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1 Introduction

Research on the efficiency and distributional effects of the institutions that govern water rights

in the United States dates back to the inaugural issue of the American Economic Review (Coman,

1911) and as noted in (Libecap, 2011) these issues are still relevant today. Water rights west of the

100th meridian in the United States are based on prior appropriation; a system where priority is

defined by “first in time first in right”. The earliest property owners to establish water rights in

a water basin have priority in times of drought over users that established rights at a later date.

This contrasts to the riparian regime in most of the eastern (and wetter) U.S. that defines rights

to reasonable use of water as tied to the land. Ciriacy-Wantrup (1956) describes the the economic

implications of differences between the two sets of institutions. The riparian regime includes legal

uncertainty since new users along a water source may dilute the supply, while prior appropriation

suffers primarily from physical uncertainty due to the water supply volatility. The complexity in

the prior appropriation doctrine leads to costly adjudication, present in almost all western states,

to resolve conflicts regarding both the quantity and priority of water rights.1 Burness and Quirk

(1979) describe that in the absence of a competitive market for rights the prior appropriation

system creates inefficiency due to the unequal sharing of risk between property owners with junior

and senior rights. The risk associated with water rights, particularly in areas governed by the

appropriative regime, is proportional to the water volatility in a watershed. Thus the institutional

setting directly links water supply volatility to welfare losses. This article models water volatility

as the driver of a price premium for more secure, referred to as senior, water rights in agricultural

property markets, and estimates the magnitude of the premium in a hedonic price model. In

addition to estimating the value of senior water rights the hedonic model informs policy-makers on

the distributional effects of water scarcity, since the majority of the costs associated with drought

will fall on owners of junior water rights.

The price premium for senior water rights provides insights into the magnitude of welfare

loss due to inefficient water rights institutions. Complicated property rights regimes generate

transaction costs impeding the efficient reallocation of water through markets to address threats of

1Data available at http://www.judges.org/dividingthewaters/dtw-links.html.
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water scarcity associated with climate change (Libecap, 2011). The requirement to put water to a

beneficial use, the “use it or lose it” clause for most areas that follow prior appropriation, introduces

uncertainty that make landowners reluctant to subject their water rights to the scrutiny necessary

in a transaction for water rights, which contributes to the thinness of water markets in many parts of

the United States. There are concerns climate change will exacerbate the inadequate risk sharing

in agricultural water rights due to an increase in water volatility. Climate models predict that

regions around the world will face more variable water supplies; due to changes in precipitation

patterns and higher temperatures resulting in less water stored as snow pack. In particular, the

Western United States is expected to experience more frequent and severe droughts in the summer

- the season of peak water demand (Bates et al., 2008). Quantifying the heterogeneity in water

rights is crucial for determining the distributional impact from climate change, as owners of low-

priority rights will bear most of the costs of volatile water supplies. The value of priority in water

rights, referred to as seniority, is difficult to directly estimate through water right transactions due

the thinness of water markets. The goal of this paper is to first estimate the value of security in

agricultural water rights, and second, to test if the premium paid for more secure rights increases

over time in response to expectations about water volatility associated with climate change.

The idiosyncrasies of water institutions and the paucity of quality data on rights present chal-

lenges for a national or multi-state study on the economics of heterogeneous water rights. The

Yakima River Basin in central Washington provides a suitable case study due to the dichotomous

division of water rights in the basin and high quality data. High priority (also referred to as senior

or non-proratable) rights were established before May 5th 1905 while all rights established after

that date are designated as junior (or proratable) and are subject to curtailment when the water

supply falls short of total entitlements.2 There has never been an incidence of curtailment of senior

rights; thus priority effectively insulates farmers from temporal shocks to the water supply. Down-

scaled climate models of the Pacific Northwest predict that the annual variance of the region’s water

supply will increase (Vano et al., 2010), resulting in more years where the region experiences water

shortages. Water shortages that have historically occurred in 14% of years are predicted to increase

2There are actually three levels of water rights, with tribal water rights having the highest level of
priority. However, in practice there has never been any conflict between senior water rights and tribal rights.
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to 77% of years during the 2080s for the IPCC’s A1B scenario (Vano et al., 2010). Shortages do not

stem from a decrease in total precipitation; rather climate change predominantly affects the water

available during the irrigation season, from April to September. Intra-annual variation is predicted

to be more extreme, with a higher percentage of rain falling during the winter. Lower volumes of

snow pack will further reduce water available for irrigation. If farmers expect that climate change

impacts their water resources, or will do so in the future, the value of land with senior rights will

rise relative to land with junior rights.

To evaluate the theory first I employ the hedonic price model to estimate the premium associated

with a senior water right. Initial results indicate that the in the aggregate additional security

associated with a senior water right is not capitalized into farm values. However, this result relies

on variation in water rights at the irrigation district level, which hold the majority of water rights

in the Yakima Basin. Therefore, it is difficult to assess the role of water rights in driving variation

in prices across differences relative to other unobserved factors specific to the irrigation district.3

In particular the Wapato Irrigation Project constitutes 19% of all junior sales and lies within the

Yakima Nation Reservation. Controlling for the reservation with a dummy variable prevents the

Wapato sales from being used to identify the effect of senior water rights. The farm values in

the Yakima Nation Reservation are lower than the average, but it is uncertain whether this is

due to uncertain water supplies or unobserved effects specific to the reservation. Excluding the

reservation dummy leads to a premium of approximately 11% at the posterior mean, which is

statistically different from zero.

To address the issue of unobserved spatial heterogeneity without using fixed effects I apply

a boundary discontinuity analysis that compares parcels near the border seperating a junior and

senior district. when restricting the analaysis to a range of distances from the border, even without

controlling for the reservation, there is no premium for senior rights. This indicates that the unob-

served heterogeneity is important, and provides evidence that there is not a statistically significant

premium for senior rights. Despite the lack of a premium at the basin level there is heterogeneity

across counties, as Kittitas county exhibits a positive and significant premium of 24%. One ex-

3citeBuck2014 show that failing to control for spatial unobserved effects creates a downward bias in the
estimates of the value of irrigation water.
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planation for the lack of a premium is that there are relatively low-cost mechanisms to cope with

water supply volatility. There is evidence that groundwater mitigates the effects of water volatility

since groundwater rights strongly capitalize into farm values in junior districts, but not in senior

districts. While this study focuses on the impacts in the Yakima River Basin of central Washington,

the phenomenon of increasing volatility of water supply applies to many regions facing a changing

climate, particularly those that rely on snow pack as a source of water supply in the summer. The

rest of the paper is organized as follows. Section 2 presents a background of the literature and

the study area, Section 4 introduces the economic model, Section 3 describes the data, estimation

methodology empirical results, and a policy application, and Section 6 concludes.

2 Background

2.1 Existing Literature

The contribution of this paper is to value heterogeneous water rights and relate the relative value

of secure rights to water volatility. The first application of the hedonic price model value to water

rights was Crouter (1987), who tests functional forms of the hedonic price function to determine

characteristics of the water market. Later studies estimate heterogeneity in the value of water due

to differences in the productivity of the land (Faux and Perry, 1999) and the ecological value of

in-stream flow (Netusil and Summers, 2009). In a recent study, Buck et al. (2014) utilize a panel

dataset of sales to show that failing to control for parcel level observables may create a downward

bias in the value of irrigation water. The existing researh focuses on the total value of irrigation

water, however, there are no studies that estimate the impact of heterogeneity in the security of the

water rights. Other research analysing property rights with varying degrees of security focuses on

land rights in the developing world (Goldstein and Udry, 2008). Libecap (2011) presents qualitative

analysis on the appropriative rights system and its effects on the efficient allocation of water between

and within sectors.

The economic literature on estimating the costs of a variable water supply developed by Tsur

and Graham-Tomasi (1991) builds on the research of optimal groundwater extraction (Burt, 1964).
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Tsur and Graham-Tomasi (1991) coin the phrase ’Stabilization Value (SV)’ to explain the benefits

from fixing a variable water supply at its mean. Research on the SV of water ranges from a static

analysis outlining the benefits to buffering surface water with groundwater to a dynamic stochastic

general equilibrium model (Tsur and Graham-Tomasi, 1991; Diao et al., 2008). Production function

approaches are appropriate in a setting where the production function is static; but are biased if

farmers change crops, irrigation and fertilization technologies, or land use (Mendelsohn et al., 1994).

Alternatively, using property values to estimate the effect of water supply volatility incorporates

the potential of landowner adaptation to changing economic and environmental conditions.

Mendelsohn et al. (1994) apply the Ricardian approach to estimate the impact of climate

variables on the agricultural sector to avoid the bias in production function studies. The Ricardian

approach utilizes the theory that land values should reflect the discounted value of expected profits,

and therefore land rents are capitalized into farm values. National research on the economic value

of water resources on agricultural land focuses on average precipitation see (Schlenker et al., 2005;

Deschenes and Greenstone, 2007) among others. Mendelsohn and Dinar (2003) add surface water

and a measure for water variance as independent variables in the Ricardian approach and find that

surface water increases farm values while water variance depresses farm values. While these articles

rely on county level data, Schlenker et al. (2007) use farm-level data in California to show that

water availability strongly capitalizes into farm prices.

The Ricardian studies use spatial variation to identity climate variables. Since the results are

derived for a state or the entire country they are more applicable in determining aggregate effects

of climate change. Hedonic models, in contrast, often limit the sample to a small geographic area

such as one particular county. This permits data with greater detail and inherently controls for

factors that vary spatially such as precipitation, average temperature, and institutions. In fact

Schlenker et al. (2007) intended to use water rights to describe water access, but the system of

water rights in California proved too tortuous to obtain water rights data of sufficient quality.

Conversely, hedonic models explicitly value irrigation water or groundwater with micro-level data

on water rights or permits for digging wells (Butsic and Netusil, 2007; Crouter, 1987; Faux and

Perry, 1999; Netusil and Summers, 2009; Petrie and Taylor, 2007). There is evidence that pooling

irrigated and non-irrigated land is not appropriate in identifying the effect of climate on farmland
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values since precipitation and temperature have very different impacts when land is augmented by

irrigation Schlenker et al. (2005); Fisher et al. (2012). An advantage of this research is that all

land has access to irrigation, and thus circumvents the differential effects of climate on irrigated

and dryland agriculture.

2.2 Water Supply in the Yakima Basin

The Yakima River basin contains parts of Kittitas, Yakima, and Benton County, though Benton

receives much of its water from the Columbia River (USBR, 2011a). Most of the precipitation in

the regions falls between October and March (USBR, 2002; Western Region Climate Center, 2010),

and this trend will increase in the future based on climate models by Vano et al. (2010). The major

water use in the region is irrigated agriculture met predominantly by surface water. Five major

reservoirs operated by the U.S. Bureau of Reclamation (USBR) with a combined total capacity of

1.07 million acre-feet (maf) serve six irrigation districts and a storage division that constitute the

Yakima Project. Below Parker Gage, the major control point of the Yakima Project, the water

supply is augmented by return flows from upstream use. The six irrigation districts served by

the Yakima Project represent over 80% of the total water entitlements in the Yakima basin above

Parker Gauge. This fraction increases when non-federally supplied irrigation districts are included,

justifying the use of irrigation districts to analyse the impact on the region’s agricultural sector.

The USBR operates reservoirs with the joint goals of flood control and the provision of irriga-

tion water from April through September. Melting snow pack effectively acts as a sixth reservoir

typically allowing the USBR to wait until June to begin drawing down the reservoirs for irrigation

(USBR, 2002). Warmer temperatures cause earlier snow melt, preventing the use of snow melt

during the irrigation season and reducing its substitutability with reservoir water. Therefore the

quantity and timing of snow pack is crucial to the water supply system in the Yakima. Figure 1

illustrates historical deviations from mean withdrawals for each irrigation district in the Yakima

project separated by the priority of water rights. There is a trend over time towards fewer with-

drawals due to improvements in irrigation technology, conservation, and crop choice. Total annual

diversions are relatively stable until around 1970 but since the 1990s the basin experiences violent

dips in water use due to severe droughts that are particularly acute for the districts with a major-
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ity of junior rights. Kennewick Irrigation District (KID) only has junior rights but their position

below Parker Gage allows some water to return in the form of recharge from upstream users as

evidenced by smaller declines in withdrawals during droughts. The figure displays how senior water

rights insulate landowners from water supply volatility, and motivates that the premium for this

protection may be a function of climate change expectations.

Junior Rights Districts

Senior Rights Districts

Notes: Annual deviations from the mean are shown in percentage terms by irrigation district. TID and
SVID are identified as senior district while KRD, Roza and WIP are junior districts based on the Integrated
Plan (USBR 2012). Even though KID owns predominantly junior rights it receives recharge water from
withdrawals upstream and is therefore less susceptible to droughts. Data are from USBR via Chris Lynch.

Figure 1: Annual Deviations from Mean Diversions by District
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2.3 Water Rights in the Yakima Basin

The institutions governing water rights in Yakima River basin simplifies estimating the costs

of water volatility due to the dichotomous distinction of priority based on the date that beneficial

use was established. All rights established prior to 1905 are classified as senior, or non-proratable,

rights and all rights post-1905 are designated as junior rights, or proratable. The law requires that

senior right holders receive their full water allotment before honoring any junior right. Therefore,

when supply is insufficient to fulfil the total apportionment of water rights in the basin senior right

holders receive their entire water commitment, and junior users divide the remaining water on a

prorated basis. For example, consider 50 landowners with junior rights and 50 with senior rights

where everyone has access to 1 ac-ft per year. If the water supply is 80 ac-ft in a specific year all

the landowners with senior rights get their full share (1 ac-ft each) while those with junior rights

are prorated at 60% since the 50 junior landowners must split the remaining 30 ac-ft. The USBR

determines the proration level at the beginning of the irrigation season based on forecasts of the

Total Water Supply Available (TWSA), and adjusts the degree of prorating throughout the season

in response to changing weather conditions. From 1970-2005 junior rights experienced prorating in

13 years whereas senior right holders have never been affected by prorating. Therefore junior water

rights holders are more susceptible to seasonal and annual variation and will bear the majority of

the costs due to climate change affects water volatility in the basin.

Approximately 55% of the surface water rights in the basin are proratable, leaving a significant

portion of farmers without water during a drought. Several irrigation districts have all senior

rights and some districts have a mix of both non-proratable and proratable rights. I consider two

ways to designate senior water rights. The first is simply the percentage of senior rights that a

district holds, whereas the second establishes a discrete threshold for the percentage of rights that

adequately insulates a district from the effects of a drought. I distinguish the discrete threshold

based on the two reports from the USBR (USBR, 2011c,a) that indicate Roza, KRD, and WIP all

suffer severely from prorating during drought years. The highest proportion of senior rights in these

districts is Wapato with 49% senior rights so I set this as the cut-off for a district that is defined as

senior. This cut-off conforms with the literature (Vano et al., 2010) that prorating is particularly

damaging below 70% and the fact that junior districts experience withdrawal reductions more than
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30% below their historical average in Figure 1. Table 1 shows the properties in our sample by

irrigation district with the percentage of non-proratable rights and a junior or senior designation

for the district. The sample matches up closely with the population of water rights with 58% of

properties having predominately junior rights. Figure 2 presents a map of the Yakima Basin and

agricultural property sales within irrigation districts designated by seniority of water rights.

In theory an active water market will alleviate some of the costs of water shortages by distribut-

ing water from low-value uses to activities with higher marginal value. While substantial gains to

trade exist in years where junior water users suffer from severe prorating, water transactions de-

veloped slowly and there is still not a well-functioning water market in the region. Beginning in

2001 the Yakima basin initiated a water trading program during emergency drought conditions, as

declared by the state. However, two complications prevent the operation of a competitive water

market in the region. First, the necessary infrastructure to transfer water between all interested

agents does not exist and second, legal obfuscations generate disinclinations to engage in trade.

Water rights in Washington require the user to establish beneficial use, and if water remains idle

for five consecutive years an owner relinquishes their right. Farmers are often hesitant to sell water

because they need to prove they put the water to beneficial use if required to defend their right

in court. Another concern is that the examination of the water right during the transaction may

reveal that the right is not valid, or represents a smaller quantity of water than actively used by

the farmer.

2.4 Agriculture in the Yakima River Basin

The Yakima River Basin in Central Washington State provides an excellent test case to examine

the interaction of priority in water rights and water supply volatility because landowners with

junior rights bear the preponderance of the costs due to drought. The Yakima River Basin is one of

Washington’s largest agricultural production regions, contributing close to 20% of the state’s $9.2

billion worth of agricultural output in 2011.4 Most of the land east of the Cascade mountain range in

Washington State is very dry and relies on irrigation for agriculture. The Yakima basin is therefore

4Data are available at http://agr.wa.gov/AgInWa/docs/126-CropProductionMap12-12.pdf - accessed
3/5/2013.
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District Sales % Senior Senior Designation
Buena 6 100 Yes
Cascade 52 100 Yes
Columbia 30 100 Yes
Ellensburg Water 37 100 Yes
Kennewick 199 7 No
Kittitas Reclamation 456 6 No
Moxee-Selah 16 85 Yes
Naches-Selah 32 91 Yes
Olsen 5 100 Yes
Roza 471 0 No
Sunnyside Valley 645 72 Yes
Union Gap 19 79 Yes
Wenas 14 0 No
West Side 19 75 Yes
Yakima-Tieton 171 65 Yes
Yakima-Wapato 266 48 No
Total 2438

Table 1: Water Rights by Irrigation Districts

susceptible to severe economic losses from drought. The Yakima Basin Storage Alliance (USBR,

2011b) estimates over $130 million in economic losses from decreased agricultural production from

the 2001 drought alone.5 The vast majority of these losses fell on farmers with junior water rights,

while farmers with senior rights still received their full water allotment, allowing them to proceed

with normal farming operations. More frequent severe drought years will diminish the relative value

of farmland with junior water rights. Rational landowners will react to threats to water volatility,

and this research tests whether they consider climate change as a real threat to their water supply.

The next sections describe the features of the Yakima basin, and motivate the use of water rights

to test for expectations of water supply volatility.

2.5 Climate Change in the Yakima Basin

Water curtailments occur relatively frequently for junior water users, though when prorating is

above 70% of normal entitlements farmers can generally cope by changing variable inputs and the

timing of irrigation (Vano et al., 2010). So even though all prorating has costs, the most severe

5Data are available at http://www.ybsa.org/agriculture.php - accessed 12/2/2012.
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Legend
Sales
Senior Districts
Junior Districts
County Borders
Yakima Basin
Yakima River
Cities

Notes: This map shows the irrigation districts designated by water right seniority and agricultural property
sales.

Figure 2: Map of Yakima Basin Irrigation Districts and Agricultural Sales

burden occurs in years where junior farmers receive less than 70% of their water right. According

to downscaled climate models by Vano et al. (2010) precipitation will increase in the cool months

and decrease during irrigation season. Rising temperatures will decrease the snow pack available,

exacerbating water shortages for the agricultural sector. Historically severe prorating occurred in

14% of years, but this is predicted to increase to 27-77% depending on the emissions scenario (Vano

et al., 2010). On the demand side rising temperatures will lead to higher evapotranspiration rates,
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increasing the water requirement of crops between 3% - 9.8%, depending on the area and study

methodology (USBR, 2011c). In summary, climate changes will exert pressure on water supply and

demand through reduced precipitation during the irrigation season, earlier snow pack, and higher

temperatures. Furthermore, rising water supply volatility will increase the years where prorating

goes below 70%, predominantly impacting farmers with proratable water rights.

The Yakima River Basin Water Enhancement Program (YRBWEP) is evidence of the region’s

focus on addressing water scarcity. Beginning in 2009 the USBR and the Washington State De-

partment of Ecology (ECY) began work on the YRBWEP with the goal of producing a Final

Water Resources Integrated Management Plan (henceforth Integrated Plan). In addition to the

two government agencies, members from the agricultural, environmental, legal, real estate, mu-

nicipal and tribal communities participate as stakeholders in dealing with water scarcity in the

region. If implemented, the Integrated Plan will cost between $3.2-$5.6 billion, with a base esti-

mate of $4 billion (USBR, 2011b). More than half of the expenditure will go towards enhancing the

basin’s storage capacity by constructing a new reservoir and upgrading existing storage facilities.

A benefit cost study estimates that augmenting water resources through the Integrated Plan will

increase irrigated agricultural production by $400 million in net present value. This value comes

solely from eliminating losses for farmers with junior water rights during droughts that cause less

than 70% prorating under historical hydrologic conditions (USBR, 2011b). The cost estimates are

biased downward because changes in water scarcity associated with climate change, and droughts

resulting in prorating above 70% do not enter into the calculation. Conversely, the estimates do not

account for adaptation such as crop switching or changes in irrigation technology, both of which

ameliorate damages from droughts. Using property values to estimate the benefit of secure water

availability will improve the methodology to quantify the benefits of the Integrated Plan.

3 Data

The primary data are sales of agricultural properties within an irrigation district located in the

Yakima River Basin obtained from assessor offices for Kittitas, Yakima, and Benton Counties in

Washington State. The assessors’ office also provides sales, zoning, land use, market improvements,
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and irrigation district boundaries. The sales data and the irrigation district boundaries are both

geo-referenced allowing each parcel to be placed within an irrigation district using Geographical

Information Systems (GIS) software; dropping sales of parcels outside of irrigation districts. Using

sales from irrigation districts alleviates the problem of tracking distinct water rights for individual

parcels. While most water rights remain with a physical parcel of land it is possible for a landholder

to sell all, or a fraction of, a water right; obfuscating the link between a water right and parcel.

Irrigation districts hold rights and distribute water to their members, ensuring that a farmer within

a district receives the water benefits associated with the rights of the district. Complete data water

rights, including the priority date, for major irrigation districts in the region are publicly available

through the documentation of the Acquavella adjudication (Yakima County Superior Court, 2012).

I use sales from 1990-2011 to increase the likelihood of capturing changing expectations of water

supply volatility. However, the long time horizon also poses challenges due to changing market

conditions over time. I spatially match soil characteristics from the Unites States Department of

Agriculture (USDA) SOILMART database to individual parcels using GIS. The Consumer Price

Index from the Bureau of Economic Analysis (BEA) normalizes all monetary values to 2008 dollars.

Distance to cities, major streams, and the Yakima River, as well as spatial data of supplemental

water rights are obtained from the Washington State Department of Ecology (ECY) and generated

through GIS. The additional water rights are spread evenly across all irrigation districts and between

those that have junior and senior rights. These supplemental rights provide water to livestock and

people on the farm, and may be used to supplement water from the irrigation district, but are

generally not enough to sustain agriculture. Table 2 provides descriptions of variables used in the

regression models and Table 3 displays summary statistics for continuous variables and sample

percentages for binary variable. In order to address the spatial dependence I create variables of

characteristics of neighboring parcels. Using lagged spatial values of the independent variables

captures a significant amount of spatial dependence without imposing the considerable structure

on the error term of a conventional spatial lag model. I create spatial lags of slope, soil yield, acres,

value of improvements, and the residential indicator using six different spatial weight matrices.6

6The spatial weight matrices are inverse distance within 20 kilometers, inverse distance within 10 kilo-
meters, inverse distance for 20 nearest neighbors, inverse distance for 10 nearest neighbors, uniform weight
for 20 nearest neighbors and uniform weight for 10 nearest neighbors.
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Variable Unit Description

Price-per-acre 2008 USD Dollar value agricultural sales divided by acres sold

Senior Water Right (Sr) Binary Dummy variable equal to one if a parcel lies within an
irrigation district with more than 50% senior water
rights

Percent Senior Water Right % Percentage of senior rights held by an irrigation dis-
trict

Groundwater Right Binary Dummy variable equal to one if a property has any
supplemental water rights in addition to rights from
the irrigation district

Residential Binary Dummy variable equal to one if there are any resi-
dential structures on the property

Reservation Binary Dummy variable equal to one if the property is
within the Yakima Nation Reservation

Improvements-per-acre 2008 USD This is the dollar value of infrastructure improve-
ments to the parcel since the last sale

Acres Acres Total acres of parcel sold

Rolling Avg 2008 USD The rolling average of all sales from the previous
twelve months normalized to 2008 USD

Soil Class 1-3 % The percentage of soil in each of three soil classifi-
cations where the classification determines the suit-
ability of the land for agriculture; lower classes are
more suited to agriculture, the best class being Class
1 and the worst being Class 3. Class 3 contains all
classes not in 1 or 2.

Soil Yield Index (0-100) Designates the potential yield due to soil quality

Distance to City Miles Distance of the parcel centroid to the nearest major
city

Distance to UGA Miles Distance of the parcel centroid to the nearest urban
growth area

Distance to Stream Miles Distance of the parcel centroid to the nearest major
stream

Distance to River Miles Distance of the parcel centroid to the Yakima River

Kittitas Binary Dummy variable equal to one if the parcel is in Kit-
titas County

Benton Binary Dummy variable equal to one if the parcel is in Ben-
ton County

Notes: These are descriptions of all of the variables that were deemed important from the Bayesian Model
Averaging and thus included in all regression models.

Table 2: Data Description
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Statistic N Mean St. Dev. Min Max

Price-per-acre 2,438 7,217.00 6,084.00 516.60 29,972.00
Senior 2,438 0.42 0.49 0 1
Percent Senior 2,438 0.39 0.35 0.00 1.00
Groundwater 2,438 0.08 0.27 0 1
Residential 2,438 0.26 0.44 0 1
Yakima Reservation 2,438 0.11 0.31 0 1
Improvements per-acre 2,438 3,812.00 5,298.00 0.00 29,756.00
Acres 2,438 40.36 50.24 1.00 680.40
Slope 2,438 6.07 6.99 0.92 55.00
Soil Class 1 2,438 0.35 0.38 0.00 1.00
Soil Class 2 2,438 0.31 0.35 0.00 1.00
Soil Class 3 2,438 0.34 0.38 0.00 1.00
Soil Yield 2,438 93.43 10.85 35.00 100.00
Distance to City 2,438 16.48 9.71 1.41 41.86
Distance to UGA 2,438 2.34 1.68 0.00 8.98
Distance to Stream 2,438 1.62 1.40 0.00 6.84
Distance to Yakima River 2,438 4.16 3.31 0.00 15.37
Kittitas 2,438 0.23 0.42 0 1
Benton 2,438 0.29 0.45 0 1

Table 3: Summary Statistics
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4 Economic and Econometric Model

4.1 Hedonic Model and the Cost of Water Volatility

I use the hedonic price model to estimate the implicit value of a senior water right in the

Yakima basin. Rosen (1974) develops the hedonic price model in application to the residential

housing market, and Palmquist and coauthors (Palmquist, 1989; Palmquist and Danielson, 1989)

extend the model to land used for agricultural production. I derive the demand side of the market

for agricultural land using per-acre variable profits gross of land payments, πVt

πVt = ptft(Vt,X,W, α)− ct(Vt, α) (1)

where pt is a vector of crop prices at time t, and ft is the multiple output production function at

time t that depends on X, a vector of fixed attributes of the land, α, a farmer-specific unobserved

skill parameter, Wt, the water availability on the land at time t, and Vt, a vector of variable inputs.

The cost function, ct, depends on variable inputs and the idiosyncratic skill parameter. A farmer

chooses Vt to maximize profits for any combination of pt, fjt(), X, W , and α, such that optimal

profits can be expressed as,

π∗Vt = π∗Vt (pt,X,Wt, α) (2)

The maximum bid that a farmer pays for a specific piece of land for use at time t is determined by

the inputs of the profit function, as well as the desired net profits, πt.

θt(pt,X,Wt, α) = π∗Vt (pt,X,Wt, α)− πt (3)

By differentiating (3) it can be shown that ∂θt
∂Xi

=
∂π∗Vt
∂Xi

and ∂θt
∂W =

∂π∗Vt
∂W . The derivative of the rental

bid function is non-decreasing and concave in any desirable characteristic Xi and Wt, given typical

assumptions of the variable profit function (Diewert, 1978). In equilibrium the marginal increase

in variable profits must equal the marginal increase in the bid function, which in turn equals the

rental price of land. The equilibrium rental schedule of land is an envelope of the bid functions.

While equation (3) describes the decision for renting land for one-period, iterating the process into
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the future shows that the equilibrium sale price of land is equal to the expected discounted sum of

future variable profits. In this context the increase in the market price, qt, from a marginal increase

in any attribute X, or Wt, will be the change in the discounted sum of expected current and future

profits due to the extra amount of the attribute.

qt(pt,X,Wt, α) =

∞∑
h=t

Eh
[
π∗Vh (ph,X,Wh, α)

]
e−βh (4)

Analyzing the bid function for a permanent purchase of land as opposed to a one period rental

iterates the process forward, where Θt is the bid for a permanent land purchase and π̄t is the

expectation of future net profits.

Θt(pt,X, πt,Wt, α) =
∞∑
h=t

Eh
[
π∗Vh (ph,X,Wh, α)

]
e−βh − π̄h (5)

In this forward looking model ∂Θt
∂Wt

=
∂
∑∞
h=t Eh[π∗Vh ]e−βh

∂Wt
; the marginal increase in the bid on for land

with better water resources equals the increase in the expected sum of discounted profits due to

the water. This setup models the farmers’ willingness to pay for secure water supply according to

their expectations of the change in future profits. The literature on the stabilization value (Diao

et al., 2008; Tsur and Graham-Tomasi, 1991) adds a theoretical background to the interpretation

of a water right as an attribute of the hedonic price function. Let the premium on a senior water

right S relative to a junior right J given all the characteristics of the property be defined as

E[P |X,S] − E[P |X, J ] = γ. Given that senior water rights are never prorated7, the premium is

equal to the revenue from a fixed quantity of water less the expected revenue from a variable water

supply as seen in equation (6). Where the distribution of water W ∼ g(µ, σ2) can be described by

its mean and variance , and π̃() is the profit function optimized with respect to all other inputs

conditional on W .8

γ =

∞∑
h=t

π̃∗Vh (µ)e−βh − π̃∗Vh (Wh)e−βh (6)

7This is likely a valid assumption considering senior rights have never been prorated.
8This assumption is relatively mild because the important aspect is landowners’ perceptions of the

distribution of the water supply which are unlikely to encompass anything beyond the first two moments.
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Note that the expectation operator is only applied to the profit for a junior landholder since their

water input depends on the random variable W while senior landowners’ profits depend on the

constant µ. A Taylor series approximation of the junior landowner’s expected profit, E[π̃∗Vt (Wt)],

allows for the premium to be written as a function of the variance of the water supply.

γ = γ(σ2) = −0.5π̃∗Vt
′′
(µ)σ2 (7)

This value is positive if the production function is concave in the water input, implying a diminishing

marginal value of water.9 Whether (7) holds in practice likely depends on the setting, particularly

the domain of π̃. In this setting it appears feasible due the public discourse on the costs of water

scarcity. The analysis does not rely on this assumption, but rather is testing it directly by estimating

γ as an attribute in the hedonic price with only the traditional assumptions in the hedonic model.

The key point is that if γ > 0 then ∂γ
∂σ2 > 0 is likely; and estimating a time-varying premium is an

indication of changing expectations of water supply volatility.

4.2 Bayesian Regression Model

I employ a Bayesian linear regression model with normal independent Gamma priors as de-

scribed by Koop (2003). The regression function is y = Xβ + ε, where y is the real log sale price

per acre, X is a matrix of covariates, β is a coefficient vector and ε is a heteroskedastic error term

distributed ε ∼ N(0, σ2Ω). A Box Cox test provides strong evidence for a log-linear model.10 The

notation for any parameter θ follows Koop (2003) where θ represents the prior value that is chosen

by the analyst and θ̄ is the posterior value as a function of the data and the prior. I use diffuse

priors with zero mean and a wide dispersion suggesting little prior information on the parameters -

the full description of the likelihood, priors, and joint posterior is available in the Appendix. This

model produces a joint posterior distribution that is not of standard form. To estimate the model

9This assumption is difficult to assess because the profit function may not be continuous in water. There
may be kinks where the water input causes the loss of a substantial portion of the crop or causes perennial
crops such as fruit trees to die. Additionally certain regions of the support may reflect changes in crop choice
or land use.

10Xu et al. (1994) argue that the hedonic model may be mis-specified if there is potential for predicted
values less than zero. The minimum predicted log per acre farm value is well above one, suggesting that
there is not a cause for concern that the model will yield negative property values.
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I draw directly from the conditional posterior distributions using the Gibbs sampler, a Markov

Chain Monte Carlo (MCMC) method, to generate consistent estimates of the joint distribution.

The Gibbs sampler sequentially draws from the full conditional posterior distributions of defined

blocks, updating all the conditioning values in each run of the Gibbs sampler. The conditional

posterior for β is the first block and is distributed multivariate normal, the second block is σ2 with

a gamma conditional posterior distribution. For now Ω is assumed to be a diagonal matrix, though

this can assumption may be relaxed. The conditional posterior distributions for β and σ2 are given

by

p(β|y, σ2,Ω) ∼ N(β̄, V̄ ) (8a)

p(σ2|y, β,Ω) ∼ IΓ

(
ν̄

2
,
ν̄s̄2

2

)
(8b)

where V̄ = (V−1 + σ−2X ′Ω−1X)−1, β̄ = V̄ (V−1β + σ−2X ′Ω−1Xβ̂(Ω)), ν̄ = n + ν, and s̄2 =

(y−Xβ)′Ω−1(y−Xβ)+νs2)
ν̄ . I employ Bayesian estimation techniques for two reasons. The first is to

alleviate omitted variable bias and model uncertainty from mis-specifying the empirical hedonic

price function by using Bayesian Model Averaging (BMA). BMA accounts for the uncertainty in-

herent in model selection by weighting coefficients by the posterior model probabilities across all

models. Additionally, the full distribution of the posterior parameters in graphical format provides

an intuitive way to present the results. A graphical approach focuses on the full parameter distri-

bution as opposed to point estimates, while maintaining simple analogues to frequentist measures

of inference. The posterior model probability for model i as shown inKoop (2003) is

p(Mi|y) =
p(y|Mi)p(Mi)∑M

m=1 [(y|Mm)p(Mm)]
(9)

where y is the data, M is the total number of models, and p(Mi) is the prior for model i that

is set to 1/M for all models. There are 2k potential linear models with k candidate regressors,

making formal model selection computationally difficult as the number of candidate regressors

increases. In this setting the 42 candidate regressors lead to over 4 × 1012 potential models and

makes estimating and evaluating each unique model intractable. One form of BMA developed by
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Raftery et al. (1997) takes advantage of Markov Chain Monte Carlo Model Composition (MC3)

that precludes estimating each separate model and converges to the region with the highest model

posterior probabilities. The MC3 method selects new models by either adding or removing a

variable from the current model Mi and then assigning an acceptance probability as a function of

posterior probabilities that dictates whether the new model Mj will replace the current model Mi

given by p(accept new model) = min
[
1,

p(Mj |y)
p(Mi|y)

]
.

5 Results

Figure 3 presents the results of the model selection in a graphical format. I run regressions using

both a senior dummy and the percentage of senior rights held by the irrigation district. The full set

of parameters for the Figure 3 shows the how often covariates are selected in the MC3 estimation

for the top 50 models, and the color indicates the sign of the parameter. Table 4 highlights the

results from the three separate BMA procedures. The first does not include any fixed regressors

and the second and third include groundwater rights and either a senior dummy or percentage of

senior rights. These regressors are set as fixed since they are the variables of interest and the goal of

BMA is to sample from the models with different sets of control to account for model uncertainty.

The coefficients are weighted by the posterior probabilities, and assigned a value of zero for models

in which they do not appear. The last column (PIP) displays the posterior inclusion probability,

which is the fraction of times the variable appears in a model.

While the results from the BMA can be interpreted directly it is also useful to select a baseline

model to see how it changes under certain scenarios that have economic implications. Additionally,

BMA is computationally intensive and becomes intractable as many models are estimated. To be

conservative when selecting a base model I include all variables that show up at least once in any

of the top 50 models from the specifications with fixed regressors. New models are thus compared

to both the base model itself and the BMA results.

As seen in the first section of Table 4 neither senior rights variable or groundwater rights are

common in the BMA without fixed regressors. This is evidence that even if water rights do capitalize

into farm values they are not as important as variables such as the size of the farm and the value
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Notes: Models include the top 50 models based on posterior odds. When a variable is present in a given
model it is colored blue when greater than zero and red when less than zero. The width of each model
represents the cumulative model probabilities shown on the x axis.

Figure 3: BMA Model Selection

of improvements. The PIPs for the senior dummy, senior percentage, and groundwater rights are

0.11, 0.03, and 0.02. The low inclusion probabilities weight the coefficients to zero, but when the

senior dummy and percentage senior variables are included as fixed regressors the posterior means

are small and statistically insignificant.

Posterior Mean Posterior Std. Dev. PIP
No Fixed Regressors

Sr 0.0067 0.0749 0.03
Sr Percent -0.0045 0.0584 0.02
Groundwater 0.0130 0.0414 0.11

Fixed Sr & Groundwater

Sr 0.0191 0.0538 1.00
Groundwater 0.1209 0.0565 1.00

Fixed Sr Percent & Groundwater

Sr Percent 0.0502 0.0645 1.00
Groundwater 0.1235 0.0564 1.00
Observations 2438
Candidate Regressors 42

Notes: Coefficients are weighted by the posterior odds probability and are zero when covariates do not
appear in a model. Posterior means and standard deviations are the based on 250,000 initial draws were
taken with 50,000 burn-ins. PIP is the posterior inclusion probability.

Table 4: BMA Regression - Water Rights
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The BMA results indicate that senior rights do not capitalize into farm values, but it is impor-

tant to investigate the structure that is driving the results. That is the motivation for using the

BMA as a variable selection tool and developing a base model as a springboard for further analysis.

The rest of the paper focuses on the parameters related to water rights. However, several elements

of the identification strategy should be noted. In addition to model averaging to cover model uncer-

tainty I flexibly control for spatial effects by including spatial lags of independent variables as well

as third order polynomials of all continuous spatial covariates in the set of candidate regressors.11

To control for temporal effects I include third order polynomials of a monthly time trends and a

one year rolling average of agricultural sales in the basin. The full set of posterior estimates for

regressions with both a senior dummy and the percentage of senior rights are available in Tables

?? and ?? in the Appendix.

The posterior distribution on the senior right variables reveals whether land with senior water

rights sells at a premium. A dummy variable identifies parcels in a district with access to sufficient

senior water rights to insulate them from water supply shocks, and the percentage of rights provide

a smoother description of water security at irrigation districts. Figure 4 shows the densities of

the posterior distribution for both the senior dummy and percentage senior variables. The shaded

region is the 95% highest posterior density (HPD) that is the Bayesian analogue to a 95% confidence

interval. Both variables have a significant portion of the HPD below zero indicating that the central

tendency of the distribution is not statistically significant from zero.

One of the challenges of estimating the demand for senior rights in the Yakima Basin is that

most of the rights are held by irrigation districts. While this produces reliable water rights data

it also requires the identification of the main parameter to be based on variation across irrigation

district. In this context I cannot separately identify the water rights premium and irrigation district

effects. Most of the irrigation district effects can be flexibly be controlled for by observable parcel

characteristics, however I cannot control for irrigation district level unobservables in this framework.

One area where this poses a problem is with the Wapato Irrigation Project (WIP). This district

11I test for six different specifications of the spatial weight matrix used to generate the spatial lags of the
independent variables: 10 nearest neighbots (NN), 20 NN, inverse distance for 10 NN, inverse distance for
10 NN, inverse distance for all neighbors within 20 kilometers, and inverse distance for all neighbors within
20 kilometers. In model specification test in the BMA regression the inverse distance within 20 kilometers
produced the best model fit according to mean squared error.
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draws in the Gibbs sampler with 100,000 burn-ins. The shaded areas represent the 95% highest posterior
density interval.

Figure 4: Posterior Distributions for Senior Rights
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Figure 5: Impact of Yakima Nation Reservation on Value of Senior Rights

is contained within the Yakima Nation Reservation and thus may have important district level

unobservables that are not captured by the percentage of water rights. In the BMA estimation a

dummy for the reservation is negative and strongly significant. This essentially removes 19% of the

junior sales from being able to identify the effect of senior water rights. It is uncertain whether

the lower farm values in WIP are due to lack of water security of unobservables related to the

reservation. It should be noted that land in WIP does not need to be owned by members of the

Yakima Nation and land is freely traded and developed by non-tribe members. To investigate the

role of the reservation I estimate the base model excluding the reservation dummy. The posterior

estimates for models with and without the reservation dummy for both the senior dummy and

percentage specifications are displayed in Figure 5. It is clear that excluding the reservation dummy

causes the premium to increase for both specifications, and the HPD does not include zero for the

senior dummy without the reservation variable. The HPD for the senior percentage posterior is

right on the border of zero. The senior rights premium is equal to 11% according to the posterior

mean in dummy specification without the reservation dummy.

The justification to exclude the reservation dummy relies on the assumption that there are
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Notes: The map highlights one area of the boundary discontinuity design. The shaded areas are overlapping
buffers with darker areas representing smaller buffers; the darkest buffer represents 1 mile and the lightest
is 5 miles.

Figure 6: Boundary Discontinuity Design: 1-5 Mile Buffers

not idiosyncratic effects at the irrigation district level that are correlated with senior water rights.

This assumption cannot be tested directly because irrigation district fixed effects and the senior

water right premium cannot be identified simultaneously. In order to assess the potential correlation

empirically I conduct a boundary discontinuity analysis in the spirit of Black (1999). The boundary

discontinuity analysis relaxes the orthagonality assumption by assuming that any unobserved spatial

effects specific to an irrigation district diminishes along with the distance between two irrigation

districts. In this context parcels on the either side of the border of an irrigation district are more

comparable relative to more distant parcels. I establish the samples for the boundary discontinuity

analysis by creating overlapping buffers of 1, 2, 3, 4, and 5, miles from the border of both junior

and senior districts. Parcels that lie in the overlapping junior and senior district parcels for each

of the five distances comprise the five new samples. In this setup the 1 mile buffer is the most

restrictive sample and the 5 mile buffer is the least restrictive, the resulting sample sizes are shown

in Table 5. The assumption is that as the size of the buffer decreases the sample is restricted to

parcels that are more comparable. Figure 6 shows how the boundary discontinuity design works in

practice.
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The boundary discontinuity analysis attempts to test the need for irrigation level fixed effects,

and in particular whether excluding the Yakima Nation dummy is justifiable. Therefore the re-

gression models include all covariates of the base model except the reservation fixed effect. The

posterior distributions for the senior dummy for each of the buffer zones are shown in Figure 8,

and the mean, standard deviation and sample sizes are presented in Table 5. The posterior mean

for senior water rights in the full sample is positive and statistically significant when excluding the

reservation dummy, but none of the samples in the boundary discontinuity samples have statisti-

cally significant posterior means. In fact for the 2, 3, and 4 mile buffers the central tendency of

the posterior distribution is almost exactly zero. This provides evidence that unobserved district

variation may be important and argues against excluding the reservation dummy.
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Figure 8: Posterior Distributions - Se-
nior Dummy

Mean Std. Dev. N
Full Sample 0.106 0.036 2438
1 Mile 0.036 0.060 790
2 Mile -0.005 0.048 1291
3 Mile -0.015 0.044 1634
4 Mile -0.002 0.042 1869
5 Mile 0.041 0.040 2020

Table 5: Posterior Moments - Se-
nior Dummy

Notes: This is the posterior distribution for the senior right coefficient with all controls for the base regression
except for the reservation dummy. Posterior distributions are based on 30,000 draws in the Gibbs sampler
with 100,000 burn-ins. Buffers are defined as parcels within that overlap within X miles from the irrigation
district boundaries. The shaded areas represent the 95% highest posterior density intervals.

5.1 Heterogeneity in the Value of Water Security

The initial conclusion from the result that senior water rights do not capitalize into farm values

is that water scarcity is not a significant problem in the basin. This result is not consistent with the

recent experience with drought and the significant effort put into the Integrated Plan. I investigate
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three explanations that rationalize the aggregate result. First, farmers may have relatively cheap

adaptation measures. Second, there may be spatial heterogeneity in the senior premium. Lastly

the premium may vary over time; perhaps along with expectations regarding future water supply

volatility associated with climate change.

An interesting result with respect to adaptation measures is the significance and magnitude of

the posterior mean of the distribution for supplemental water rights - in the base model the mean

value of a supplemental right at 13% is significantly higher than the premium for senior rights. As

explained earlier these rights are most likely not the primary source of irrigation but offer some

extra water in the form of a stream, groundwater wells, or additional Yakima River surface water

rights. According to the theory the value of a senior right stems from insulating the landowner from

water supply shocks so the benefits of supplemental rights should be greater for those whose primary

rights are junior. Figure 9 shows the posterior distributions for the coefficient on supplemental water

rights after dividing the sample by the priority of primary (irrigation district) rights. The mean of

the posteriors suggest that supplemental rights add −8% and 22% to the farm values for senior and

junior rights respectively; and the HPD for the posteriors do not overlap. That supplemental water

predominantly benefits those with junior primary rights supports the initial claim that water rights

are heterogeneous and priority insulates landowners from the effects of drought. It is important

to consider the economic significance of these results. There is a relatively equal proportion of

land with junior versus senior rights in the basin; and water supplied through irrigation districts

is the primary source of irrigation water. Meanwhile, only 7.9% of properties have supplemental

rights.12 The low prevalence of supplemental rights along with the rarity of successful new water

right applications in the regions suggest that supplemental rights play a limited role in dealing with

water scarcity in the region.

I also run regressions for separate counties in the sample and Figure 10 displays the posterior

distributions for the senior dummy along with the 95% highest posterior density intervals. One

element that stands out is that the posterior for senior rights has a mean close to zero for Benton

County and Yakima County. Recall that the biggest irrigation district in Benton County with

12The proportion of supplemental rights on land with junior primary rights is 64.8%, slightly higher than
the 57.7% of properties with junior primary rights in the sample.
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predominantly junior rights, Kennewick Irrigation District, has a more stable water supply than

other junior districts due to recharge from upstream users. So the county regressions further support

the hypothesis that the value of a senior water right is connected to the water supply volatility.

The presence of the Yakima Nation Reservation in Yakima County contributes to the explanation

for why Yakima County does not have a positive premium as described above.13
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Notes: This is the posterior distribution for the supplemental right coefficient with all controls in the Base
regression except for senior, since the sample is pooled by senior vs. junior. Posterior distributions are based
on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. The shaded areas represent the 95% highest
posterior density interval for the distributions with senior and junior primary rights respectively.

Figure 9: Posterior Distributions for Supplemental Water Right Coefficients

Lastly I assess the possibility that the senior premium is time varying, with the expectation that

recent droughts and concerns of climate change would increase the premium over time. Establishing

a climate change scenario is the first step in testing for changing expectations about water volatility.

The first approach assumes that severe droughts serve as an information shock that, coupled with

news and research about climate change, changes landowners’ expectations. There have been two

13Regressions for Yakima County that exclude the reservation dummy yield a posterior mean that is
approximately 7% with a t-statistic of 1.67.
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Figure 10: Posterior Distributions for Senior Rights by County

severe droughts that reduced prorating to below 70% since the year 2000: in 2001 and 2005. I

pool the data into two periods: pre-2005 and post-2005 and run regressions, and then repeat the

process for pre and post-2001. Figure 11 shows the posterior distributions for the senior water

right coefficient when pooling the data before and after the two most recent major droughts. Using

either drought to partition the data indicates that the premium on a senior right may not be

stationary as the central tendency of the distributions shifts to the right in more recent years.

However, there is a significant shared probability mass between the two distributions suggesting

that an ad hoc approach to testing for climate change is not sufficient. Tables A.4 and A.5 show

the results of regressions that interact the senior dummy with both a linear and a quadratic time

trend. The interaction terms are not significant and in the linear case, the postererior mean is

negative, indicating that the premium is not increasing over time. I also estimate a change point

model for both that produces similar estimates for both regimes.

30



0

2

4

6

8

−0.2 −0.1 0.0 0.1 0.2 0.3
Senior Dummy Parameter

D
en

si
ty Parameter

pre−2001

post−2001

0

2

4

6

−0.2 −0.1 0.0 0.1 0.2
Senior Dummy Parameter

D
en

si
ty Parameter

pre−2005

post−2005

Notes: This is the posterior distribution for the senior right coefficient with all controls in the Base regression.
Posterior distributions are based on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. The colors of
the distributions designate samples before and after the 2001 and 2005 droughts respectively. The shaded
areas represent the 95% highest posterior density intervals.

Figure 11: Posterior Distributions for Senior Rights by Drought

5.2 Policy Scenario

The Integrated Plan is a strategy to address water scarcity in the region as farmers face droughts

and the dearth of new water rights constrains developments. For agricultural producers, enhancing

storage capacity will decrease the volatility of water deliveries to junior districts, making them

more similar to senior districts. Using the estimates of the relative premium for farmland with

senior rights in calculating the benefits to the agricultural sector from storage enhancement in the

Integrated Plan provides an alternative to the production function approach used by the USBR. I

calculate the gains to agricultural production by multiplying the per-acre premium for land with

senior water rights by the irrigable acres of land with junior rights. I only use land served by the

Yakima Project since data are readily available, making the results an effective lower bound on the

benefits for the whole basin. This approach is justified since these districts represent a significant

proportion of total agricultural land and the estimates can be directly compared to the results in

the Integrated Plan. Using the hedonic approach the point estimates for benefits from more secure

water rights range between $28 million and $92 million depending on whether the parameters stem

from the BMA, the base results, or the county level regressions. However, examining the 95%

confidence intervals for the benefits reveals that the all the estimates include zero. These results
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Mean Lower 95% Upper 95%
Aggregate (BMA) 27,789,981 -125,859,536 181,439,499
Aggregagte (Base) 54,395,045 -63,328,439 179,228,339
By county 91,819,156 -76,533,776 133,431,079

Notes The estimates are derived from parameters of the posterior distribution for the senior water right
dummy. Estimates are scaled by using acreage of agricultural land with junior water rights in the Yakima
Basin and the average real price of agricultural land in 2008 dollars.

Table 6: Estimates of Irrigation Benefits

are significantly lower than the $400 million estimate in the Integrated Plan suggesting an upward

bias in the production approach that does not account for landowner adaptation. This fits into the

general discourse that economic research does not fully permeate through to water policy. Research

suggests the relative benefits of more fluid water markets compared to large government funded

infrastructure projects, but unfortunately policy has not caught up with the economics (Olmstead,

2010). These calculations rest on the assumption that the premium for land in senior districts

is constant throughout the sample period. This assumption is not valid if climate change alters

landowners’ expectations about future water supply volatility which we address in the next below.

6 Conclusion

Increasingly frequent demand and supply shocks from climate change are raising awareness

of water scarcity for agricultural producers in the Western United States. The aggregate and

distributional effects of water scarcity are intimately related to the institutions that govern water

rights. This paper quantifies the value of priority for senior water rights as a mechanism to protect

landowners against the effects of droughts. The central tendency of the posterior distribution

for senior water rights is insignificant under most specifications. Using the estimates from the

posterior distribution of the senior water right coefficient in a benefit cost framework suggests that

the methodology employed by the Integrated Plan overestimates the agricultural benefits associated

with enhanced storage capacity in the basin. This finding depends on the assumption that the full

sample of housing sales is representative of farmer’s expectations of climate change induced water

scarcity. If farmers’ expectations changed since 1990, the coefficient on senior water rights will also

change. More specifically, if farmers respond to climate change by increasing the demand for water
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security, the premium paid for land in districts with senior rights will increase. Pooling the samples

based on recent severe droughts does not provide evidence for higher premiums for water security

after the droughts. The lack of an aggregate result does mask some heterogeneity as one county in

the basin does exhibit a large and significant premium. One explanation for the lack of a premium

is that relatively cheap solutions for water supply volatility are available such as supplementing

water from irrigation districts with privately held rights. This research finds that while farmers in

central Washington do pay for security in agricultural water rights, expectations about changing

water supply volatility are not manifested in property markets. Further research can pursue the

link between water volatility and the price of water security by exploiting cross sectional variation

in water supply volatility. As is often the case with studying water rights gathering high quality

data and finding regions with comparable institutions remains a challenge.
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A Bayesian Model Averaging
Posterior Mean Posterior Std. Dev. PIP

Acres -0.0099 0.0011 1.00

Acres2 0.0000 0.0000 1.00

Acres3 -0.0000 0.0000 1.00
Improvements 0.0001 0.0000 1.00
Time 0.0035 0.0005 1.00

Improvements2 -0.0000 0.0000 1.00
Reservation -0.4106 0.1239 0.96
Residential 0.1477 0.0505 0.96
Kittitas 0.4942 0.1817 0.94

Improvements3 0.0000 0.0000 0.78
Benton 0.1150 0.0814 0.72
Slope -0.0046 0.0050 0.52
Rolling Avg 1.6779 5.0011 0.44

Dist Stream2 0.0136 0.0202 0.38

Dist Stream3 -0.0023 0.0033 0.38
Slope - ID 20NN 0.0103 0.0146 0.38

Rolling Avg2 -0.0166 0.5386 0.37
Dist City 0.0009 0.0122 0.37

Rolling Avg3 -0.0058 0.0220 0.36

Yield3 0.0000 0.0000 0.32

Slope2 -0.0001 0.0003 0.26
Dist Stream 0.0092 0.0241 0.26
Dist River 0.0133 0.0263 0.25

Yield2 -0.0000 0.0003 0.23

Dist River2 -0.0010 0.0024 0.21

Dist City2 0.0002 0.0008 0.20
Residential - ID 20NN -0.1268 0.2902 0.19
Yield 0.0025 0.0197 0.18

Dist UGA3 0.0001 0.0004 0.17

Dist City3 -0.0000 0.0000 0.15

Dist UGA2 0.0011 0.0054 0.14

Slope3 0.0000 0.0000 0.14
Improvements - ID 20NN 0.0000 0.0000 0.13
Groundwater 0.0130 0.0414 0.11
Soil Class 3 -0.0082 0.0309 0.08

Dist River3 -0.0000 0.0001 0.08
Dist UGA -0.0029 0.0198 0.06
Acres - ID 20NN -0.0001 0.0006 0.03

Time2 -0.0000 0.0000 0.03
Sr 0.0067 0.0749 0.03
Sr Percent -0.0045 0.0584 0.02

Time3 -0.0000 0.0000 0.02
Soil Class 2 0.0004 0.0066 0.01

Observations 2438
Candidate Regressors 43

Notes: Coefficients are weighted by the posterior odds probability and are zero when covariates do not appear in a model.
Posterior means and standard deviations are the based on 200,000 draws were taken with 50,000 burn-ins. PIP is the posterior
inclusion probability.

Table A.1: Bayesian Model Averaging
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B Base Regressions

Mean Std. Dev. Lower 95% CI Upper 95% CI

Senior 0.03664 0.04097 -0.04442 0.11597
Groundwater 0.12595 0.05483 0.01918 0.23287
Residential 0.15532 0.03863 0.07903 0.23123
Reservation -0.26494 0.07424 -0.40947 -0.11879
Benton 0.19808 0.04621 0.10669 0.28832
Kittitas 0.66526 0.07958 0.50872 0.82054
Acres -0.01013 0.00101 -0.01214 -0.00816
Acres2 0.00004 0.00001 0.00003 0.00005
Acres3 -0.00000 0.00000 -0.00000 -0.00000
Improvements 0.00011 0.00001 0.00008 0.00014
Improvements2 -0.00000 0.00000 -0.00000 -0.00000
Improvements3 0.00000 0.00000 0.00000 0.00000
Time 0.00342 0.00039 0.00265 0.00419
Rolling Avg 20.33756 71.41261 -118.35990 159.93071
Rolling Avg2 -1.98430 8.32202 -18.23969 14.19632
Rolling Avg3 0.06274 0.32287 -0.56461 0.69356
Yield -0.00430 0.01167 -0.02719 0.01848
Yield2 0.00007 0.00008 -0.00009 0.00022
Slope 0.00778 0.01078 -0.01355 0.02865
Slope2 -0.00150 0.00069 -0.00284 -0.00014
Slope3 0.00002 0.00001 0.00000 0.00004
Dist City 0.00896 0.00220 0.00469 0.01326
Dist Stream -0.10679 0.06487 -0.23336 0.02043
Dist Stream2 0.08602 0.02918 0.02863 0.14299
Dist Stream3 -0.01150 0.00350 -0.01836 -0.00458
Improvements - 20NN 0.00003 0.00001 0.00001 0.00006
Slope - 20NN 0.02686 0.00640 0.01429 0.03944
σ2 0.49423 0.01424 0.46692 0.52316

Notes: The dependent variable is the natural log of the per acre sale price of a parcel. These are moments
of the posterior distribution for the senior rights coefficient with all controls in the Base regression. Posterior
distributions are based on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. Upper and Lower 95%
CI are values for the 95% credible interval.

Table A.2: Bayesian Regression - Senior Dummy
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Mean Std. Dev. Lower 95% CI Upper 95% CI

Sr Percent 0.06510 0.05227 -0.03833 0.16644
Groundwater 0.12784 0.05483 0.02101 0.23472
Residential 0.15365 0.03864 0.07735 0.22946
Reservation -0.28525 0.06595 -0.41480 -0.15517
Benton 0.20026 0.04538 0.11070 0.28912
Kittitas 0.66647 0.07775 0.51393 0.81832
Acres -0.01009 0.00101 -0.01209 -0.00811
Acres2 0.00004 0.00001 0.00003 0.00005
Acres3 -0.00000 0.00000 -0.00000 -0.00000
Improvements 0.00011 0.00001 0.00008 0.00014
Improvements2 -0.00000 0.00000 -0.00000 -0.00000
Improvements3 0.00000 0.00000 0.00000 0.00000
Time 0.00342 0.00039 0.00265 0.00419
Rolling Avg 19.49571 71.40536 -119.18712 159.07614
Rolling Avg2 -1.88746 8.32115 -18.14094 14.29180
Rolling Avg3 0.05904 0.32283 -0.56820 0.68978
Yield -0.00442 0.01166 -0.02728 0.01833
Yield2 0.00007 0.00008 -0.00009 0.00022
Slope 0.00888 0.01083 -0.01260 0.02987
Slope2 -0.00156 0.00069 -0.00290 -0.00020
Slope3 0.00002 0.00001 0.00000 0.00005
Dist City 0.00911 0.00220 0.00484 0.01342
Dist Stream -0.10617 0.06486 -0.23266 0.02103
Dist Stream2 0.08621 0.02916 0.02895 0.14308
Dist Stream3 -0.01151 0.00350 -0.01837 -0.00460
Improvements - 20NN 0.00003 0.00001 0.00001 0.00006
Slope - 20NN 0.02702 0.00640 0.01446 0.03960
σ2 0.49408 0.01424 0.46677 0.52300

Notes: The dependent variable is the natural log of the per acre sale price of a parcel. These are moments
of the posterior distribution for the senior rights coefficient with all controls in the Base regression. Posterior
distributions are based on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. Upper and Lower 95%
CI are values for the 95% credible interval.

Table A.3: Bayesian Regression - Senior Percent

39



Mean Std. Dev. Lower 95% CI Upper 95% CI

Senior 0.12179 0.07948 -0.03342 0.27629
Sr*Time -0.00058 0.00046 -0.00148 0.00032

Notes: The dependent variable is the natural log of the per acre sale price of a parcel. These are moments
of the posterior distribution for the senior rights coefficient with all controls in the Base regression. Posterior
distributions are based on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. Upper and Lower 95%
CI are values for the 95% credible interval.

Table A.4: Senior Dummy and Time Interaction)

Mean Std. Dev. Lower 95% CI Upper 95% CI

Senior 0.04226 0.12090 -0.19343 0.27869
Sr*Time 0.00097 0.00186 -0.00269 0.00464

Sr*Time2 -0.00001 0.00001 -0.00002 0.00001

Notes: The dependent variable is the natural log of the per acre sale price of a parcel. These are moments
of the posterior distribution for the senior rights coefficient with all controls in the Base regression. Posterior
distributions are based on 30,000 draws in the Gibbs sampler with 100,000 burn-ins. Upper and Lower 95%
CI are values for the 95% credible interval.

Table A.5: Senior Dummy and Time Interaction (Quadratic)

C MCMC Convergence Diagnostics

The Gibbs sampler is an MCMC procedure where arbitrary initial values may bias the results.
There are several diagnostic tools used to assess the convergence of the Gibbs sampler to the true
joint posterior distribution, ensuring that the effect of the starting values has worn off. We employ
three tools that all indicate that the Gibbs sampler reached convergence. The dependence factor,
also known as the I-statistic, is the ratio of the number of draws required for given accuracy level
to the number of draws necessary if the chain was i.i.d., developed by Raftery and Lewis (1992).
Table A.6 shows that for an accuracy level of 0.5% the I-statistic for all parameters is around 1,
which is the recommended level and safely below the recommended threshold of 5. Next I use
the Geweke diagnostics Geweke (1992) which tests the equality in means for two regions of the
Gibbs sampler. I use the first 20% and the last 50% of the MCMC draws. If the Gibbs sampler
reached convergence then any subset should represent the true joint posterior and there should be no
difference in parameter means for different regions. Table A.7 shows z-statistics and the associated
p-values for the χ2 test for the null of equal means. Almost every parameter has p-values well above
the 10% level. Another set of diagnostics is the Heidelberger-Welch test for stationarity and the
halfwidth test. These tests assess if the length of MCMC draws is sufficient for the distribution to be
deemed stationary. Table A.8 shows that all parameters are determined to come from a stationary
distribution and the halfwidth test shows that most are below the conventional halfwidth/mean
ratio threshold of 0.1. Lastly I assess the autocorrelation of draws in the parameter chain, which
is another metric to determine if the Gibbs sampler is drawing from the true distribution. The
low level of serial correlation in the Gibbs draws as shown in Table A.9 provides evidence that the
draws represent and independent sample. These diagnostics tool suggest that the Gibbs sampler
has reached convergence; not a surprise given that running 40,000 draws with 100,000 burn-in draws
is extremely circumspect.
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Burn-in (M) Total (N) Lower bound (Nmin) Dependence factor (I)
Interpect 2 3720 3746 0.99
Senior 2 3781 3746 1.01
Groundwater 2 3669 3746 0.98
Residential 2 3792 3746 1.01
Reservation 2 3781 3746 1.01
Benton 2 3690 3746 0.98
Kittitas 2 3730 3746 1.00
Acres 1 3750 3746 1.00
Acres2 2 3659 3746 0.98
Acres3 2 3710 3746 0.99
Improvements 2 3720 3746 0.99
Improvements2 2 3792 3746 1.01
Improvements3 2 3761 3746 1.00
Time 2 3690 3746 0.98
Rolling Avg 2 3761 3746 1.00
Rolling Avg2 2 3700 3746 0.99
Rolling Avg3 2 3771 3746 1.01
Yield 2 3730 3746 1.00
Yield2 2 3720 3746 0.99
Slope 2 3781 3746 1.01
Slope2 2 3823 3746 1.02
Slope3 2 3792 3746 1.01
Dist City 2 3823 3746 1.02
Dist Stream 2 3710 3746 0.99
Dist Stream2 2 3720 3746 0.99
Dist Stream3 2 3700 3746 0.99
Improvements - 20NN 2 3792 3746 1.01
Slope - 20NN 2 3710 3746 0.99
σ2 2 3700 3746 0.99

Table A.6: Raftery-Lewis MCMC Diagnostics
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Z-statistic p-value
Interpect 1.261 0.207
Senior 1.142 0.254
Groundwater 1.416 0.157
Residential -0.347 0.729
Reservation -1.962 0.050
Benton -0.749 0.454
Kittitas -0.104 0.917
Acres 0.364 0.716
Acres2 0.127 0.899
Improvements 1.211 0.226
Time 0.490 0.624
Rolling Avg -1.263 0.206
Rolling Avg2 1.264 0.206
Rolling Avg3 -1.265 0.206
Yield 1.261 0.207
Yield2 -1.179 0.238
Slope -1.318 0.187
Slope2 1.228 0.220
Slope3 -1.169 0.242
Dist City 0.310 0.757
Dist Stream 0.810 0.418
Dist Stream2 -0.744 0.457
Dist Stream3 0.828 0.408
Improvements - 20NN 0.015 0.988
Slope - 20NN -0.248 0.804
σ2 0.391 0.696

Table A.7: Geweke MCMC Diagnostics

42



Stationarity Test p-value Mean Halfwidth Ratio
Interpect 0.411 -60.781 2.309 -0.038
Senior 0.708 0.037 0.000 0.012
Groundwater 0.080 0.126 0.001 0.005
Residential 0.231 0.155 0.000 0.003
Reservation 0.097 -0.264 0.001 -0.004
Benton 0.339 0.198 0.001 0.003
Kittitas 0.566 0.665 0.001 0.001
Acres 0.284 -0.010 0.000 -0.001
Acres2 0.235 0.000 0.000 0.002
Improvements 0.536 0.000 0.000 0.002
Time 0.921 0.003 0.000 0.001
Rolling Avg 0.402 20.338 0.808 0.040
Rolling Avg2 0.395 -1.984 0.094 -0.047
Rolling Avg3 0.387 0.063 0.004 0.058
Yield 0.131 -0.004 0.000 -0.031
Yield2 0.205 0.000 0.000 0.014
Slope 0.533 0.008 0.000 0.015
Slope2 0.642 -0.001 0.000 -0.005
Slope3 0.710 0.000 0.000 0.005
Dist City 0.878 0.009 0.000 0.003
Dist Stream 0.512 -0.107 0.001 -0.007
Dist Stream2 0.544 0.086 0.000 0.004
Dist Stream3 0.491 -0.011 0.000 -0.003
Improvements - 20NN 0.835 0.000 0.000 0.005
Slope - 20NN 0.152 0.027 0.000 0.003
σ2 0.747 0.494 0.000 0.000

Table A.8: Heidelberger-Welch MCMC Diagnostics
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Lag 0 Lag 1 Lag 5 Lag 10 Lag 50
Interpect 1 -0.002 0.005 0.006 -0.007
Senior 1 -0.007 -0.005 0.004 -0.008
Groundwater 1 -0.000 0.001 -0.007 0.005
Residential 1 -0.004 -0.012 -0.002 -0.009
Reservation 1 -0.005 -0.002 0.001 0.010
Benton 1 -0.009 -0.007 0.009 -0.004
Kittitas 1 -0.002 -0.012 0.009 0.001
Acres 1 0.003 -0.002 0.010 -0.002
Acres2 1 0.010 -0.007 0.008 0.001
Acres3 1 0.012 -0.008 0.009 0.004
Improvements 1 0.003 -0.007 0.004 0.008
Improvements2 1 0.002 -0.006 0.012 0.003
Improvements3 1 0.001 -0.008 0.017 -0.002
Time 1 -0.004 0.001 0.009 -0.003
Rolling Avg 1 -0.002 0.006 0.006 -0.007
Rolling Avg2 1 -0.002 0.006 0.006 -0.007
Rolling Avg3 1 -0.002 0.006 0.006 -0.007
Yield 1 -0.007 -0.009 -0.002 0.006
Yield2 1 -0.008 -0.010 -0.001 0.007
Slope 1 0.008 -0.007 0.013 -0.003
Slope2 1 0.005 -0.001 0.008 -0.004
Slope3 1 0.003 -0.000 0.005 -0.006
Dist City 1 0.007 0.013 0.003 0.010
Dist Stream 1 0.002 -0.010 0.004 0.005
Dist Stream2 1 0.000 -0.008 0.003 0.006
Dist Stream3 1 -0.004 -0.007 0.002 0.006
Improvements - 20NN 1 0.002 0.011 -0.000 0.002
Slope - 20NN 1 -0.001 0.000 0.008 -0.004
σ2 1 0.023 0.003 -0.007 0.002

Table A.9: Autocorrelation of MCMC draws
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