained from crop 323 

budget reports in dollars per acre and vary by irrigation technology. These costs are converted to 324 

a per acre foot basis by dividing the per acre cost by the number of acre inches reported in the 325 

crop budget report, and multiplying by 12 inches. Irrigation costs vary depending on water 326 

source, state, and irrigation technology.  Although production costs vary by soil class, 327 

cost and return estimates are not available at the resolution of soil class.  Therefore, 328 

representative production costs are used.  Variability across soil classes is reflected in the 329 

production capability of various soils.  330 

 Historical planted crop mix acreages in equation (7) are taken from the USBR crop 331 

reports.  The nine crops in the model represent over 98% of planted acres.  Onions and 332 

peppermint were included because they are high value crops (Burke et. al., 2004).   333 



16 
 

 Parameters for the Martin, Gilley, and Supalla (1989) production functions are 334 

generated using data from various sources.  Maximum observed yields were obtained 335 

from Oregon State University extension agents. United State Department of Agriculture’s 336 

Natural Resource Conservation Service (NRCS) data also reports yields per soil type.  337 

The soil type with the greatest yield in the NRCS data is assigned maximum yield as 338 

reported by OSU extension agents.  Maximum yields for the rest of the soil types are 339 

estimated proportionally according to relative yields in the NRCS data.  Precipitation data 340 

come from the U.S Department of the Interior’s AgriMet websitexi.  Figure III provides 341 

an overview of production function parameterization.  Details can be found in the 342 

Appendix.   343 

 Land constraints are generated by overlaying GIS maps and vary by soil type, water 344 

source, and irrigation technology.  The data includes a GIS Project boundary (USBR, 345 

Figure I), GIS soil data, GIS groundwater use data, and acres by irrigation technology.   346 

Soil types, corresponding acreages, and land productivity are taken from the U.S. 347 

Department of Agriculture’s soil data mart (NRCS).  There are a total of 134 NRCS soil 348 

types within the KIP, 73 and 61 in Oregon and California respectively. Calculated 349 

acreages of each soil type by irrigation technology and water source in each state are used 350 

as upper bounds in Equation (5).  GIS maps from Californiaxii and Oregonxiii contain 351 

groundwater data, which is used in combination with GIS data on soil type distribution to 352 

select only those soil types that can be irrigated by surface and groundwaterxiv.  This 353 

allows for shifts of production from surface irrigation to groundwater irrigation as surface 354 

water is idled.  All other areas within the project are considered to be irrigated by surface 355 

water only.  In lieu of unavailable spatially explicit data on distribution of gravity versus 356 
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sprinkler irrigation the overall distribution of gravity and sprinkler irrigated land was 357 

obtained from the Klamath Water Users Association (H. Cannon, personal 358 

communication, 2011).  Approximately 40% and 8% of irrigated acres utilize sprinkler 359 

irrigation in Oregon and California, respectively.  The proportion of sprinkler to flood 360 

irrigation is assumed to be the same across surface and groundwater sources. 361 

 362 

RESULTS 363 

The model simulates water use under various levels of surface water availability to arrive 364 

at corresponding shadow prices representing the MVP of surface irrigation water. The 365 

surface water constraint is iteratively relaxed to 600,000 AF to obtain derived demand 366 

curves for surface irrigation water in the Project. Gross project diversions for KIP from 367 

1961 to 2003 have been as high as 500,000 AF (USGS, 2005). Facing water shortages 368 

farmers can adjust the soil and crop portfolio and, at least in theory, can also adjust 369 

irrigation intensity i.e. deficit irrigation. In early spring, in advance of an announced 370 

water shortage, farmers decide where (i.e. soils) and what crops to plant and later in 371 

growing season irrigation intensity (i.e. deficit irrigation). Lacking information or 372 

evidence about the extent of deficit irrigation in this region, derived demand curves were 373 

obtained with and without deficit irrigation.  With no deficit irrigation, the choice 374 

variables are planted acreages of various crops on various soil types with per acre applied 375 

water fixed at the rate equal to the biologically optimal (unconstrained) irrigation levels 376 

per acre �
,�.  The producers are assumed to respond to reduced availability of surface 377 

irrigation water only by adjusting planted crop acreages. With deficit irrigation the 378 
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producers can adjust crop planted acreages as well as per acre applied irrigation water for 379 

various crops on various soil types.  380 

Shadow prices from the two scenarios are used to statistically estimate the 381 

corresponding derived demands for surface irrigation water.  Table I provides estimated 382 

coefficients for fitted curves (Figures IVa and IVb) under deficit and no deficit irrigation 383 

scenarios respectively.  The Box-Cox specification (Equation 10) is used to identify the 384 

appropriate functional form in each scenario: 385 

�-�.� = 01 + 03�-                           �10� 386 

where �- are different surface water availability bounds, �-  are shadow prices obtained 387 

from running the model at corresponding levels of surface water availability, and  388 

 ��.� = 6  783. �� |:| > 0<=��� >#ℎ$����$  .                   �11� 389 

Based on statistical significance of estimated parameters (Table I), the derived 390 

demand curves (Figures IVa and IVb) have the following form: 391 

� = �:01 + :03� + 1�3 .A                   �12� 392 

To obtain marginal value of additional �∗ units of irrigation water ��D	E∗� at � , 393 

level of applied irrigation water, Equation 10 is integrated between � , and � , + �∗, or 394 

�D	E∗ = F �:01 + :03� + 1�3. ��E,GE∗

E,395 

= �:01 + :03� + 1�3.G3�1 + :�03 H
E,GE∗

− �:01 + :03� + 1�3.G3�1 + :�03 H
E,

     �13�  396 
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In 2010, KWAPA provisionally accepted land idling applications with a price tag 397 

of $3,227,000.  This program produced 18,312 acres of idled land (KWAPA, 2010).  398 

Assuming an applied irrigation water rate of 2.5 AF per acre, the irrigation reduction 399 

totals approximately 45,000 AF or an average of $71 per AF of compensation for idling.   400 

The estimated MVP of irrigation water can vary depending on what amounts of 401 

irrigation water, or corresponding water rights, are perceived as eligible for idling.  The 402 

value of idled water depends on the point of reference on the derived demand curve.  403 

Three points of assumed availability of eligible water rights (� ,� for idling are used for 404 

comparison reference: low availability of water (� , =200,000 AF), medium availability 405 

(� ,=390,000 AF), and high (�, =500,000). Equation 11 is used to estimate a marginal 406 

value of  �∗ = 45,000 AF of surface irrigation water at each of the three assumed points 407 

of reference.  These estimates are reported in Table I as *
low

x
MVP , *

med

x
MVP , and *

high

x
MVP  408 

respectively for deficit as well as no deficit irrigation scenarios.  409 

Estimated �D	E∗  ranges between $0.78 million and $11.3 million depending on 410 

the point of reference for � , and the deficit irrigation assumption.  Three of the six 411 

estimates of �D	E∗ are greater than the actual expenditure for land and water idling 412 

observed in 2010 bids.  The irrigators would not be willing to accept land idling 413 

compensation which falls short of MVP values unless they expected that they would 414 

likely not receive their usual water deliveries under the BOR water budget.  The three 415 

scenarios with MVP values higher than the total of submitted bids are: the deficit ($6.6 416 

million) and no deficit ($11.3 million) irrigation scenarios for low (� , =200,000 AF) 417 

availability of eligible water rights, and the medium availability of eligible water rights 418 

(� , =390,000 AF) with no deficit irrigation assumption ($5.5 million).  These outcomes 419 
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are not surprising given high marginal physical product and high marginal value of 420 

irrigation water at low levels of use.  These results imply that the irrigators submitting 421 

idling bids did so either a) assuming a point of reference which exceeds 200,000 AF 422 

despite expectations that deliveries beyond 200,000 were unlikelyxv, and/or b) hoping to 423 

get some compensation, even if lower then MVP, for deliveries that would likely go 424 

unfulfilled.   425 

In the remaining three scenarios, the values of idled water are $0.78 million in the 426 

high water right eligibility and deficit irrigation scenario, $1.7 million in the medium 427 

water right eligibility and deficit irrigation scenario, and $2.87 million in the high water 428 

right eligibility and no deficit irrigation scenario.   The scenario with no deficit irrigation 429 

and 500,000 AF as reference point produces the closest estimate to $3.2 million which 430 

was spent on land idling in 2010.   431 

The MVP curves of land were estimated by iteratively increasing the upper bound 432 

of total surface water irrigable acreage and obtaining corresponding MVP values as 433 

described above assuming deficit and no deficit irrigation.  The obtained land MVP 434 

curves are used to estimate the value of land that would need to be idled to produce 435 

45,000 AF in reduced surface water diversions at various reference points for water 436 

deliveries.  The estimates of idled land values corresponding to scenarios in Table I are 437 

provided in Table II with and without deficit irrigation scenarios.  Consistent with 438 

theoretical illustration, the values of land which would have to be idled to produce 45,000 439 

AF reduction in surface water diversions are greater than the value of 45,000 AF of 440 

surface irrigation water across all corresponding scenarios.  For example, if water 441 

diversions are to be reduced from 500,000 AF to 455,000 AF land idling based program 442 
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would require $2.37 million, while the value of 45,000 AF of water is $0.88 million 443 

under deficit irrigation scenario.  Under no deficit irrigation, the value of idled land to 444 

reduce diversions from 500,000 AF to 455,000 AF is $3.3 million, while the value of 445 

45,000 AF of surface irrigation water is $2.87 million.  Depending on the scenario, the 446 

value of land which needs to be idled to reduce diversions by 45,000 AF exceeds the 447 

value of 45,000 AF of surface water by anywhere from $473,000 to $4.2 million.  These 448 

differences translate into 6 to 300 percent difference between corresponding values of 449 

idled land and 45,000 AF of surface irrigation water.  The differences are significantly 450 

more pronounced in deficit irrigation scenarios than in no deficit irrigation scenarios.   451 

The scenario with no deficit irrigation and the reference point of 500,000 AF 452 

produces estimates which are closest to the observed bids of $3.2 million.  In this 453 

scenario, the value of land needed to reduce surface water use by 45,000 AF is $3.3 454 

million.  On the other hand, the value of 45,000 AF of reduced irrigation water diversions 455 

is $2.87 million.    456 

Based on estimated values of 45,000 AF of surface irrigation water in Table I, the 457 

value of surface irrigation water is $17, $40, $64, $122, $147, and $146 per AF 458 

depending on deficit irrigation assumptions and the reference point on the demand curve.  459 

These values are in the range of previous estimates: $22 to $79 per AF (Adams and Cho, 460 

1998) and $9 to $105 per AF (Boehlert and Jaeger, 2010).  The scenarios with lower 461 

estimates of the values of idled land and/or water than the observed total of bids in the 462 

2010 KWAPA water buyback program are consistent with prior literature (Burke et. al., 463 

2004; Boehlert and Jaeger, 2010) where purchasing price of irrigation water exceeded the 464 

value of irrigation water in agricultural production.   465 
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The difference between the estimated marginal value product and the actual total 466 

value of corresponding bids may be attributed to the discontinuity of the land idling 467 

program, dynamic effects of multi-year contracts, incentive compatibility of the bidding 468 

auction mechanism, and a “participation factor.”  In our empirical estimation, in a 469 

buyback program which pays directly for water rather than indirectly via land idling, 470 

water with the lowest marginal value is retired first. The discontinuity in the land idling 471 

mechanisms, similar to the 2010 KWAPA buyback program, forces the submission of 472 

higher valued applied irrigation water on a particular idled parcel before less valuable last 473 

acre foot of applied water from a different parcel is considered for idling. In our 474 

specification, marginal value product estimates in Table I are obtained without requiring 475 

land idling.  In other words, our specification estimates the true marginal value product of 476 

irrigation water when water use is not tied to land idling.  Least valuable marginal units 477 

of water are consistently idled before relatively more valuable marginal units. In contrast, 478 

the KWAPA water buyback program based on land idling, solicits bids for land idling 479 

rather than for water directly.  As a result, submitted bid values do not necessarily 480 

correspond to the least valuable units of irrigation water.  Instead, submitted bids include 481 

high as well as low marginal value units of irrigation water that would have been used for 482 

production on the idled parcel of land.  Submitted bids for land idling may also include 483 

net present value of multi-year contracts, which may be lost as a result of land idling.   484 

The “participation factor” could include family and tradition values attached to 485 

agricultural enterprises, social ties and community status, or participation transaction 486 

costs.  Burke, Adams, and Wallender (2004) estimate that the participation factor can 487 

increase the costs of water buyback programs by 25 - 40% over the value of irrigation 488 
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water. This factor could be contributing to the divergence between our estimates of the 489 

marginal value of irrigation water and total bid amount from the 2010 water buyback 490 

program.   491 

 492 

DISCUSSION AND CONCLUSIONS  493 

In this paper, we illustrate the differences between land idling based irrigation 494 

water buyback programs and the value of irrigation water as a factor of production in 495 

irrigated agriculture.  Redesigning water buyback programs may reduce the costs of 496 

securing water for habitat preservation.  Conditional on technological feasibility and 497 

associated costs, a program that compensates for reduced irrigation water directly rather 498 

than indirectly via compensating for idled land, may reduce program costs.  This cost 499 

reduction maybe especially significant if farmers practice deficit irrigation.  A program 500 

compensating for reductions in irrigation water use directly would be more consistent 501 

with the marginal value product of irrigation water, as estimated in this study.  Such 502 

mechanism would avoid non-monotonicity of irrigation water value that emerges due to 503 

the land idling-based structure of the water buyback program implemented by KWAPA.  504 

The explicit consideration of the “participation factor” may assist policy makers in 505 

estimating the costs of preserving specified amounts of surface water for lake elevation 506 

requirements or in-stream flow amounts imposed by the USFW and NMFS Biological 507 

Opinions.  508 

The USBR ’s 2010 buyback program to reduce  diversions of surface water in the 509 

KIP is used as a case study under two assumed water management scenarios.  The first is 510 

a no deficit irrigation scenario where irrigators choose only the number of acres of 511 
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various crops planted at full irrigation. The second is a deficit irrigation scenario where 512 

irrigators choose per acre irrigation amounts as well as planted acreages of various crops.  513 

The USBR 2010 buyback program yielded approximately 45,000 AF of surface water 514 

reduction at a cost of $3.2 million.  The approximate cost of the buyback was $71 per AF, 515 

which falls within the range of values estimated in this study and is most comparable to 516 

$64 per AF estimate which is obtained in the direct water idling scenario with no deficit 517 

irrigation assumption and 500,000 AF as the amount of water eligible for idling.   518 

In general, the ease of water transfers facilitates the allocation of water to the 519 

most valuable uses (Slaughter and Wiener, 2007).  However, the combination of complex 520 

water property rights structure (Mathews, 2004) and the relative abundance of surface 521 

water in previous years has contributed to the lack of appropriate market mechanisms in 522 

the region (Slaughter and Wiener, 2007).  Drought prone areas, such as southern Idaho’s 523 

Snake River plain, have access to a number of market mechanisms in which irrigators are 524 

both buyers and sellers of irrigation water (Slaughter and Wiener, 2007).  In contrast, 525 

water rights in the Klamath Basin were fully adjudicated only recently.  This lack of legal 526 

framework has created fundamental obstacles for establishing water markets which could 527 

facilitate water use transfers (Burke et. al., 2004).  Nevertheless, Burke, Adams, and 528 

Wallender (2004) note that despite these obstacles, water transfers for environmental 529 

purposes are increasing.  With improved capability to adjudicate, monitor, and enforce 530 

water property rights, market mechanisms can facilitate water buyback programs based 531 

on direct water right idling rather than based on land idling.  Such a design would reduce 532 

program costs by avoiding payments for land as factor of production and by ensuring that 533 

least valuable marginal units of water are idled before higher marginal value water units.  534 
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The advances made in data availability and computational power have allowed for 535 

incorporation of Geographical Information System (GIS) data into economic modeling. 536 

We demonstrate a straighforward method for empirically estimating the economic value 537 

of irrigation water by combining mathematical programming with soil productivity data 538 

available  in most regions of the US.  The advantage of our approach is that it can be 539 

readily used anywhere such data is available.  Also, the method is easily adaptable for 540 

examining the effectcs of techological improvements, irrigation efficiency changes via 541 

ET, and soil productivity changes because it is based on actual agronomic crop 542 

production functions expressed in terms of per acre applied irrigation water.      543 

Monitoring and enforcement costs associated with direct water buy-back 544 

programs are not empirically addressed in this study. Therefore, the results of this study 545 

provide only partial information needed for an informed decision about advantages of 546 

direct water buy-back programs versus land idling-based water acquisition programs.  547 

However, expected present value of the savings generated from replacing land idling 548 

based water buy backs with direct water buybacks represents resources available for 549 

investing in water use monitoring.  Further, costs of monitoring and enforcing direct 550 

water buyback programs are likely to fall over time. New technologies, like NASA’s new 551 

satellite imaging can replace the need for installation and maintenance of on-site water 552 

meters.  Investments in water use monitoring infrastructure can generate benefits not just 553 

in terms of reducing the costs of water buyback programs but also in terms of water right 554 

monitoring, budgeting, and enforcement in general.  Nevertheless, future studies ought to 555 

compare potential benefits from direct water buy-back programs to costs of 556 
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implementing, monitoring, and enforcing such programs according to specific 557 

technological parameters.   558 

This study is based on annualized production functions and water availability.  559 

Therefore, the current model is not suitable for studying timing of water availability and 560 

irrigation activities during the growing season.  Timing of water availability for irrigation 561 

can affect the marginal value product of water during the growing season.  In this 562 

analysis water idling decisions, whether via land or water idling, are assumed to be made 563 

at the annual time-scale, before the irrigation season.  In practice farmers in this region 564 

make most planting decisions in early spring when BOR announces anticipated water 565 

availability for the irrigation season.   Nevertheless, the model assumes that farmers will 566 

apply available water according to its highest marginal product during the year.  The 567 

results here assume that the producers are able to cut back on water use during low 568 

marginal productivity periods and use the available water during high marginal 569 

productivity periods.  This assumption can be relaxed with the development of dynamic 570 

production functions which express yield as a function of water applied in various 571 

periods throughout the growing season.  Future studies should examine the timing aspects 572 

of water availability during the growing season to obtain temporally explicit marginal 573 

value product of irrigation water.  574 

The planted crop acreage in this study is restricted to historically observed crop 575 

mix combinations.  This specification constrains the model to reflect agronomic and 576 

managerial crop rotation requirements which affect planted acreage decisions.  In the 577 

absence of such constrains the optimization model will over-plant more profitable crops 578 

and under plant lower value crops relative to crop mixes observed in practice.  However, 579 
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the limitation of this specification is that optimal crop acreages may fall outside of the 580 

historically observed ranges when land and/or water availability is set at values not 581 

observed in recent history.  In this respect, the benefits of the direct water buying 582 

program relative to the land idling based program may be underestimated in this study.    583 

The effect of climate change on snowpack could be devastating to already low 584 

surface water reserves.  Snowpack is essential to surface water, especially during the dry 585 

growing summer months.  Irrigators and ecosystems which rely heavily on surface water, 586 

as is the case in the Klamath Basin, could face even further reductions in water 587 

availability (Adams, 1989; Burke et. al., 2004).  Hence, water conflicts such as those 588 

experienced in the Klamath Basin in 2004 and in 2010 are likely to increase in frequency.  589 

Efficient mechanisms for mitigating such water shortages, including but not limited to 590 

water buyback programs, are of high importance for policy makers and water managers.   591 

 592 

593 



28 
 

APPENDIX  594 

Crop production parameters 595 

There are five parameters in the crop production function (Equation 4). These are 596 

maximum evapotranspiration at full irrigation (����), non-irrigated evapotranspiration  597 

������, dry or non-irrigated yield (���,�), max yield at full irrigation (���,�), and 598 

maximum irrigation depth (
��,�). Calculations for obtaining these parameters are 599 

explained below. Although no crops in the Klamath basin are grown without irrigation, 600 

these parameters, obtained based on data from AgriMet and NRCS-Web soil survey as 601 

discussed below, are used to express yield in terms of applied water (Equation 4).  602 

 603 

A1.  Evapotranspiration at full irrigation MNOPQ 604 

Evapotranspiration rates at full irrigation are taken from AgriMet historical 605 

“Evapotranspiration Totals and Averages” 606 

(http://www.usbr.gov/pn/agrimet/ETtotals.htm). Rates are available for each crop and are 607 

calculated by averaging evapotranspiration totals from weather stations KFLO, LORO, 608 

and WRDO from 1999 to 2010.  609 

 610 

A2.  Evapotranspiration at non-irrigation MNRPQ . 611 

Non-irrigated, dry, evapotranspiration ����( is calculated as  612 

���� = ��$����#�#�
= �#
�$� �= �

# S
=$ �# �<�=#�=T�,� +613 

 T�
��=T �$��
= ��$����#�#�
=� × ��$����#�#�
= $�����$=��      �11�  614 

A2.1. Growing Season Precipitation 615 
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Growing season precipitation is the total precipitation during the growing season for each 616 

particular crop. Growing season for each crop is defined by AgriMet 617 

(http://www.usbr.gov/pn/agrimet/irrigation.html). This data was calculated by summing 618 

daily precipitation over the appropriate crop season. Daily precipitation rates used in the 619 

model are yearly averages from weather stations KFLO, WRDO, and LORO from 1999 620 

to 2010 (http://www.usbr.gov/pn/agrimet/webarcread.html). Years for which there is no 621 

record were omitted for the purpose of averaging. 622 

  623 

A2.2. Precipitation Stored in Root Zone at Planting 624 

Precipitation stored in root zone at planting depends on maximum available precipitation 625 

stored in root zone at planting and unlimited precipitation stored in root zone at planting. 626 

If maximum available precipitation stored in root zone at planting exceeds the value of 627 

unlimited precipitation stored in root zone at planting, then unlimited precipitation stored 628 

in root zone at planting is used as stored precipitation in root zone at planting; otherwise, 629 

maximum available precipitation stored in root zone at planting is used.  630 

 631 

  A2.2.1. Maximum Available Precipitation Stored in Root Zone at Planting 632 

Maximum available precipitation stored in root zone at planting is total precipitation 633 

beginning in October until the start of the following year’s growing season for each crop. 634 

This is calculated using daily precipitation and local growing season start dates defined 635 

by AgriMet. Precipitation averages from KFLO, LORO, and WRDO weather stations 636 

were taken from 1999 to 2010. Missing values were omitted for the purpose of 637 

calculating average precipitation rates. 638 
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 A2.2.2. Unlimited Precipitation Stored in Root Zone at Planting  639 

Unlimited precipitation stored in root zone at planting is determined by crop root zone 640 

depth, average soil water holding capacity, and soil maximum root depth. For a given 641 

soil class, if the maximum root depth allowed by the soil is greater than a particular crops 642 

root zone depth, then unlimited precipitation in root zone at planting is defined by crop 643 

root zone depth multiplied by soil average water holding capacity. If soil maximum root 644 

depth is less than a particular crop’s root zone depth, then the unlimited precipitation in 645 

root zone at planting is defined as soil maximum root depth multiplied by average soil 646 

water holding capacity.  647 

 648 

A2.2.2.1. Crop Root Zone Depth  649 

Crop root zone depth is the soil depth from which each crop at maturity draws 90% of its 650 

moisture. Root zone depth by crop is available from AgriMet 651 

(http://www.usbr.gov/pn/agrimet/irrigation.html#Root). Peppermint root zone depth was 652 

not available through AgriMet and was instead taken from an Oregon State University 653 

extension service publication (Mitchell, 1997).  654 

 655 

A2.2.2.2. Average Soil Water Holding Capacity 656 

Average soil water holding capacity is the quantity of water that a particular soil type is 657 

capable of storing for use by plants. It is derived from the NRCS soil data report 658 

“Physical Soil Properties” 659 

(http://websoilsurvey.sc.egov.usda.gov/app/WebSoilSurvey.aspx). Average water 660 

holding capacity is calculated for each specific soil type using “Depth” and “Available 661 
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water capacity” measured in inches. Each soil type has several depth levels with 662 

corresponding ranges of available water holding capacity. In the calculations, each soil 663 

level is divided by total soil depth and multiplied by its associated average available 664 

water capacity. These values are summed giving a final weighted average soil water 665 

holding capacity for a specific soil type.   Each “Map symbol” is comprised of several 666 

soil types but only the major soil type is considered in these calculations.  667 

 668 

A.2.2.2.3. Soil Maximum Root Depth 669 

Soil maximum root depth is the maximum root depth allowed by the soil of particular 670 

type and is taken from the second column of “Physical Soil Properties” report 671 

(http://websoilsurvey.sc.egov.usda.gov/app/WebSoilSurvey.aspx). 672 

 673 

A3. Maximum Yield at Full Irrigation VOP,W 674 

Maximum yield at full irrigation is calculated using crop yields from NRCS’s Soil Data 675 

Mart and maximum crop yields reported by Oregon State University extension (B. 676 

Charlton, personal communication, July, 2010).  677 

���,� = �$�<�XY�Z �,� ∗ ���max� {�$�<�XY�Z �,�|�}     �14� 678 

Where ��$<�XY�Z�,� is per acre crop yield on a particular soil type as reported in NRCS 679 

data; ��� is maximum per acre crop yield obtained from OSU extension; and NRCS 680 

irrigated per acre crop yields are crop production capabilities of each soil type at the time 681 

when the survey was conducted. Current maximum potential per acre crop yields are 682 

obtained from OSU extension agents and are yields which can be attained under ideal 683 
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conditions of most productive soil type, full irrigation, and ideal management practices 684 

(B. Charlton, personal communication, July 2010). NRCS reported yields can be deemed 685 

outdated and not reflective of current productivity levels.  Therefore, to calculate current 686 

production potential of each crop and soil type combination, the highest reported yield by 687 

NRCS, across all soil types for a particular crop, is replaced with the maximum yield 688 

reported by OSU extension. Each crop’s maximum potential yield obtained from OSU 689 

extension agents (these estimates do not vary by soil type) is divided by the highest of the 690 

maximum yields of a particular crop across all soil types reported by NRCS. The 691 

obtained coefficient is used to adjust the NRCS crop yields on the remaining soil types. 692 

This adjustment produces yield estimates for each soil type and crop, reflecting current 693 

advances in agricultural production while maintaining the relative productivity 694 

differences across soil types. 695 

 Not all crop yields grown in the Project were available in NRCS data.  In those 696 

cases where crop yield was not available from NRCS data, crop rotation information was 697 

used to identify soil types on which certain crops could be grown. Productivity for 698 

missing crop types was calculated using the relative productivity of other crop types in 699 

the rotation and observed maximum yield of the missing crop as follows:  700 

��8�,� =  `∑ ��$<�XY�Z�,����� X�Y
# b ∗ ��8�     �15� 701 

where, � are crops in the rotation for which there is NRCS data; −� is the crop with 702 

missing information; and X�Y
# is the number of crops in the rotation for which there is 703 

NRCS data. 704 

A4. Non-Irrigated Crop Yield VRP,W 705 
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Non-irrigated crop yield is obtained using maximum  ���,�,  ����, and  ���� as 706 

follows: 707 

���,� =  ���,� ∗   ��������      �16� 708 

 709 

A5. Irrigation depth at full irrigation dOP,W 710 

Irrigation depth at full irrigation is estimated with ����( and irrigation efficiency 711 

(Martin et. al., 1989).  712 


��,� =   ����
���T�#�
= ������$=��     �17� 713 

Irrigation efficiency is the ratio of stored water at root zone to applied irrigation water. 714 

The two irrigation technologies considered are sprinkler and gravity which have an 715 

irrigation efficiency rate of 0.7 and 0.65, respectively. 716 

 717 

  718 
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 925 

Table I.  Estimates of Derived Demand Curves and Values of 45K AF Idled 926 

Water Under Deficit and no Deficit Irrigation Scenarios. 927 

  With Deficit Irrigation  With No Deficit Irrigation 

θ  0.082 0.663 
St. Err. (0.0173) (0.0455) 
Z-value 4.74 14.57 
P-value 0 0 

β1  -9.84E-06 -0.00012 

χ2(1) 830.492 474.753 

P-value 0 0 

β0  7.904 77.92 

Value of idled irrigation water 

MVPlow
x*  6,601,133 11,300,000 

Std. Err (1,246,787) (3,139,579) 
P-value 0.013 0.037 

MVPmed
x*  1,782,845 5,512,179 

Std. Err (189,715) (1,272,237) 
P-value 0.003 0.023 

MVPhigh
x*  779,404 2,866,820 

Std. Err (51,003) (540,234) 

P-value 0.01 0.013 
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 931 

 932 

 933 

 934 
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Table II.  Estimates of Land MVP Curves and Values of Enough Idled Land to 936 

Reduce Surface Water Deliveries by 45k AF under Deficit and no Deficit 937 

Irrigation Scenarios. 938 

  With Deficit Irrigation  With No Deficit Irrigation 

θ  0.814 0.799 

St. Err. (0.0449) (0.0464) 

Z-value 18.11 17.2 

P-value 0 0 

β1  -0.002 -0.001865 

χ2(1) 524.300 518.075 

P-value 0 0 

β0  400.000 364.7423 

Value of idled land 

MVPlow
x*  10,800,000 12,000,000 

Std. Err (3,229,005) (3,813,918) 

P-value 0.044 0.051 

MVPmedx*  5,411,186 6,141,266 

Std. Err (1,415,205) (1,751,986) 

P-value 0.031 0.039 

MVPhighx*  2,368,776 3,340,231 

Std. Err (513,569) (853,158) 

P-value 0.019 0.03 
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Figure I.  Klamath Irrigation Project and Soil Types 940 
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Figure II.  Theoretical Illustration 952 
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 977 

Figure III. Production Function Summary 978 
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Figure IVa. Demand with Deficit Irrigation 984 
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 986 

Figure IVb. Demand without Deficit Irrigation 987 
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Table A1.  Model Validation. 989 

Observed Simulated 

min average max Ground Surface Total 

 
Oregon 

Pasture 37,870 41,408 43,304 6,570 34,461 41,031 

Alfalfa 38,510 42,051 45,044 8,849 32,636 41,485 

Oats 1,579 2,428 2,842 395 2,447 2,842 

Barley 3,887 6,367 7,994 1,983 6,011 7,994 

Wheat 5,075 9,184 13,740 1,368 3,707 5,075 

Hay 12,782 14,664 17,286 3,524 12,965 16,489 

Potatoes 2,634 3,678 4,339 494 3,845 4,339 

Peppermint 78 212 348 348 348 

Onions - 289 509 509 509 

 
California 

Pasture 1,502 1,785 2,176 32 1,817 1,849 

Alfalfa 16,687 19,593 20,820 1,133 19,001 20,134 

Oats 116 571 1,100 492 492 

Barley 5,958 7,010 8,641 5,958 5,958 

Wheat 16,029 18,166 19,873 22 19,066 19,088 

Hay 2,479 3,140 3,746 2,479 2,479 

Potatoes 7,408 8,461 11,100 11,100 11,100 

Peppermint 2,115 2,597 3,122 2,574 2,574 

Onions 2,135 2,789 3,297 2,730 2,730 

 990 

 991 

 992 

 993 

 994 
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 999 

 1000 
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i The use of the term “idle” in this paper should not be interpreted with a negative connotation of 

underutilized resource.  We use the term “idle” to only reflect non-use of water and/or land in 

agricultural production.  Benefits from land and water idling in terms of improvements to 

environmental quality are recognized.    

ii Some technological progress has been made in remote sensing of consumptive water use.  See 

for example Allen et al. (2007).  

iii The assumption of 2 to 2.5 acres was taken from a combination of average water holding 

capacity of Project soil and crop root zone depths.  This range of values also coincides with the 

USGS 2001 and 2005 reports of the estimated water use (Hutson et. al., 2004; Kenny et. al., 

2009). 

iv Pseudo scale lines connect all points of profit maximization for one input assuming other 

input(s) are held constant.  The concept is analogous to ridgelines in technological production 

functions.  Unlike ridgelines which expressed output in terms of input, pseudo scale lines 

express profit in terms of input and are applied to isoprofit contours rather than isoquants.    

v It is straightforward to see that for isoprofit topography with no pseudo scale lines, no reduction 

in water use will be attained by reducing acreage in production.  

vi While most crops grown in the study area are not produced without irrigation this parameter can 

be obtained using available estimates of maximum yield, ET corresponding to maximum 

yield, and ET corresponding to no irrigation.   

vii The Groundwater Pumping Program aids irrigators in securing groundwater to supplement 

surface water irrigation. Irrigators who qualify for the program enjoy subsidized rates to offset 

the cost of groundwater pumping (Lewis et al., 2004). The 2001 irrigation curtailment led to a 

number of new wells which increased pumping capacity between an estimated 75,000 
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(Braunsworth et al., 2002) to 95,000 AF (USGS, 2005). Continued well construction has 

increased the groundwater pumping capacity within the Project to an approximate range 

between 200,000 and 250,000 AF (Klamath Water Users Association [KWUA], 2010). 

viii Non-irrigation related variable costs of production are obtained by subtracting all water-related 

costs from variable costs in crop budget reports.  

ix Surface water irrigators face per acre operation and maintainence (O&M) charges regardless of 

the amount of water used. O&M charges vary among irrigation districts, ranging from $12 to 

$70 an acre. We use a weighted average O&M fee from the five largest irrigation districts 

within the Project. The irrigation districts include the Klamath, Tulake, Klamath Drainage, 

Horsefly, and Langel Valley districts which provide over 80% of irrigation water to 

agricultural acres within the Project.  In addition to O&M charges, irrigators of onions and 

potatoes also incur costs for sprinkler equipment rental. Most irrigators of onions and potatoes 

do not purchase the sprinkling system required for these crops and instead choose to rent the 

equipment (R. Wilson, UC Davis Extension, pers. comm. 2011). Based on crop budget 

reports, these costs are $159 and $170 per acre for potato and onion production respectively, in 

2010 dollars. 

x Pumping water charges come from the Klamath Water and Power Authority (KWAPA).  In 

2010, the KWAPA facilitated pumping of over 100,000 AF to supplement Project surface 

irrigation (H. Cannon, personal communication, April 2010). While this is not a complete 

account of groundwater pumping that occurs in the Project, it does represent approximately 

half of the groundwater used in 2010 (KWUA, 2010). KWAPA charges $10 per acre foot of 

groundwater irrigation and associated pumping costs which vary per state. Oregon irrigators 

paid $8.62 and California irrigators paid $20.27 per acre foot in 2010. 
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xi AgriMet is a network of agricultural weather stations operated and maintained by the U.S. 

Bureau of Reclamation. The stations are located in irrigated agricultural areas throughout the 

Pacific Northwest. 

xii http://www.water.ca.gov/landwateruse/lusrvymain.cfm 

xiii http://www.oregon.gov/OWRD/MAPS/index.shtml#Water_Right_Data_GIS_Themes 

xiv Oregon groundwater use is heavily regulated. Oregon GIS data contains specific information 

on where groundwater may be utilized (e.g., point of diversion and use). Unlike Oregon, 

California groundwater is less regulated. The California GIS data contains only partial 

information on groundwater source and use. The available data was utilized and included in 

the model, though it is recognized that this data underestimates the acres in California which 

could be irrigated by groundwater.  

xv Klamath project operation plan in 2010 included 150,000 AF of surface water deliveries.  

(USBOR, 2010a).  Therefore, we use 200,000 AF as a point of reference.     




