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Abstract

Water rights were allocated in the western United States between 1850-1900 without regard

for pre-existing Indigenous claims. A 1908 U.S. Supreme Court ruling (Winters vs. United

States) affirmed that reservation treaties implicitly entitle tribes to water rights, but did

not address the practicalities of establishing rights to water that was already allocated for

off-reservation use. Tribes must adjudicate their water rights in court or via negotiated

settlement. That 170 of 226 federally recognized reservations have unresolved claims that

potentially exceed the region’s hydrological realities generates legal uncertainty and threat-

ens ecological and economic well-being. To date, there are no systematic, quantitative

analyses of how tribal water rights are defined and incorporated into water-scarce systems

across the West. This research examines the economic drivers of Native American water

right adjudications (Chapter 2), determinants of settlement outcomes to irrigation district

water rights (Chapter 3), and the long-term effects of restoring water rights on reservation

land and water use (Chapter 4).

Chapter 2 uses an economic framework to resolve key uncertainties about dispute ori-

gins and outcomes to tribes. Off-reservation population growth, water scarcity, and large

anticipated water entitlements catalyze disputes. When more users are involved in a negoti-

ation, contracting costs delay settlement, increasing water insecurity and ecological damage.

Reservations with greater farming capacity tend to secure larger water entitlements. Chap-

ter 3 examines the effects of bargaining power asymmetries on changes to irrigation districts’

water entitlements and funding secured for relinquishing water in a settlement. Irrigation

districts with relatively junior rights relinquish larger shares of their water entitlements in

a negotiation, while funding secured in return is primarily a function of congressional influ-

ence. Chapter 4 uses difference-in-difference methods to assess the causal effects of tribal

water settlements on changes to reservation land and water use between 1974 and 2012. Set-

tlements result in economically small, but statistically significant increases in agricultural

land use. Land tenure, credit constraints, and leasing restrictions limit tribal water access

to a fraction of their deeded rights, relegate settlement water to low-value agriculture, and

results in billions of dollars in lost leasing revenue. While tribes stand to gain a great deal

from water adjudications, potential benefits have been slow to materialize.
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Chapter 1

Introduction

Demand for freshwater increasingly exceeds available supplies in many parts of the world,

generating uncertainty about how finite water supplies will be allocated across competing

uses to meet ever-growing water needs (Cosgrove and Loucks, 2015). As climate change

exacerbates water scarcity in already dry regions, sustainable and equitable adaptation will

likely warrant strengthening institutions governing water rights and accurately balancing

water withdrawals against available supplies (Schlager and Ostrom, 1992; Meinzen-Dick,

2014; Ostrom et al., 2003). When well-defined and secure, water rights reduce resource

degradation (Meinzen-Dick, 2014; Madani and Dinar, 2012) and support economic growth

(Leonard and Libecap, 2019; Besley and Ghatak, 2010; Browne, 2019). Clear, transparent

water law offers the necessary framework for adjudicating new rights, resolving competing

claims, and reallocating existing rights via negotiations and markets when supply augmen-

tation is infeasible (Leonard et al., 2020; Libecap, 1993).

In practice, however, property rights are difficult to change once they are established

(Demsetz, 1967; Alston et al., 2012). Titleholders benefiting from the status quo wield

greater influence over resource use decisions than non-owners, enabling them to resist

changes to their allocations (Dahlen and Eichstädt, 2020; Axelrod, 2017). The inherently

political process of allocating resources has excluded marginalized groups from resource

access, important decision-making processes, and long-term benefits associated with tenure

(Alston et al., 2012). These exclusions also undermine their ability to advocate for changes

that improve their water security outcomes. Such institutional path dependencies stemming

from initial water allocations shape and constrain institutional responses to scarcity and

entrench inefficient, inequitable water use (Libecap, 2008).

In many countries, water was initially allocated for agriculture in the 18th and 19th

centuries during colonization (Hidalgo et al., 2017; Boelens et al., 2010; Mollinga and Veld-

wisch, 2016; Harris, 2007; Hanrahan, 2017; Macpherson, 2020). Settlers in arid but otherwise
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arable areas established water rights under first possession rules that generally extinguished

pre-existing rights (formal and informal) of the Indigenous communities they displaced (Ep-

stein, 1999). Irrigated agriculture continues to consume nearly 90 percent of the world’s

freshwater supplies, much like it did 100 years ago, in part due to institutionalized legal

protections (Libecap, 2011; Benson, 1998). Urban and environmental water users claimed

remaining legally available water (Fleck, 2016; Richter et al., 2013). Meanwhile, absent

enforceable water rights, Indigenous communities rely on increasingly scarce and variable

unused and unregulated water sources (Womble et al., 2018).

High human, environmental, and economic costs of water scarcity, brought on by climate

change (Douville et al., 2021), population growth (Tidwell et al., 2014; Garrick et al.,

2019), and inflexible water institutions (Olmstead et al., 2016), have brought Indigenous

water rights to the forefront of policy conversations. Environmental justice frameworks for

explaining water inequities have emerged in recent policy discussions and public discourse,

highlighting the high costs of water insecurity borne by Indigenous communities who lack

legally enforceable water rights (Wutich et al., 2013; Syme and Nancarrow, 1996; Jackson

et al., 2019). Incumbent water rights holders have taken notice as Indigenous communities’

pursuit of water security challenges status quo allocations. Rising tensions over how to

allocate and manage scarce water increase the potential benefits of formalizing and fully

accounting for Indigenous water needs (Meinzen-Dick and Ringler, 2008; Edwards, 2016).

One under-recognized consequence of having excluded Indigenous communities from for-

mal institutions governing water rights is growing uncertainty about how Indigenous water

needs will be articulated and incorporated into already over-allocated systems. The growing

number of legal pathways (e.g., treaties, legislation, court rulings) through which Indige-

nous communities can assert water claims should offer a framework within which parties can

bargain over how to define and incorporate Indigenous water rights into existing systems

(Jackson, 2018). Yet, legacies of exclusion have meant that there is limited legal precedent

for adjudicating Indigenous water rights. As such, there is considerable uncertainty about

legal processes through which Indigenous rights are formalized, the costs of resolving dis-

putes, and how Indigenous water claims are ultimately interpreted and enforced. Economics

research shows that strengthening property rights can improve economic and environmental

outcomes (Libecap, 2007; Costello et al., 2008). However, there are few empirical tests of

how Indigenous resource rights are resolved or the extent to which they lead to meaningful

changes to water access.

To better understand the drivers, processes, and long-term effects of restoring Indige-

nous water rights, this dissertation research analyzes a large-scale water right restoration

effort that is the adjudication of Native American water rights in the western United States.

Surface water In the West is governed by the prior appropriation doctrine. Appropriative
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water rights are created based on the chronological priority of the initial claim and main-

tained through continuous beneficial use. The earliest established senior rights are filled in

their entirety before relatively junior rights are filled. The first appropriative water rights

were established for white settlers, primarily for agriculture, between 1850-1920 – around

the same time that Native American tribes were displaced and confined to reservations.

1.1 Background

In 1908, the Supreme Court (Winters v. United States) affirmed that federal treaties that

created reservations implicitly entitle tribes to enough water to ensure that reservations

are viable homelands. With a priority date of when the reservation was established, tribal

water rights (referred to as Winters rights) supersede most appropriative rights in priority.

However, Winters rights were never formally created for tribes, so they remained undefined

and therefore unenforceable as water was fully appropriated across the West without regard

for Native American water needs.

The National Water Commission conceded in 1973 that “[i]n the history of the United

States Government’s treatment of Indian tribes, its failure to protect Indian water rights for

use on the Reservations it set aside for them is one of the sorrier chapters” (National Water

Commission, 1973). A 1963 Supreme Court ruling (Arizona v. California) clarified that

tribes have rights to the volume of water necessary to cultivate every irrigable reservation

acre (the Practicably Irrigable Acreage standard), even though these rights could displace

existing water use in many basins. By neglecting tribal water needs early on, the federal

government laid a foundation for conflict between tribes’ rights to claim and develop their

water entitlements and the potential for such adjudications to divest incumbent right holders

of vast capital investments in the same water supply.

Tribes can acquire legal titles to water by asserting claims in court where a judge creates

a new water right for the tribe, assigns it a quantity and priority date of when the reservation

was established and inserts it into the existing priority order. A court decree represents a

zero-sum game where one party’s gain implies an equal loss for another party. Alternatively,

tribes, irrigation districts, cities, and state and federal agencies can bargain out of court

to reallocate and manage water in a way that meets both on- and off-reservation water

needs. Bargaining parties can make and exact concessions to reach mutually beneficial

agreements while maximizing their respective gains. Should negotiation fail, competing

claims are resolved in court. Both strategies result in legally enforceable water rights for

tribes. However, negotiation is more likely than litigation to provide tribes with meaningful

water access while minimizing impacts on off-reservation water users (Stern, 2019; Colby

and Young, 2018).

To date, 58 of 226 federally recognized reservations in 11 western states have secured
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legal titles to water.1 Of these, 46 have acquired water rights via negotiated settlement,

and 13 have court decreed water rights. Despite uncertainty about how the remaining

168 reservations’ water needs will increasingly scarce and variable supplies, there are no

empirical tests of the catalysts, costs, outcomes, and long-term impacts of Winters right

adjudications on tribes and off-reservation water users alike. The research presented in the

following chapters uses an economics framework to assess the catalysts, bargaining, and

outcomes of Native American water right adjudications to tribes (chapter 2); the effects

on the water entitlements of irrigation organizations (IO) as beneficiaries of the status

quo water allocations (chapter 3); and the long-term effects of water right acquisitions on

reservation land and water use (chapter 4).

1.2 Literature Review

1.2.1 Water and Agriculture

This research focuses on the complex and dynamic relationships between policies that have

prioritized agricultural water use, the role of agriculture throughout the bargaining process,

and long-term effects on contemporary resource use decisions. Specifically, prior appropri-

ation evolved to accommodate farming. Over time it has led to the high concentration of

water use in relatively low-value, low-efficiency water use in irrigated agriculture. While

irrigators have generally benefited from high-priority allocations (Nelson and Burchfield,

2017), beneficial use rules (Benson, 1998), and ensuing investments in irrigation infrastruc-

ture (Hanemann, 2014), several factors increase their risks of exposure to water shortages.

Ongoing policy discussions indicate that new water needs will be met by reallocating water

away from farming (Garrick et al., 2019). Likewise, climate change is raising costs of access-

ing water and adapting farm practices to hotter, drier climate (Rosa et al., 2020). Water

right institutions and infrastructure interact to mediate climate risks to farmers (Lund and

Medelĺın-Azuara, 2018), but fewer policies prioritize water use for farming.

To date, many prior appropriation legal protections have insulated irrigators from legal

challenges to their water use. Efforts to reallocate water away from farming to higher-value

urban and environmental uses have centered on voluntary market mechanisms, through

which irrigators have significant bargaining power and agency to opt in or opt out of a

transfer. Irrigators represent a powerful interest group, as they have used their substantial

lobbying power to obtain favorable policy outcomes (Esteban et al., 2019). While tribal

water rights are senior to most appropriative rights and therefore represent a rare, overt

legal threat to senior appropriators, the extent to which they will be upheld in court is

unclear. Given the outsized role of water rights in supporting and sustaining agricultural

1AZ, CA, CO, ID, MT, NM, NV, OR, UT, WA, and WY
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development, changes to the distribution of water right ownership will likely alter land and

water use patterns. As such, understanding the effects of Winters adjudications on existing

agricultural water entitlements is key to reducing uncertainty about future water access.

Likewise, the federal government’s policies towards reservations have pushed tribes to-

wards farming, even when land was unsuitable or when tribes lacked interest in agriculture

(Carlson, 1981). Reservation treaties established expectations that tribes would sustain

themselves through agriculture (Kappler, 1904). Under the 1887 Allotment Act, the Of-

fice of Indian Affairs reassigned millions of acres of reservation land to Native American

households in 160-acre allotments, which were held in trust for individuals by the federal

government. Allottees gained legal titles to land after 25 years, or when they could show

“competency” by farming their parcels (General Allotment Act, 1887; Burke Act, 1906).

While Winters v. United States (1908) declared that tribes’ water rights should be

sufficient to fulfill reservation homeland needs, Arizona v. California’s Practicably Irrigable

Acreage standard had roots in federal policies designating agriculture as a reservation’s

“homeland” purpose. Many tribes, particularly in the Northwest did not farm prior to

colonization. But today, nearly 75 percent of the total 55 million acres of reservation land

is used for agriculture, and many Indigenous communities are highly reliant on agriculture

for their livelihoods (Mondou, 1998).

Many tribes cite food sovereignty and the ability to cultivate and harvest culturally

important foods as an important benefit of acquiring water rights (DeJong, 2014; Amber-

son, 2013; Bell, 2015). Growing traditional foods is a tool for tribes to counter colonial

policies that separated them from their homelands, forced shifts to commodity food-based

diets, and had devastating effects on their land, culture, and social and physical well-being

(Guarino, 2015; Bye, 2009; Jernigan et al., 2017). Further, several studies attribute dispro-

portionately high poverty and food insecurity rates on reservations to their geographical

isolation limited economic opportunities (Mauer, 2017; Singletary et al., 2016). Securing

water rights potentially supports income generation via agriculture and leasing farmland to

non-Indians (Mondou, 1998).

At the same time, it is critical to acknowledge that framing water settlement objectives

and outcomes around agriculture does not fully capture the diverse needs and priorities for

water use across and within reservations or the inherent value of having sufficient water to

sustain a cultural existence (Carson et al., 2020). Moreover, institutions governing water

rights, allocations, and rules governing water use in the West are constructs of state and

federal water laws and policies, which have historically excluded and often run counter

to the cultural frameworks and priorities of Indigenous communities (Chief et al., 2016).

By empirically examining the drivers, bargaining process, outcomes, and long-term effects

of Winters right adjudications, this dissertation research provides important insight into
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factors that undermine tribal water sovereignty and limit the benefits of secure water rights.

1.2.2 Research Gaps

Economics theory posits that property rights are strengthened when their expected marginal

benefits exceed adjudication and administration costs. However, the limited systematic re-

search examining Winters adjudications means that parties must weigh the potential costs

and benefits of adjudicating unresolved Winters claims under extreme uncertainty. Uncer-

tainty tends to make parties more pessimistic about the net benefits of securing property

rights, so they tend to wait longer (i.e., until water is acutely scarce) to assert claims

(Libecap, 2008). Likewise, uncertainty can draw out the bargaining process (Aimin, 2010;

Friedenberg, 2019). In the meantime, resource depletion makes settlement more difficult,

as less water is available to satisfy competing water needs.

Resolving uncertainty about how Native American water rights are adjudicated is of

first-order importance to Indigenous communities. Many reservations experience severe

water scarcity for decades before asserting claims 2. Acquiring water rights requires tribes to

embark on an inherently expensive water right adjudication process with little information

about whether their claims will be upheld in court or if newly acquired water rights will

lead to meaningful water access. Identifying factors that catalyze Winters adjudications

may preempt conflicts by making off-reservation parties aware that future developments

may rely on water that belongs to tribes. Because uncertainty delays settlements (Libecap,

2008), identifying factors that prolong an adjudication can inform bargaining strategies that

hasten the resolution of Winters claims. Finally, by estimating determinants of settlement

outcomes and predicting the volume of water that tribes ultimately receive in the future,

this study informs expectations about settlement benefits.

Understanding settlement impacts on irrigation organizations (IOs) is important because

agricultural water rights are most likely to be diminished in a settlement. As beneficiaries

of the status quo distribution of water rights, IOs’ incentive to delay settlements (thus

driving up bargaining costs to other parties) is increasing with uncertainty about settlement

outcomes (Libecap, 2008). Reducing uncertainty about the possible range of settlement

outcomes is essential to reducing bargaining costs and informing expectations about how

Winters right settlements potentially alter incumbent rights

Historic dispossession of natural resources ranging from water and land to salmon and

bison has emerged as a key factor underlying the disproportionately high rates of poverty

and food insecurity in Indigenous communities relative to surrounding non-Indigenous pop-

ulations (Carmody and Taylor, 2016; Feir et al., 2019; Farrell et al., 2021; Carothers et al.,

2For example: Soboba Band of Mission Indians v. United States (1976); Gila River Pima-Maricopa
Indian Community, et al. v. United States (1972); Ak-Chin Indian Community v. United States (1973) and
Pyramid Lake Paiute Tribe of the Pyramid Lake Reservation v. United States (1975)
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2021). Yet, the few causal analyses of restoring Indigenous rights to resources indicate

ambiguous results (Blackman et al., 2017; Robinson et al., 2017; Parker et al., 2016).

Native American communities should benefit from secure water rights through produc-

tive water use on reservations or by marketing newly acquired water rights. Following Coase

(1960), restoring Indigenous resource rights should change the distribution of wealth, but

not the allocation of resource use when transaction costs are sufficiently low, and water is

already in its highest value use (Coase, 1960). However, prior work highlights how Indige-

nous land tenure and market access constraints create barriers to agriculture, irrigation, and

development (Ge et al., 2020; Dippel et al., 2020; Anderson and Lueck, 1992; Trosper, 1978).

Thus, there is considerable ambiguity about the direction and magnitude of the expected

effect of the restoration of tribal water rights on resource access, agricultural production,

and development outcomes.

1.3 Research Aims and Hypotheses

Chapter 2: Bargaining for Indigenous Water Rights in the American West

Research presented in chapter two contributes to a better understanding of where legal

disputes over unresolved Winters rights arise, as well as the bargaining process, costs,

and benefits associated with their adjudication. This study aims to identify economic

determinants of a) Winters right adjudication catalysts, b) costs of resolving Winters claims,

and c) determinants of negotiated settlement outcomes to tribes. Following economics

literature on bargaining for property rights, this study tests the hypotheses that all else

equal:

Hypothesis 1: Winter rights adjudications begin when the marginal benefits of legally en-
forceable rights exceed the costs of defining, administering, and enforcing those rights.

Hypothesis 2: Bargaining costs (i.e., the number of years to resolve Winters claims) are in-
creasing with resource size, heterogeneity, and the number and heterogeneity of bargaining
parties.

Hypothesis 3: The volume of a tribe’s water entitlement secured in a negotiated settlement
is increasing with the volume of water it can legally claim in court.

Chapter 3: Bargaining in the Shadow of Prior Appropriation Law

This research explores the effects of negotiated settlement agreements on irrigation orga-

nizations (IOs) as the most likely bargaining parties to relinquish portions of their water

rights to satisfy demands from other water users. This research aims to estimate the effects

of an IO’s relative bargaining power on two negotiated settlement outcomes: a) the share

of its pre-settlement water entitlements relinquished in a negotiated settlement, and b) the
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level of funding secured in exchange. Drawing on game-theoretic methods, this study tests

the hypotheses that all else equal:

Hypothesis 1: An IO cedes a larger portion of its pre-settlement water entitlements as its
risk of having water rights curtailed under appropriative water law increases relative to
other IOs in the negotiation.

Hypothesis 2: The dollar per acre-foot funding that an IO secures in exchange for ceding
water is increasing with its size, homogeneity, wealth, and political influence.

Chapter 4: Long-Term Outcomes of Restoring Indigenous Water Rights

This final dissertation chapter aims to provide a) the first causal estimates of the long-term

effects of Winters right settlements on reservation water use and b) underlying mechanisms

that explain changes (or lack thereof) to reservation water use. This study design is premised

on the Coase Theorem, which states that absent transaction costs, resources will be used

efficiently regardless of ownership status (Coase, 1960). Thus, transferring water right

ownership to tribes may not alter water use on reservations if Winters rights are transferable

and water is already in its highest value use off-reservation. In practice, however, pre-

existing institutional frictions raise transaction costs associated with efficient water use.

First, this research tests for the effects of a water settlement on reservation land use – a

proxy for water use – at the parcel level. It then explores two mechanisms – restrictions

on reservation trust land, and barriers to off-reservation water marketing – that potentially

constrain settlement water use decisions. This study tests the hypotheses that all else equal:

Hypothesis 1: Post-settlement water use increases most on privately owned (“fee-simple”)
parcels relative to tribal and allotted trust parcels, which are subject to federal oversight
constraints.

Hypothesis 2: Agricultural land use is decreasing and developed land use is increasing where
reservations lease settlement water relative to those that do not lease settlement water.

1.4 Contribution

Understanding the practicalities of how Winters rights are articulated and incorporated into

broader western water institutions is critical to informing equitable, efficient responses to

water scarcity. By providing the first quantitative analyses of Winters adjudication drivers,

processes, outcomes, and long-term effects on water use, these studies mitigate uncertainty

about how Indigenous water needs can be met within the confines of supply limitations.

Findings are of first-order importance to Native American reservation communities

across the West where water scarcity the prospects of securing meaningful access to water
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more uncertain. By elucidating the intricacies of the opaque adjudication process across

the full sample of reservations across the West, this work provides meaningful insight into

the efficacy of legal mechanisms that Indigenous communities rely on to restore water rights

when water is scarce. These findings have broader implications for Indigenous communities

worldwide as they face unknown challenges to restoring water rights.

Given that new water needs will likely be met by reallocating water away from its

historic use in agriculture, understanding the mechanisms through which potentially large-

scale water right transfers impact irrigators will be key to formulating mutually beneficial

agreements. By empirically identifying factors that shape and constrain institutional re-

sponses to water scarcity, particularly as it pertains to historically marginalized Indigenous

communities, this work aims to inform more equitable, efficient adaptation strategies.

Chapter 1



Chapter 2

Economics of Resolving Indigenous

Water Claims

Abstract: The American West confronts the challenge of fulfilling indigenous claims to
water within the context of increasingly scarce and variable water supplies. That 170 of
226 American Indian reservations have unresolved water claims that potentially exceed the
region’s hydrological realities generates legal uncertainty and threatens ecological and eco-
nomic well-being. Resolving claims requires water users to bargain for a solution. Using
an economic framework, we analyze a complete and novel dataset on Indian water settle-
ments to resolve key uncertainties about dispute origins and outcomes. We show that rapid
off-reservation population growth, water scarcity, and large anticipated water entitlements
catalyze disputes. When more users are involved in the negotiations, transaction costs de-
lay settlement, increasing water insecurity and ecological damage. We use our findings to
predict allocations for 25 ongoing water right negotiations. Given the large volume of water
allocations they hold, tribes will be key to sustainable water management in the West.
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2.1 Introduction

Competition over limited water resources is a defining characteristic of the American West,

where population growth, climate change, and persistent drought exacerbate the gap be-

tween water supply and demand (Dettinger et al., 2015). Sustainable water management in

the West requires changes in the pattern and overall level of water use to reconcile growing

urban demands with supplies that are becoming more variable at scales ranging from small

streams to the Colorado River itself (Gregory et al., 2007; Olmstead, 2010). The recogni-

tion of Native Americans’ long-neglected—and often substantial—water rights looms large

in the future of water in the West because satisfying these claims is costly and could entail

major changes in distribution of water rights (Womble et al., 2018).

The U.S. Supreme Court ruled in Winters v. United States (1908) that the treaties

signed with tribes in western states entitle them to federally reserved water rights that

supersede other water uses developed subsequent to the formation of reservations in the

late 19th century. Since the original ruling in 1908, only 56 of 226 federally recognized

reservations in the western US have settled Winters right claims. The most commonly cited

estimate of the potential amount of Winters claims of 45.9 million acre-feet per year comes

from a rough estimate made in 1983 by the Western States Water Council (Johnson, 1983).

Comparably, the entire Colorado River, which is diverted to such an extent by seven arid

western states that its waters no longer regularly reach the Gulf of California, provides just

over 15 million acre-feet annually on average (U.S. Bureau of Reclamation, 2018).

Despite the potentially massive impacts of tribal water claims, the process that deter-

mines the outcomes of such claims is not well-understood. Womble et al. (2018) quantify the

approved and proposed adjudication agreements, but do not quantify the water resources

under dispute, examine the outcomes of ongoing adjudications, or examine the determi-

nants of adjudications or the duration of negotiations. Deol and Colby (2018) compare a

cross-section of 51 reservations using USDA and US Census data from 2010 and 2015 to

show that reservations with adjudicated Winters rights appear to be stronger economically

and agriculturally, but do not explore the determinants of adjudication across the full set

of western reservations.

We fill this critical knowledge gap by combining historical documents and settlement

agreement texts for all settled Winters claims with historical geospatial data on land and wa-

ter use, government reports, and surveys of reservation-level socioeconomic characteristics

for the full set of western reservations. We then adopt the economic framework developed

by Ayres et al. (2018) for studying the adjudication of groundwater rights to our setting

and study both the determinants and outcomes of Winters claims. Hence, we contribute to

the literature on water rights adjudication by extending Ayres et al. (2018) to a new setting

and also provide important new insights for tribal water rights settlements in particular.
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Uncertainty about when and where tribes will assert Winters claims, the costs of re-

solving those claims, and potential changes in the distribution of water rights constrains

economic development, inhibits investments and long-term water supply and demand plan-

ning, and impedes drought adaptation strategies and regional water-sharing agreements

-– all of which rely on well-defined and secure water rights. Thus, while understanding

the outcomes of adjudications themselves is important, so too is understanding adjudica-

tion catalysts, the causes of delay and discord, and how delays can be overcome to reduce

losses. The resulting insights have far-reaching implications for water management across

the Colorado River Basin and beyond.

In the first stage of our analysis, we test for factors that increase a reservation’s like-

lihood of initiating adjudication (Libecap, 1993), and find that tribes are more likely to

assert their claim in response to rapid population growth off-reservation, increasing water

scarcity (reflected in reduced precipitation), and large anticipated water entitlements. We

then examine adjudication costs, known as transaction costs, which may impede settle-

ments (Ayres et al., 2018), and find that adjudications involving more bargaining parties

take significantly longer to resolve—the mean adjudication involves 33 parties and lasts 21

years (Figure 2.2). Finally, we use these insights to estimate the expected volume of water

entitlements allocated to each tribe in ongoing settlement agreements. Our predicted esti-

mates of total water entitlements range between 1.2-1.6 million AFY, which is considerably

less than the Western States Water Council’s 1983 estimates of nearly 16 million AFY for

these 25 reservations (Johnson, 1983).

2.2 Historical Background

Surface waters in western states are governed by the prior appropriation doctrine, which

assigns water rights based on the timing of the initial claim. This “first in time, first in right”

allocation of water mandates that in times of shortage, senior water claims are fully satisfied

before junior claims are filled. However, surface water rights were appropriated without

regard to the needs of American Indian reservations. Although the federal government

technically had treaty obligations to provide water for tribes, the allocation of individual

water rights is ultimately the responsibility of states, which favored the interests of white

settlers (Leonard et al., 2020).

By the mid-1900’s, most streams were fully allocated and dammed, diverted, and appro-

priated for energy, mining, and urban development by off-reservation water users (Kendy

et al., 2018). As off-reservation water use exceeded the limits of natural system sustain-

ability, tribal water availability became highly constrained and uncertain. Reservation agri-

culture in the Southwest, and culturally and economically important tribal fisheries in the

Pacific Northwest declined when off-reservation irrigators depleted reservation streamflow
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and springs (Soboba Band of Mission Indians v. United States, 1976; Manuel, 2019; Bell,

2015; Wolfley, 2016). The National Water Commission in 1973 that “[i]n the history of the

United States Government’s treatment of Indian tribes, its failure to protect Indian water

rights for use on the Reservations it set aside for them is one of the sorrier chapters”.

In 1908, the US Supreme Court (Winters v. United States) ruled that tribes have water

rights “sufficient to fulfill the need of the reservation as a homeland” (5). Crucially, these

Winters rights are federally reserved water rights with priority based on the date a reserva-

tion was established. In many basins, this meant that tribes had implicit but unquantified

rights with greater seniority than most existing water users that were established after

reservations were formed. However, because the ruling did not explicitly grant tribes ap-

propriative rights or establish metrics to determine what quantity of Winters rights tribes

should receive, conflict persists between existing water users and contemporary Winters

right claims.

Winters rights are adjudicated either via court decree achieved through litigation or

negotiated settlement agreement. Negotiated settlements, the most prevalent adjudication

strategy, typically result in a combination of water entitlements and federal funding for

tribes. Tribes can pursue Winters rights by filing breach of trust claims against the U.S.

government for damages they incurred when the government—which holds tribal resources

in trust—neglected to claim water on tribes’ behalf after the initial 1908 Winters ruling. If

these claims are found to have merit, the federal government is legally bound to assert claims

to water for tribes, assist tribes in resolving these claims through litigation and negotiation,

and support settlement implementation. Figure 2.1 shows the location of reservations by

adjudication status in western states.

2.3 Methods

2.3.1 Economic Framework

Ayres, Edwards, and Libecap (2018) develop an economic framework to study the adju-

dication of previously unquantified groundwater rights. Their approach first examines the

likelihood of adjudication, finding it is increasing in the benefits to users. Then, they ex-

amine the role of contracting costs, defined as costs “that arise during private bargaining

to redefine ownership arrangements as well as efforts to define the resource’s extent and

characteristics (Libecap, 1993). Their results show that where contracting costs are high,

agreements are delayed or never reached (Ayres et al., 2018). We adapt this approach to

the institutionally similar process undertaken by tribes and off-reservation water users in a

basin during a Winters claim.

Generally, parties participate in an adjudication when their expected benefits from doing
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Figure 2.1: Adjudication status of western reservations

Notes: Reservations under 100,000 acres are represented as symbols while those over
100,000 acres are represented according to reservation acreage. Navajo Nation and
Duck Valley Reservation span multiple states, and their adjudication status is provided
separately for each state.
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so exceed their costs. Physical water scarcity and the corresponding growth in the value

of water, as in other resources, may increase the benefits of resolving property right claims

(Demsetz, 1967). The value of surface water increases where precipitation and streamflow

are scarce (Ayres et al., 2018). Tribes benefit from legally defining their priority rights

to water because they acquire the ability to generate income from water through sales,

leases, or productive use (Anderson and Swimmer, 1997). For example, after settlement

the Navajo Nation in New Mexico developed the Navajo Agricultural Production Industry

and the Gila River Indian Community earned $97.5 million per year leasing 18,000 acre-

feet of water (Smathers, 2018). Off-reservation right holders participate in negotiations

to resolve uncertainty about how Winters rights will be accommodated (i.e. from which

appropriators), or to avoid being litigants to proceedings in state courts.

Agreement may prove elusive even when the net gains from settlement are positive for

the basin as a whole (Libecap, 1989). Some users who do well under the status quo may

oppose agreement, and the costs to bring them on board may be high. Increases in the

number and heterogeneity of bargaining parties tend to increase the transaction costs of

negotiation and make agreement less likely, although this is not always the case (Libecap,

1993; Agrawal and Goyal, 2001). Heterogeneity in the distribution of water supplies, such

as across water users in a basin, influences information costs and bargaining positions of

adjudication parties (Coase, 1960).

Conflicting bargaining positions arise from different perceptions of fairness and from

information asymmetries (Libecap, 1989). If the legal outcome of cases is not clear because

of limited precedent, opportunities for negotiation may be reduced. For example, the Walker

River Irrigation District in Northern Nevada has effectively delayed quantification of the

Walker River Paiute Tribe’s water rights for almost 95 years through litigation (United

States v. Walker River Irrigation District, 1973). Off-reservation appropriators argue that

the legal seniority of their water rights should be maintained, whereas tribes argue that

appropriators have no inherent right to water, but rather have benefited from free use

of the tribes’ water (Feller, 2007). Federal funding in negotiated settlements can defray

high contracting costs and facilitate agreement. For instance, many settlements include

compensation for irrigation districts that forfeit water to satisfy newly defined Winters

Rights (Arizona Water Settlements Act, 2004).

Our empirical study focuses on 226 federally recognized reservations in the 11 arid

western states that use the appropriative rights doctrine, as shown in Figure 2.1. Eighty-one

reservations have initiated the process of adjudicating their water rights. Figure 2.2 depicts

adjudication timelines for these 81 reservations. Of these, 56 reservations have resolved

their Winters claims—44 through negotiated settlements and 12 through court decree. We

treat Navajo Nation and Duck Valley Indian Reservation as distinct reservations in each
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state they overlap because they must pursue separate adjudications in each state.

Figure 2.2: Timeline of Winters right adjudication negotiations and resolutions

Notes: Blue bars begin at the date when adjudication effort begins and end when ratified. Bars extending
to 2019 depict ongoing adjudications.

2.3.2 Likelihood of Adjudication

Using the full sample of 226 reservations, we test for the probability of a reservation hav-

ing initiated the Winters adjudication process as a function of underlying determinants of

adjudication benefits using a logistic regression model:

yi = Xiβ + ei (2.1)

Where ei is assumed to be the standard logistic distribution and Xi, a vector of adjudi-

cation benefit factors for each reservation, i. The likelihood of having initiated adjudication

is defined as Yi, where Yi = 0, 1 represents non-adjudicating, adjudicating. Reservation,

i, is assigned a value of 1 if it started the adjudication process, regardless of whether it

has resolved Winters claims, and a value of 0 if it has not yet started adjudication. Slope

estimates, β̂, indicate whether an independent variable increases or decreases the benefits

of water right security.

Independent variables, described in Table 2.1, are either time-invariant or constructed to

measure conditions prior to the start of adjudication. Prime acreage, adapted from Leonard

et al. (2020), is an exogenous measure of the area of land that irrigation water could be put to
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agricultural use on-reservation (Leonard et al., 2020; Schaetzl et al., 2012). It is indicative of

larger water claim, and therefore a larger opportunity cost of forgoing adjudication. Stream

order measures water availability. To the extent that adjudication costs are fixed, larger

volumes of water found in larger streams will result in lower adjudication costs per unit

of water (Libecap, 2009). Off-reservation population growth reflects water value over time;

point-of-diversion density and precipitation are measures of water scarcity. Access to credit,

casino operation, and reservation per capita income, are included in some specifications

as controls for a reservation’s economic capacity to initiate and sustain participation in

the adjudication process (U.S. Department of the Interior, 2014). Summary statistics are

presented in Table A2.1.

Table 2.1: Independent Variables for Logistic Probability Model

Variable Definition Source
Prime Acreage Reservation logged acreage with a productivity index ≥ 9 Schaetzl, 2012

Stream Order Highest stream order within reservation boundaries USGS

Off-Reservation 
Pop. Growth 
Rate 

Population growth rate (%) of counties overlying 
reservation in the decade prior to adjudication start. The 
measure excludes reservation populations.

US Census

POD Density
Number of off-reservation surface water points of 
diversion per square mile of HUC6 basins intersecting 
the reservation. 

State Water 
Resource Depts.

Precipitation 
1980-2010 mean 30-year normal precipitation (mm) that 
fell within reservation boundaries during the months of 
Apr.-Sept.

PRISM

BIA Region Categorical variable representing BIA region in which 
reservation is located

BIA

Credit (2018)
Number of tribal lending institutions to which a 
reservation had access in 2018. 

Minneapolis 
Federal Reserve

Casino Prior to 
Adjudication 
Start

A reservation is assigned a value of 1 if it operated a 
casino prior to adjudication start and is assigned a value 
of 0 if it did not. Reservations with unadjudicated water 
rights are assigned a value according to their current 
casino operation.

500nations.com 
Worldcasinodir-

ectory.com

Reservation PCI Per capita reservation income in year 2000 US Census

2.3.3 Adjudication Duration

Next, we test for factors that increase the duration of the legal resolution of Winters claims

by focusing on reservations that have completed an adjudication. Duration is measured

as the number of years between initiating and finalizing the adjudication. We construct

a second dataset for 44 adjudication agreements that have resolved Winters claims for 56

reservations. We use a Cox Proportional Hazard Model (CPH) to test the effect of covariates

on the time to resolve Winters claims. The hazard function represents the probability that
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an adjudication ends after having lasted t years:

γ(t|X) = γ0(t)e
Xiβ (2.2)

Where γ(t|X) represents the proportional hazard as a function of the number of years

to complete adjudication conditional on covariates representing determinants of contracting

costs. Xi is a vector of covariates and γ0 is the hazard function. The β coefficients describe

the effect of covariates on the hazard rate once a reservation has initiated adjudication—a

negative sign on a β indicates a lower probability of adjudication in a given time period

and thus a longer adjudication process. Table 2.2 describes the independent variables used

in this analysis, while summary statistics are presented in Table A2.2.

Primary data on negotiated settlement agreements, settlement terms, bargaining parties,

water entitlements, and federal funding were collected from individual settlement texts

housed at the University of New Mexico’s (UNM) Native American Water Rights Settlement

Project. Primary data on litigated adjudications comes from State and District court filings

and from the Indian Claims Commission Decisions housed at the Oklahoma State University

Library. A large number of bargaining parties may complicate, and thus delay the resolution

of Winters claims. Unique party types and spatial covarince of precipitation are measures

of bargaining party and resource heterogeneity, which may increase time to resolve Winters

claims. Democratic Congressional majority, from Congressional Research Service (CRS)

data, measures the partisan priorities involved in resolving Winters claims.

Table 2.2: Independent Variables for CPH Duration Analysis

Variable Definition Source

Bargaining Parties
The total number of either a) signatories to the settlement 
agreement, or b) the total number of parties recorded in 
individual court case dockets.

UNM; US 
Courts

Unique Party 
Types

Bargaining parties are categorized as a) reservations, b) 
state or federal government, c) irrigation entities, d) 
municipal water providers, e) individuals, and f) other. 
The variable is calculated as the total number of party 
categories present in each adjudication.

UNM; US 
Courts

Basin Precipitation 
Spatial Covariance

Square root of spatial precipitation variance on basins 
overlying reservations within an adjudication, divided by 
mean precipitation in those basins.

PRISM

Democratic 
Congress

Number of years of Democratic majority in the House and 
Senate, as a percentage of total years to resolve claims.

CRS

2.3.4 Predicting Future Adjudications

Finally, we assess the distribution of water entitlements of 36 negotiated settlements to the

44 reservations included in those agreements to create a prediction of pending adjudications.
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The ultimate distribution of a tribal water entitlement as defined in each adjudication

agreement is measured as the annual acre-foot per year (AFY) volume of non-consumptive

water rights assigned under the agreement.

We identify settlement-level covariates that potentially affect the ultimate distribution

of water entitlements. Prime acreage, reservation acreage, and farmed acreage (1974) reflect

the volume of legal claims to water, as well as water demand. We introduce farmed acreage

here rather than in our test of likelihood of adjudication because 1974 data do not predate

earlier court decreed adjudications. Farmed acreage available from the U.S. conterminous

wall-to-wall anthropogenic land use trends (NWALT) 1974-2012 dataset (Falcone, 2015).

The year when a settlement is finalized, stream order, off-reservation population growth

rate prior to settlement, mean basin precipitation, and adjudicated reservation area within

a state as a percentage of state area are measures of water scarcity. Controls include casino

operation; reservation population prior to settlement, and BIA region.

We use the Akaike Information Criterion corrected (AICc) for small sample size to select

a parsimonious model for predicting water entitlements of pending adjudications (Akaike,

1974). First, we calculate the AIC score for potential model specifications:

AICi = 2k − 2ln(L) (2.3)

Where AICi is a relative score assigned to each potential model, i, k is the number of

parameters in the model, and L is the maximum value of the likelihood function of the

model. We correct for small sample size using the AICc formula:

AICci = AICi +
(2K2 + 2K)

(n−K − 1)
(2.4)

Where AICci is the second order AICi score assigned to each potential statistical model,

i, in the model, K is the number of model parameters, and n is the number of observations.

We select the model with the lowest AICc score, and use a multilinear regression model

to test the relationship between our predictors and AFY outcomes:

ln(Yi) = α+Xiβ + ui (2.5)

Our dependent variable, ln(Yi), is the logged AFY entitlement awarded in settlement,

i, and Xi, is a vector of explanatory variables selected via AICc. Using these model param-

eters, we predict water entitlements for 25 ongoing adjudications.
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2.4 Results

2.4.1 Water Scarcity Drives Adjudications

We first test the relationship between adjudication benefits and the probability the adjudi-

cation process is initiated. The results indicate that the probability of pursuing adjudica-

tion increases when the value of water rises through a combination of increasing demand,

constrained supply, and rising opportunity costs of forgoing adjudication (Table 2.3). Off-

reservation population growth rate in the decade prior to adjudication start is positively

correlated with the probability of tribal adjudication. As populations grow, water demand

increases, as do the expected benefits of legally secure water rights. Mean precipitation is

negatively and significantly correlated with the probability of a reservation having initiated

adjudication. Less precipitation is indicative of water scarcity, which increases the relative

value of water.

All else equal, reservations with higher prime acreage are anywhere from 15 percent to

three times as likely as their counterparts to pursue adjudication. Stream order positively

predicts adjudication in model specifications that exclude controls for income and access

to credit. Greater prime acreage and larger streams are key variables determining the

volume of water per dollar of fixed adjudication costs and are indicative of larger anticipated

adjudication benefits relative to costs. Findings are generally consistent across the full

sample of reservations and a restricted sample of reservations with a 2010 population ≥ 100.

2.4.2 Contracting Costs Lengthen Negotiations

We test the relationship between the duration of negotiations and predictors of high con-

tracting costs. Cox Proportional Hazard model results are shown in Table 2.4. Despite

the small number of observations, we observe statistically significant results across model

specifications: an increasing number of bargaining parties is highly correlated with a more

protracted adjudication process.

We test for the effect of heterogeneity in the types of bargaining parties but find am-

biguous results. Spatial precipitation heterogeneity is, unexpectedly, weakly correlated with

more expeditious resolution of claims. Results suggest that a higher percentage of years of

Democratic congressional majority is significantly correlated with a more expedited adjudi-

cation process when controlling for economic characteristics of tribes. This finding is sup-

ported by anecdotal accounts of tribes waiting to have settlements ratified by a Democratic

congress and suggests the key role government financing plays in facilitating agreement.
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Table 2.3: Logistic Regression Results: Net Effects of Adjudication Determinants (Odds Ratios)

(1) (2) (3) (4) (5) (6)
1.217** 1.188* 1.152 1.210** 1.178* 1.155*
(0.100) (0.105) (0.100) (0.104) (0.107) (0.100)

1.334*** 1.389*** 1.185 1.285** 1.262* 1.152
(0.145) (0.166) (0.172) (0.151) (0.173) (0.172)

1.026*** 1.029*** 1.024** 1.022*** 1.023** 1.023**
(0.008) (0.009) (0.011) (0.009) (0.010) (0.011)
1.402 1.575* 1.551 1.353 1.494 1.494
(0.289) (0.407) (0.500) (0.294) (0.408) (0.470)
0.970** 0.969** 0.952** 0.970** 0.967** 0.953**
(0.013) (0.014) (0.019) (0.014) (0.013) (0.018)

1.409*** 1.098 1.073 1.461*** 1.048 1.035
(0.179) (0.157) (0.171) (0.198) (0.174) (0.169)

0.102*** 0.0742*** 0.0829*** 0.0699***
(0.048) (0.049) (0.044) (0.046)

1.734* 1.707*
(0.524) (0.524)
1.000 1.000
(0.000) (0.000)

0.0126*** 0.0557*** 0.210 0.0187*** 0.201 0.312
(0.010) (0.047) (0.276) (0.018) (0.220) (0.416)

Observations 216 216 138 154 154 135

Reservation 
PCI 2000

Constant

ln(Prime 
Acres)
Stream 
Order
Off-Res. Pop. 
Growth Rate

POD Density 

Precipitation 

All Reservations 2010 Reservation Population ≥100

BIA Region

Casino 

Credit (2018) 

Notes: Columns 4-6 serve as robustness checks based on reservation population. Restricting
our sample to reservations with populations ≥ 100 excludes most California rancherias, and
smaller reservations that generally do not practice agriculture. Linear probability model
results, presented in Table A2.3, serve as a robustness check and are consistent with logistic
regression results. Robust standard errors are in parentheses * p < 0.1, ** p < 0.05, ***
p < 0.01

2.4.3 Determinants of Water Entitlements and Predicted Outcomes

AICc results (Tables A2.4 and A2.5) relating entitlement outcomes and control variables

indicate that a model with the lowest AICc score (AICc=108.999) includes logged farmed

acreage (1974), mean basin precipitation, and logged reservation acreage. Using this model,

we use a multilinear regression to analyze the outcomes of completed negotiated settlement

agreements (Table 2.5).

All else equal, water entitlement volumes are positively and significantly correlated

with reservations’ farmed acreage in 1974, and with total reservation acreage. Mean basin

precipitation, indicative of water available to satisfy water claims, is negatively correlated

with water entitlement levels within a settlement.

We extend these parameters to predict water entitlement outcomes to 25 reservations

currently undergoing adjudication. Figure 2.3 shows the predicted outcomes, in red, along

with actual negotiation outcomes relative to the amount the model predicts, in blue. Pre-

diction point estimates should be interpreted with caution because there is no established

metric for quantifying tribal water allocations, and each negotiation has a considerable

amount of idiosyncrasy that affects outcomes. Prediction results for 25 individual adjudi-
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Table 2.4: Cox Proportional Hazard Regression Results

(1) (2) (3) (4) (5) (6)
-0.00525** -0.00839** -0.00940*** -0.00578** -0.00897*** -0.0103***

(0.003) (0.003) (0.004) (0.002) (0.003) (0.004)
0.014 0.0252** 0.0262** 0.014 0.0248** 0.0252***
(0.012) (0.011) (0.011) (0.011) (0.010) (0.009)
0.037 0.009 0.064

(0.107) (0.123) (0.136)

1.902* 2.215 2.566*

` (1.105) (1.383) (1.433)
0.270 0.621 0.255 0.115

(0.802) (0.854) (0.831) (0.843)
3.35E-05 3.57E-05 1.34E-05 2.13E-05
(0.000) (0.000) (0.000) (0.000)

0.186 -0.238**
(0.130) (0.119)

Observations 44 41 41 44 41 41 

Casino

Reservation 
PCI 2000

Credit (2018)

Y = Adjudication duration in years

Bargaining 
Parties
Democratic 
Congress
Unique Party 
Types
Basin 
Precipitation 
Spatial COV

Notes: Results are displayed as coefficients. A negative sign on the coefficient implies a
negative marginal effect on the hazard rate, which, all else equal, increases the expected
duration of the adjudication process. Robust standard errors in parentheses. * p < 0.1, **
p < 0.05, *** p < 0.01.

Table 2.5: MLR Estimates of AFY Entitlements

ln(AFY)
.4047***

(0.13)
-.0419***

(0.01)
.4030***

(0.09)
Observations 36
R-squared 0.7811

Logged reservation acreage

Mean basin precipitation

Logged reservation farmed acreage (1974)

Robust standard errors in parentheses. *** p<0.01, ** p<0.05, * p<0.1
Notes: Robust standard errors in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

cating reservations are shown in Table A2.6, where we provide the 95% confidence interval

around the mean settlement prediction. Our predicted estimates of total water entitlements

range between 1.2-1.6 million AFY, which is considerably less than the Western States Wa-

ter Council’s 1983 estimates of nearly 16 million AFY for these 25 reservations (Johnson,

1983).

2.5 Discussion

This article provides new insight into the physical and economic context in which legal

disputes over tribal water rights are resolved. These outcomes are informative beyond the

western United States. In Chile and Australia, for instance, indigenous groups received
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Figure 2.3: Water Right Adjudications
(Logged Acre-Feet per Year)

Notes: MLR Results. Predicted versus estimated water right entitlement outcomes of Win-
ters adjudications (blue) and of ongoing adjudications (red).

land titles without appurtenant water rights (Macpherson, 2017). In Australia, indigenous

land exceeds 30 percent of the country’s land base, while indigenous water rights are less

than .01 percent of total water allocations. In arid northern Chile, the desiccation of

indigenous water sources via legal groundwater right extractions has led to considerable

legal uncertainty over the use and transfer of all water rights (Edwards et al., 2018).

Our analysis of a new, comprehensive dataset of Winters outcomes shows that tribes are

more likely to assert claims when physical water availability is limited, competing demand

for water grows, and the relative value of water increases. Tribes are also more likely to

pursue adjudication when the amount of settlement is expected to be sufficiently large

to overcome the costs of negotiating. However, high contracting costs deter tribes from

resolving legal claims. Ayres et al. (2018) also found bargaining costs hampered agreement,

but the outcomes of tribal adjudications suggest a greater importance of the number of

bargaining parties, rather than the heterogeneity of bargaining parties, in raising these

costs.

Because many tribes face lengthy adjudication, reservation populations and ecosystems

may continue to endure water shortages for years after an adjudication is initiated. Hence,

contracting costs that slow the adjudication process amplify the impacts of water scarcity

on public health, tribal economies, and the environment. Anecdotes describing tribes’ expe-

riences of water scarcity include depleted wells for irrigation and household drinking water

as well as streamflow depletion that collapses fisheries (Soboba Band of Mission Indians v.
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United States, 1976; Redsteer et al., 2013). Meanwhile, off-reservation water users forego

economic benefits of water right security, as disputes over water deter investments in agri-

culture and urban development and inhibit accurate water planning.

Winters adjudications typically begin in state courts prior to negotiation, and litigation

involves more parties because of legal requirements to involve all water users in the basin.

Once a tribe begins to pursue a negotiated settlement, the number of parties typically

falls. Our work provides insight into reducing the length of the adjudication process: high

numbers of users delay settlement, so opting to negotiate earlier in the adjudication process

may reduce the overall duration—and costs—of resolving Winters claims.

Even as off-reservation agricultural water use is declining (Key et al., 2019), the incen-

tives embedded in Winters adjudication process may steer reservation economies towards

agriculture because Winters claims, entitlements, federal funding, and settlement infras-

tructure are premised on and provided to support the pursuit of agriculture, and settlement

agreement funding is often targeted at agricultural water delivery infrastructure . Given

that agriculture is an inherently water-intensive activity, tribes can improve their bargaining

positions by asserting Winters claims based on the amount of farmed acreage on a reserva-

tion, or on plans to develop reservation agriculture. This dynamic potentially pushes tribes

toward less sustainable water use in a landscape where managers are focused on moving

water use out of agriculture to urban and environmental uses (Grafton et al., 2012).

This paper relies on several key assumptions. First, the statistical analysis is primarily

based on statistical correlations; causal estimation is difficult in this setting. While we have

tried to include measures leading to but not affected by adjudication in our analysis, the

analysis is potentially susceptible to omitted variables that could cause dependent and in-

dependent variables to only appear to have the expected relationship. Second, our analyses

have a limited number of observations, especially when focused on the subset of reservations

that have settled. However, we emphasize that our dataset comprises the entire population

of Winters-eligible reservations, so the results we report are population averages rather than

sample statistics. Third, an important assumption in our predictions is that future water

right settlements will tend to be determined by the same factors as past settlements. How-

ever, because there is no definitive rule for Winters adjudications, this will not necessarily

be the case. Finally, the study focuses only on outcomes for federally recognized tribes

legally able to claim Winters Rights, but this distinction does not fully capture all potential

claims to water by indigenous groups (Perramond, 2018).

With these limitations in mind, our results suggest that the future impact of unadjudi-

cated Winters rights for off-reservation users may not be as severe as anticipated. We find

that a key predictor of water allocations is farming capacity, how much agriculture the tribe

undertook in 1974, which is fixed for each tribe. The largest reservations, poised to receive
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the most water, have already adjudicated. As such, previous estimates of unresolved claims

to Winters Rights, based on early negotiated settlements, overstated the entitlements that

tribes have subsequently received. Thus, although many tribes still have “implicit” rights

to water, the amount of water that will ultimately result from these claims is likely much

smaller than is often assumed. While this may be good news for policymakers and water

managers, it underscores the enduring negative impacts of reservation-era policies for tribes

who now have limited prospects for securing substantial water rights.

However, Winters settlements still provide potential benefits. Legal settlements miti-

gate water conflict by resolving uncertainty. Moreover, they have generated opportunities to

implement water marketing activities to address shared water shortages, potentially bring-

ing stressed natural systems into more sustainable use (4). They have also moved water

off-reservation via leases to users who have more capacity to place the water in high-value

uses (Nyberg, 2014). In a recent example, the Gila River Indian Community (GRIC) will

lease 200,000 acre feet to the Arizona Water Banking Authority in 2019 and 2020 as part of

the Lower Colorado River Drought Contingency Plan (Arizona Water Banking Authority,

2019). The leasing of adjudicated Winters rights offers revenue for tribes and the potential

for water managers to address ecological and urban water shortfalls, but has also been char-

acterized as another pathway for tribally-owned resources to be consumed off-reservation

(Shupe, 1990). A key question for future research revolves around characterizing what hap-

pens to Winters Rights after agreement, and what the impact of settlements has been on

tribal development.
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Chapter 3

Bargaining in the Shadow of Prior

Appropriation Law

Abstract: Water use in the western United States remains highly concentrated in irrigated
agriculture, in part because the first in time, first in right tenets of appropriative water
law have insulated irrigators from legal challenges to their water use. The relatively recent
recognition of Native American tribes’ senior water rights poses a rare legal threat to irri-
gators, drawing them into negotiations that potentially diminish their water entitlements.
Using a novel, longitudinal dataset, this study examines the effects of bargaining power
asymmetries on two settlement outcomes - changes to water entitlements, and dollar per
acre-foot financial compensation - to 61 irrigation organizations participating in 11 Native
American water settlement negotiations. Bargaining power is primarily assessed as IOs’
relative risks of experiencing shortage under prior appropriation law if claims were resolved
in court. On average, share of water rights relinquished to others is increasing with an
IO’s risk of curtailment under prior appropriation law. Financial compensation secured in
exchange is increasing with the political influence of a settlement act’s congressional spon-
sor. Results indicate that the legal threat of unresolved tribal water claims is an important
mechanism that tribes can leverage to acquire water rights.

This research was generously supported by the Babbitt Center for Land and Water Policy.
Formatted for submission to the Journal of Land Economics
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3.1 Introduction

Laws governing water rights define allocations, shape resource use, and stipulate how short-

ages are distributed when demand exceeds supply (Libecap, 1989; Ostrom et al., 2003).

Where water is scarce and new claims conflict with existing uses, disputes can be resolved

in court according to existing law. Court rulings, however, can result in inefficient, in-

equitable resource allocations while legal ambiguities and untested case law expose litigants

to risks of potentially unfavorable but binding decisions (Cooter et al., 1982). Instead,

parties can negotiate within the framework of existing law to reach mutually beneficial set-

tlement agreements that avoid a court-imposed outcome (Mnookin and Kornhauser, 1979).

Settlements imply that all parties are better off than expected under a court ruling.

Parties with stronger bargaining positions tend to secure larger shares of settlement benefits.

As parties make and exact concessions from one another throughout the negotiation process,

those expecting more favorable court outcomes tend to exert greater bargaining power in a

negotiation, make fewer concessions, and secure better outcomes for themselves (Muthoo,

2001; Cooter and Rubinfeld, 1989). While shared pessimism about litigation can draw

even reluctant parties to the bargaining table, those benefiting from status quo resource

allocations wield a unique influence over negotiations: even if their legal position is weak,

they can resist change by delaying settlement (Hubbard, 2018).

In many parts of the world, meeting growing water demand with finite supplies increas-

ingly requires controversial adjudications between competing water uses and users (Jackson

et al., 2019). The concentration of water use in relatively low-value, low-efficiency irri-

gated agriculture has made agriculture a likely source of water that can be reallocated and

used more efficiently to meet growing non-agricultural needs (Garrick et al., 2019). Un-

derstanding the bargaining processes and outcomes to irrigators as parties most likely to

benefit from status quo water allocations will be key to adapting water use to meet chang-

ing water needs. Uncertainty about the costs and benefits of altering resource allocations

tends to make parties more pessimistic about potential changes, can delay settlement, and

raises costs and opportunity costs to all water users (Libecap, 2008). Yet, there are few ex

post facto analyses of changes to agricultural water allocations as irrigators bargain in the

shadow of existing water law. Specifically, there are few empirical tests of how irrigators

fare in a negotiation when they are bargaining from a relatively weak legal position.

To address these research gaps, this study examines a complex bargaining problem - the

contentious process of restoring Native American water rights in the western United States

- from the perspective of irrigation organizations (IO)1 as the parties most likely to benefit

from status quo water allocations. Irrigated agriculture in theWest has benefited historically

1IOs include irrigation districts, mutual ditch companies, canal companies, and agricultural water users
associations operated as corporations or cooperatives that deliver water to farms
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from laws and policies governing water use. Surface water in western states is governed

by the prior appropriation doctrine, under which water rights are established based on the

chronological priority of the initial claim and maintained through their continuous beneficial

use. The earliest (“senior”) rights were allocated to irrigated agriculture between 1850-1920,

thus ensuring that irrigators receive their full entitlements before later established (“junior”)

rights are filled. Legal challenges from non-agricultural users to reallocate water away from

agriculture have been largely unsuccessful.

The relatively recent recognition of Native American reservations’ unresolved water

rights, however, threatens irrigators’ status as the most senior water right holders. A

1908 Supreme Court ruling (Winters v. United States) affirmed that tribes have high-

priority water rights to potentially large volumes of water. But because tribal water rights,

or Winters rights, were never quantified, they remained unenforceable as surface water

was fully appropriated for off-reservation use. In 1963, the Supreme Court (Arizona v.

California) clarified that tribes have rights to enough water to cultivate every irrigable acre

on a reservation (the Practicably Irrigable Acreage, or PIA, standard). Critically, the ruling

affirmed that Winters claims would be upheld through state and federal courts even if their

adjudication displaced existing water users.

Native Americans’ long-neglected but potentially large, high-priority water right claims

represent a rare legal threat to irrigators across the West and have prompted numerous

negotiations to resolve competing claims out of court. Water users can bargain to meet

tribal water needs while also minimizing their own exposure to future water shortages.

Where supply augmentation is infeasible, avoiding a return to court often means that ex-

isting rights must be reallocated. IOs represent a source of relatively low-cost water that

can be reallocated to tribes (and sometimes junior appropriators) through side payments

that compensate IOs directly and infrastructure investments that generate conserved water

(Colby and Young, 2018).

To date, 46 of 226 reservations across the West have secured legal titles to water through

38 settlement agreements that have resulted in a patchwork of changes to IO water rights.

Yet, there is little systematic research exploring why some IOs relinquish large volumes of

water while others preserve the status quo. This study tests for the effects of an IO’s relative

bargaining power in a negotiation on two outcomes of interest: 1) the share of its water

entitlements reallocated to other parties and 2) the dollar per acre-foot funding obtained

in return.

Game-theoretic literature posits that parties anticipating better court outcomes tend to

exert greater power over a negotiation, cede less, and exact more concessions from other

parties (Nash, 1950; Harsanyi, 1959; Cooter et al., 1982; Choi and Triantis, 2012). The ad

hoc nature of establishing water rights has meant that IOs’ are exposed to heterogeneous
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risks of water shortage under prior appropriation rules that curtail the junior-most rights

first. Hence, this study examines settlement outcomes as a function of an IO’s relative risk

of exposure to shortage under prior appropriation rules, which would be imposed if Winters

rights were defined in court.

To gain insight into the relative importance of an IO’s fallback option as a determinant of

settlement outcomes, models control for other sources of bargaining power, such as political

influence, wealth, and risk aversion (Galinsky et al., 2017). Results indicating that IOs

with relatively junior water right portfolios (i.e., relatively high curtailment risks) cede

larger shares of their water rights in a negotiation suggest that Winters rights are a credible

legal threat that motivates water reallocation away from IOs. Funding secured in exchange

for water is a function of political influence at the congressional level. Results highlight the

importance of pairing a credible legal threat to incentivize water right reallocations during

a negotiation with side payments that facilitate settlement.

3.2 Background

Irrigated agriculture accounts for nearly 90 percent of consumptive water use in western

states, much like it did 100 years ago largely due to appropriative water law’s priority-based

system for assigning water rights and beneficial use rules through which they are maintained

(Deiter et al., 2018; Libecap, 2007). The first surface water rights were established for

irrigated agriculture in the 1850s under first possession rules that protect early claimants

against reductions in streamflow caused by later diversions. As such, appropriative water

law enabled investments in irrigation infrastructure necessary to transport water across the

West’s expanses of dry, but otherwise arable land (Leonard and Libecap, 2019). As IOs

formed in the mid to late-1800s to pool infrastructure costs, they established rights to large

volumes of water (Benson, 1982).

Federal investments in irrigation infrastructure under the Reclamation Act of 1902 fur-

ther concentrated water use in agriculture. Nearly 20 percent of irrigators across the West

receive water from Reclamation projects (U.S. Bureau of Reclamation, 1977). IOs’ federal

project water rights arise from long-term service contracts that provide them with large

volumes of highly subsidized water. Legally, IOs can forfeit contracts if they divert more

water than is permitted, or when the federal government is obligated to use project water

to uphold federal laws, like the Endangered Species Act (Benson, 1997). In practice, how-

ever federally subsidized water has led to inefficient use, and Reclamation has not enforced

overuse violations within project areas (Benson, 1998).

Appropriative water law and early infrastructure investments enabled IOs to establish

and maintain high-priority rights to large volumes of water. By the mid-1900s, surface

water in most basins had been fully appropriated. Beneficial use rules along with high
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transaction costs associated with water marketing disincentivize conservation and have en-

trenched water use in irrigated agriculture (Leonard et al., 2020; Womble and Hanemann,

2020). Where IOs are confident that their relatively senior rights will be upheld in court,

and absent opportunities to market water, there is little incentive for IOs to bargain with

junior appropriators.

3.2.1 Winters Rights Defined in Court

Unresolved Winters rights pose a rare legal threat to IOs’ historically senior appropriative

rights. With a priority date of when the reservation was established, Winters rights are

senior to almost all off-reservation rights (Winters v. United States, 1908). Because they

are reserved for tribes by the federal government through reservation treaties, they cannot be

lost through nonuse. However, Winters rights were never quantified or formally established

for tribes, and so they remained unenforceable as surface water across the West was fully

appropriated for off-reservation use.

As scarcity has increased in recent decades, a growing number of tribes have sought

legally enforceable water rights, which must be adjudicated either through litigation or a

settlement agreement negotiated with adjacent water users (Sanchez et al., 2020). Both

mechanisms result in legally enforceable water rights for tribes. When adjudicated in court,

a tribes’ water rights are quantified, assigned a priority date of when the reservation was

established, and inserted into the existing priority order ahead of nearly all appropriative

rights (Figure 3.1). Prior appropriation rules determine the order in which water rights are

curtailed during times of shortage. As such, court decreed Winters rights pose heterogeneous

shortage risks to appropriators: relatively junior appropriative rights are more likely to be

curtailed as Winters rights are created and added into the priority order.

The uncertainty about a court outcome, however, poses risks to appropriators and tribes

alike. The potential magnitude of PIA-based Winters claims exceeds natural water avail-

ability in many basins (Johnson, 1983). While successive court rulings have expanded Win-

ters quantification metrics to include non-agricultural uses (Cordalis and Cordalis, 2014),

many reservations continue to assert PIA-based claims to maximize their potential settle-

ment outcomes (Sanchez et al., 2020). Yet, with limited legal precedent for adjudicating

Winters rights, ambiguity about what constitutes “practicably” irrigable acreage generates

uncertainty about the volume of water that a tribe may receive in court.

Given that water is fully appropriated in most basins, a favorable ruling for a tribe

threatens to curtail even relatively senior appropriators. As the potential volume of a

tribe’s water claim increases (a function of reservation area and arable acreage), all parties

incur growing costs and opportunity costs of legal uncertainty (Sanchez et al., 2020). Court

rulings resolve uncertainty about the volume and priority of a tribe’s water rights. But
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Figure 3.1: Winters Rights Adjudicated in Court

Notes: Depicts potential changes to incumbent water use as Winters rights are quantified in
court and inserted into the existing priority order. Following prior appropriation curtailment
rules, appropriative rights that exist beyond physical water availability (50,000 AFY) are
potentially curtailed in descending priority order (junior to senior).

because Winters rights cannot be lost through nonuse, appropriators endure continued

uncertainty about when their rights might be curtailed by tribal water use.

Participating in litigation typically requires appropriators to affirm their rights by pre-

senting evidence of historical beneficial use. Where an IO’s declining water demand (which

may coincide with increasing urbanization within its service area) diminishes its legal jus-

tification for retaining large water entitlements under beneficial use rules, its water rights

may be vulnerable in court (Aylward, 2006). Litigants are not entitled to compensation for

financial losses stemming from an unfavorable ruling (Baley v. United States, 2019).

3.2.2 Negotiated Settlement Agreements

Shared pessimism about court adjudications has meant that most (≈ 80%) tribal water

adjudications are resolved through settlements that are negotiated between major water

users and ultimately enacted by Congress. Negotiations typically include tribes, the federal

government on behalf of tribes, state and federal government agencies, IOs, and cities –

each with an interest in avoiding litigation. Parties bargain to reach mutually beneficial

agreements that improve their water security while also resolving broader water conflicts in

a basin (Stern, 2019).

Where supply augmentation is infeasible, parties can bargain over how to reallocate

existing rights more efficiently to meet new and changing water demands (Colby and Young,

2018). The high concentration of water use in irrigated agriculture has meant that IOs are

parties most likely to cede portions of their water entitlements in a negotiation. As such,
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IOs’ are uniquely positioned to prevent a return to court. In exchange for relinquishing

or reallocating portions of their water rights, IOs can bargain for settlement terms that a)

quiet future claims against their water rights, b) result in long-term water security, and c)

provide financial compensation.

Settlements typically rely on federal funding and market mechanisms to generate con-

served water that can be reallocated to tribes and, in some cases, relatively junior urban

and environmental interests (Colby and Young, 2018). The government’s competing legal

obligations to protect tribal water rights, uphold Reclamation project contracts, and en-

force environmental laws expose it to significant legal and financial risks if broader water

disputes are not resolved efficiently through negotiation (Department of the Interior, 1990).

Inefficiently used Reclamation project water presents a relatively low-cost option for the

government to reallocate contract water to tribes and other parties to meet its legal obli-

gations. For example, by leveraging IOs’ debt obligations over project water to renegotiate

contracts and reallocate water to other parties, the federal government has been able to re-

allocate project water to tribes while also securing streamflow for endangered fish (Arizona

Water Settlements Act, 2004; Wolfley, 2016).

The government maintains that its contributions should not exceed the costs of its legal

liability to provide water to tribes (Department of the Interior, 1990). Yet, Anderson (2006)

notes that in practice, Congress’s willingness to enact a settlement with substantial federal

funding is often a question of political will, the influence of the affected state’s congressional

representatives, and broad public support rather than economic calculation. Thus, funding

outcomes may be a function of IOs’ political influence and political will at the federal level.

Heterogeneity in the marginal value of water ($/AF) across bargaining parties and

within IO service areas generates opportunities for market-based reallocation (Griffin, 2012;

Colby and Young, 2018). IOs can maximize potential gains from a settlement by sell-

ing/reallocating water and removing the most marginal farmland from production (Griffin,

2012). Cities and states represent relatively high-value water users that provide the finan-

cial resources necessary to acquire agricultural water that would otherwise be unavailable

in a court adjudication. For instance, cities seeking reliable, long-term water supplies have

financed infrastructure improvements to generate conserved water that can be reallocated

away from IOs (Arizona Water Settlements Act, 2004). As water demand decreases with

urbanization, IOs can reallocate water more efficiently within their service areas and sell

conserved water to satisfy competing water claims. Local irrigators who previously opposed

water marketing may be more willing to sell water when they anticipate a loss in court.

While a tribe’s marginal value of water use before settlement, it has claims to potentially

large volumes of high-priority, non-forfeitable, and therefore valuable water rights (Yashoda,

2020). The federal government’s legal obligation to compensate the tribe if its claims are
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lost in court implies that in the negotiation, the marginal value of the tribe’s water to the

federal government likely exceeds that of the marginal value of water in farming.

3.3 Methods

3.3.1 Bargaining Framework

Winters settlement negotiations represent a multilateral bargaining problem, where coali-

tions of multiple parties (i.e., tribes, cities, IOs, government agencies) bargain with one

another to resolve tribal water claims. This study analyzes the bargaining process and

outcomes within coalitions of IOs, as the beneficiaries of status quo water allocations and

the parties most likely to cede water in a negotiation. To avoid litigation, IOs can bargain

with one another over whether and how to reallocate portions of their water rights to other

bargaining parties.

Bargaining theory posits that parties with greater bargaining power in a negotiation

secure larger shares of the settlement benefits and that bargaining power is primarily a

function of a party’s fallback option in court relative to other bargaining parties (Muthoo,

2001; Cooter et al., 1982; Cooter and Rubinfeld, 1989). Accordingly, an IO’s bargaining

power is assessed here as a function of its relative risk of exposure to water shortage under

prior appropriation rules, which would be applied in a court adjudication.

Specifically, this study tests the hypothesis that an IO, i, participating in negotiation,

s, relinquishes a larger share of its pre-settlement water entitlements as its risk of having its

water rights curtailed under prior appropriation rules increases relative to that of other IOs

in the negotiation. A key assumption is that water is already fully allocated, so tribal water

needs must be met through changes to existing water rights. As such, IOs participating in a

negotiation must bargain over changes to the fixed volume of their collective pre-settlement

water rights, ΣAFYis. A second key assumption is that each IO bargains to minimize

reductions to its water entitlements, while still avoiding a return to court.

The Harsanyi (1959) game model offers a framework for understanding how multiple

parties, n, bargain to reach a binding, pareto optimal agreement against the backdrop

of a non-cooperative court ruling. Parties bargain to maximize their respective shares of

the total negotiation surplus, π, where π > 0. A Winters negotiation surplus, π, can be

characterized as avoided losses had the dispute been resolved in court, with IOs opting to

relinquish smaller shares of their water in a settlement than they would have expected to

lose through litigation. In the context of a Winters negotiation, an IO’s maximization of the

“surplus” benefits generated in a settlement is the minimization of water that it reallocates

to other parties. Because IOs are unlikely to acquire more water in a negotiation than they

started with prior to settlement, the model relies on an implicit assumption of non-satiation.
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Negotiation offers a set of possible agreements, X = {(x1, x2, . . . , xi)} : 0≤x1≤π, x2 =

π−x1, and xi = π−x2 where xi is the share of π to party i(i = 1, 2, 3). For each xi ∈ [0, π],

a party i′s utility function from obtaining a share of π is (Ui(xi)). If IOs fail to reach an

agreement, then IO i obtains a utility of di, the default utility obtained in court, where

di≥Ui(0). Under the Nash-Harsanyi bargaining solution, parties can reach a unique, pareto

optimal division of π that maximizes their joint utility of xi:

max
x∈X

n∏
i=1

(ui − di)
∂i (3.1)

Where ∂i is the bargaining weight for party, i, defined as:

n∑
i−1

∂i = 1 (3.2)

Assuming equal bargaining weights, the party with the smallest fallback utility function,

di, is set to receive a smaller share of the surplus. Thus, bargaining power is primarily a

function of having the best alternative option to a negotiation, which reduces a party’s

dependency on others to achieve a favorable outcome (Cooter and Rubinfeld, 1989). An

IO’s fallback utility, dis, is its relative risk of water curtailment under prior appropriation

rules. As relative curtailment risk increases, so do opportunity costs of litigating, so IOs

may give up more to avoid a negotiation breakdown.

IOs that cede water can bargain for financial compensation from cities and government

agencies paying to acquire water for themselves and tribes. Most funding decisions are

made at the congressional level. As such, relatively powerful congressional sponsors may be

better able to secure spending packages that result in more funding for bargaining parties

(Anderson, 2006). Additionally, prior research indicates that relatively large, wealthy, ho-

mogeneous IOs wield greater political influence, are better equipped to endure a protracted

settlement process, and therefore may be able to exact higher levels of funding in a negoti-

ation (Esteban et al., 2019; Libecap, 2009). As such, this study tests the hypotheses that

funding outcomes to IOs are increasing with congressional influence and measures of its

wealth and patience.

The bargaining solution is weighted by the bargaining weight, ∂i, which captures such

measures of political influence. As an IO’s relative ability (i.e., its share of the bargaining

weight) to influence outcomes and exact concessions from others increases, so does its utility

function, ui, and the likelihood that it will secure a larger share of the surplus, π.

Relatedly, an IO’s aversion to risk shapes its utility function. For example, a risk-neutral

IO’s utility function is u1(x1) = x1, while a risk-averse IO, anticipating diminishing returns

to x2, has a utility function of u2(x2) =
√
x2. Thus, risk aversion diminishes a party’s
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expected utility relative to less risk-averse parties. Risk-averse IOs, such as those whose

water demand is diminishing with urbanization, may accept less funding to resolve Winters

rights more quickly.

3.3.2 Data

This study tests for the heterogeneous effects of Winters right settlements on changes to

water entitlements and funding outcomes to 61 IOs that were parties to 11 settlements

as a function of IOs’ relative bargaining power in a negotiation. The analysis relies on

two novel and complete datasets: 1) an IO-level dataset containing pre and post-settlement

water rights and measures of bargaining power, and 2) a water right-level dataset containing

pre and post-settlement water entitlement volumes and priority dates of 524 water rights

belonging to the 61 IOs.

Dependent Variable Construction:

The primary outcome of interest is the percent change to the pre-settlement water enti-

tlement volume (%∆AFYis) of an IO, i, participating in settlement negotiation, s. This

measure is constructed using i) data on the total volume of an IO’s pre-settlement water

rights, collected from the statement of claimants (SOC) filed in state court proceedings,

and ii) data on the volume of water that an IO relinquishes in a settlement collected from

individual settlement texts.

Each SOC corresponds to an IO’s individual pre-settlement water right, denoted as

AFY pre
WR,is, and specifies the priority date of when the water right was established, the

entitlement volume, water source, and any evidence of historical beneficial use. Settlement

texts, available from the University of New Mexico’s Water Settlement Database, specify

the volume of individual entitlements that changed as the result of a settlement, AFY ∆
WR,is.

The percent change to an IO’s water entitlements is calculated as:

%∆AFYis =
ΣAFY ∆

WR,is

ΣAFY pre
WR,is

× 100 (3.3)

Because legal rights to water may exist beyond natural water availability in a basin, the

cession of a junior water right in a negotiation may not result in a meaningful change to

water access. To gain additional insight into the effects of a settlement on water access,

volumetric changes to an IO’s water rights, ∆AFYWR,is, are assessed as a function of the

water right’s priority rank, relative to other water rights in an IO’s pre-settlement water

right portfolio. A standardized measure of a water right’s relative priority in the IO’s water

right portfolio – its priority rank – is constructed by 1) listing the pre-settlement water rights

(AFY pre
WR, is) belonging to each IO, i, within a settlement, s, in descending chronological
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priority order (from junior to senior), 2) assigning each water right a value, pWR,is, from

1 (assigned to the lowest priority water right in the IO’s pre-settlement portfolio) to the

highest return value (assigned to the highest priority right), and 3) calculating the percentile

rank as:

rankWR,is =
(pWR,is − 1)

(nWR, is − 1)
× 100 (3.4)

Here, rankWR,is is the percentile rank of individual pre-settlement water rights (WR) in

an IO’s portfolio. The highest rank return value (i.e., the total number of water rights in

an IO’s pre-settlement portfolio) is nWR,is. An IO’s most senior right receives a value of

100 percent, while the most junior receives a value of 0 percent. Where an IO only has one

water right in its portfolio, that right is assigned a percentile rank of 50.

Finally, settlement funding is measured as the total adjusted (2020$) dollar per acre-foot
allocated to each IO, i, that forfeited water rights through settlement, s. Settlement funding

includes a) direct payments to IOs, such as where water and/or land with appurtenant water

rights is purchased from an IO at market price; b) funding allocated for infrastructure

improvements that generate conserved water, which can be transferred to another party; c)

forbearance agreements where an IO is compensated for permanently reducing its water use;

d) and the monetary value of debt reduction/forgiveness on federal water project contracts.

Data are collected from settlement texts, federal agency budget reports, contracts signed

between federal government agencies and individual IOs, and federal records detailing debt

forgiveness and/or restructuring agreements. The variable, $/AFYis, is the total funding

received by IO, i, in settlement, s, divided by the total volume of relinquished water, AFY ∆
is .

Independent Variable Construction:

An IO’s, i, bargaining power is assessed primarily as a function of its risk, relative to other

IOs participating in negotiation, s, of having its water rights curtailed under prior appropri-

ation rules. Using data on the volumes and priority dates of an IO’s pre-settlement water

rights, WRpre
is , a measure of an IO’s relative shortage risk (riskis) is constructed according

to the following steps. First, individual water rights belonging to IOs participating in a

negotiation are ranked in order of ascending priority (senior to junior) (Table A3.8). It is

assumed that IOs in a negotiation are bargaining over changes to a fixed volume of water.

Total water availability in a settlement is therefore assessed as the sum of the negotiating

IOs’ collective pre-settlement water entitlement volumes,
∑

AFYis. The percentage of an

IO’s pre-settlement water entitlement volume that would be curtailed under prior appropri-

ation rules (PctCurtailmentis) is modeled as a function of total water availability, which

is decreasing in ten percent increments.
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An IO’s relative risk of exposure to water shortage in court is calculated as the least-

squares curve, denoted by βrisk
is , that measures the linear relationship between the per-

centage of incrementally larger reductions to total water availability and the corresponding

percentage of its water rights that would be curtailed:

PctCurtailmentis = α0 + βrisk
is (

∑
AFYis × γ) (3.5)

Where α0, the y-intercept, equals zero following the assumption that all IOs receive their

full entitlements when there are no water shortages, and γ is the simulated level of water

shortage system shortage, where γ = 0, .1, .2, .3, . . . , .9. βrisk
is is calculated as the linear best

fit line:

βrisk
is =

nis
∑

(xsyis)−
∑

(xs)
∑

(yis)

nis
∑

(xs
2)− (

∑
xs)

2 × 100 (3.6)

Where nis is the number of observations for each IO in a settlement. Relative shortage risk

is assessed as a percentage where riskis = βrisk
is × 100. (See Figure A3.1 for an example of

a graphical depiction of βrisk
is ).

IO-level covariates include measures of the number of unique pre-settlement water rights

in an IO’s water right portfolio, total acreage, and pre-settlement AF/acre water entitle-

ment. The number of IO water rights and their water duty reflect their adaptive capacities

to water shortages. Mean precipitation within IO boundaries is a measure of natural wa-

ter availability. Decadal urbanization rate and crop and hay/pasture land cover within

IO boundaries prior to negotiation start reflect heterogeneity in water demand and the

marginal value of water. A dummy variable for whether the IO has a federal water project

contract captures the federal role in the bargaining process.

Settlement-level controls include the volume of tribes’ water right claims, number of

negotiating IOs as a measure of market power, and population growth rate in municipal

service areas represented in negotiations as measures of water scarcity and competing de-

mand. The political influence of the congressperson sponsoring the settlement act is assessed

according to the Dirksen Congressional Power Index (CPI) (Table A3.10). To maintain exo-

geneity, independent variables are either time-invariant or measure IO characteristics before

a negotiation start. Table A3.11 describes variable construction, and Table A3.12 presents

summary statistics.
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3.3.3 Empirical Strategy

First, the study uses multiple linear regression (MLR) to estimate the effects of an IO’s

relative bargaining power on changes to its water entitlements:

%∆AFYis = β0 + β1riskis + β2Xis + ξs + uis (3.7)

Where Xis is a vector of IO-level controls, and uis is an error term. The magnitude of

coefficients, β̂n, indicate the extent to which an independent variable is associated with a

change to an IO’s water entitlement. A negative sign on the coefficient β1 indicates that a

higher shortage risk is correlated with a reduction in water right volume. Models include

settlement fixed effects, ξs, to account for unobserved factors that may systematically vary

across settlements.

Next, a multilinear regression models the relationship between measures of bargaining

power and the relative seniority of an individual water right in an IO’s water right portfolio:

WR,is = β0 + β1Xis + β2γs + ζstate + uis (3.8)

Here, WR,is is the percentile rank of a water right, WR, owned by IO, i, participating

in negotiation, s. To ascertain determinants of the relative seniority of individual water

rights changed in a negotiation, the sample of water rights excludes water rights that did

not change as the result of a settlement. Xis is a vector of IO-level measures of bargaining

power. It is expected that those in weaker bargaining positions will cede higher priority

water rights. γs includes measures of settlement-level characteristics, such as the magnitude

of a tribe’s water right claim, expected to influence bargaining positions.

Because WR,is is increasing with the seniority of a water right, a negative coefficient on

β̂n indicates that the independent variable is correlated with the cession of a relatively junior

water right. Models include state-level fixed effects, ζstate, control for unobserved factors,

such as state policies regarding water right enforcement and priorities for settling Winters

rights. As a robustness check, additional models include settlement-level fixed effects and

IO-level controls. Standard errors are clustered at the IO level.

Finally, a MLR estimates determinants of settlement funding ($AFYis) on a subset of

28 IOs that relinquished water rights in a negotiation:

$AFYis = β0 + β1Xis + β2Zs + γstate + uis (3.9)

Where Xis, is a vector of IO-level explanatory variables, and Zs is a vector of settlement-

level explanatory variables that include measures of an IO’s bargaining position and political

will, respectively. The magnitude of the coefficients, β̂n, indicates the extent to which
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independent variables are correlated with funding outcomes. Models include state-level

fixed effects, γstate, to account for unobserved state-level factors (e.g., budgetary constraints

and priorities; political sentiment) that may influence funding decisions.

To identify a parsimonious model that accommodates the small sample size, explanatory

variables are selected using a backward elimination procedure. Beginning with a full model

that includes IO- and settlement-level controls, variables that reduce the R2 the least when

omitted from the model are dropped in a step-wise process. The significance threshold is

set at α = .05. Additional models include explicit tests of federal-level political influence,

IO-level bargaining power measures, and measures of competing water demand from non-

agricultural water users.

3.4 Results

3.4.1 Legal Risk Incentivizes Water Reallocation via Settlement

Table 3.1 presents estimates of the effects of shortage risk on IO water entitlements. In-

creased risk of water shortage is consistently and significantly correlated with reductions to

water entitlements across all models. The relationship between prior appropriation shortage

risk and changes to water entitlements remains relatively consistent as additional measures

of bargaining power and the bargaining environment are introduced (cols. 2-4). That

shortage risk is the only significant predictor of changes to water entitlements supports the

intuition that those with the lowest priority water rights, and thus the worst fallback option,

are more willing to give up water to avoid litigation.

Table A3.13 presents a robustness check containing state fixed effects and measures of

tribes’ water claims. On average, IOs cede larger shares of their water entitlements as

the volume of a tribe’s water right claims (measured as logged prime reservation acreage)

increases. This further indicates that a strong legal threat incentivizes water right realloca-

tions. Table A3.14 contains a second robustness check using a quadratic function of relative

shortage risk.

Because legal titles to water exceed natural water availability in many basins across the

West, examining the relative seniority of specific water rights that change hands is key to

understanding settlement effects on the functional water access. Table 3.2 presents estimates

of the relationship between measures of bargaining power, and the relative priority of the

individual water relinquished in a settlement.

IOs exposed to disproportionately greater shortage risks in court relinquish larger shares

of their water rights. An IO’s relative shortage risk, however, is not significantly correlated

with relative seniority of a water right altered in a settlement. Instead, columns 2 through

6 in Table 3.2 indicate that the relative priority of the water right ceded in a negotiation is
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Table 3.1: MLR Estimated effects of relative water shortage risk on changes to water entitlements

(1) (2) (3) (4) (5) (6)
-0.159** -0.157** -0.165** -0.145** -0.184** -0.180**
(0.0706) (0.0672) (0.0689) (0.0643) (0.0828) (0.0833)

0.190 0.214 0.187 0.185 0.207
(0.444) (0.447) (0.423) (0.358) (0.388)

-0.189 -0.183 -0.244 -0.262
(0.606) (0.629) (0.611) (0.640)

0.337 0.363 0.407
(0.334) (0.334) (0.365)

1.37e-05 -6.43e-07 4.43e-06
(2.85e-05) (2.54e-05) (3.13e-05)

16.85 16.82
(14.71) (15.77)

-0.0117
(0.0804)
-0.0812
(0.287)

Settlement FE x x x x x x
7.563 5.754 7.883 -1.040 -8.640 -8.782

(4.858) (3.446) (7.148) (12.47) (16.59) (16.63)
Observations 61 61 61 61 61 59
R-squared 0.206 0.211 0.215 0.225 0.311 0.311

% ∆ Pre-Settlement Entitlement (AFY)

Federal 
Contract=1
IO Urbanization 
Rate (%)

Hay/Pasture (%)

Constant

Shortage Risk 
(%)

Rights (#)

Pre-Settlement 
AFY/Acre

Precip. (mm)

IO Acreage

Notes: All specification include settlement-level fixed effects. IO urbanization rate prior to
negotiation start and hay/pasture land cover within an IO are measures of an IO’s water
demand. Pre-settlement water duty is a measure of the volume of water it has to negotiate
with. the start of an adjudication. Precipitation is a measure of scarcity. Standard errors
clustered at the IO-level are in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01

diminishing as reservation prime acreage — a different measure of legal risk — increases.

On average, a one percent increase in urbanization is correlated with a .18 percent decrease

in the relative priority of the water right ceded.

This suggests that despite a the legal risks that Winters claims pose to existing rights,

IOs can respond by relinquishing relatively junior rights. However, Figures A3.2 and A3.3

depicting the distribution of changes to individual rights by their priority rank show the

largest changes to the senior-most rights. Table A3.15 indicates that IOs with federal water

contracts cede relatively senior rights. While these estimates are not consistently significant

across all specifications, they suggest that where IOs’, they shed light on the potential legal

mechanisms underlying bargaining outcomes.

Federal contract rights tend to be of mid-level priority (established for agriculture after

many private canal companies emerge, but before growing cities established water right),

tend to be inefficiently used, and the federal government’s legal obligation to tribes often

trumps its obligation to deliver contract water (Benson, 1997). While relatively senior rights

may be targeted for reallocation, it is important to note the cession of even the most senior

rights in a settlement represents a mutually beneficial outcome for all parties. Moreover,

despite giving relatively senior rights, on average IOs relinquish just over 7% of their total
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Table 3.2: Relative Priority of Water Rights Ceded in a Negotiation

(1) (2) (3) (4)
-0.0458 -0.0227 -0.0107 -0.144
(0.112) (0.119) (0.124) (0.215)

-3.660** -3.725** -4.113*
(1.759) (1.747) (2.017)
15.58 18.38 18.17

(12.83) (12.86) (13.20)
-0.184* -0.213**

(0.0919) (0.100)
-1.05e-05
(5.54e-05)

-1.447
(1.750)

62.34*** 92.25*** 92.52*** 140.3**
(11.77) (21.03) (20.98) (65.34)

State FE x x x x
Observations 53 53 53 53
R-squared 0.141 0.173 0.192 0.210

ID acreage

Precip. (mm)

Constant

y=Priority Rank (%)

Relative Shortage Risk (%)

ln(Prime Res. Acres)

Federal Contract=1

IO Urbanization Rate (%)

Notes: Table depicts the relationship between various measures of IO bargaining power and
the relative seniority of the water right relinquished/diminished in a settlement, as estimated
by Equation 3.8. The dependent variable is the percentile rank of an IO’s, i, individual water
right priority, WR, (relative to other water rights in its portfolio) that changed as the result
of the settlement, s. The relative priority of the water right, WRis is increasing with its
seniority. A negative coefficient on β̂n indicates correlation with the cession of a relatively
junior right. Robustness checks are included in Tables A3.15 and A3.16. Standard errors
clustered at the IO-level are reported in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

entitlements while still maintaining a 8 acre-feet per acre water duty sufficient to meet most

crop requirements (Johnson and Cody, 2015).

3.4.2 Political Influence Determines Funding Outcomes

Table 3.3 presents estimates of per acre-foot funding outcomes to IOs. Congressional Power

Index (CPI), a measure of the settlement act sponsor’s political influence, is significantly

and positively correlated with average increases of between $36 and $45 per AF except

for when controlling for a reservation’s prime acreage as a measure of its potential water

claim (col. 3). Overall, this indicates that political influence is an important determinant

of funding outcomes. While the potential magnitude of a tribe’s water right claim increases

the federal government’s legal liability if the tribe were unsuccessful in acquiring water

rights in court, the mediating effect of prime reservation acreage on the role of CPI as a

funding determinant suggests that the threat of a large Winters claim may motivate IOs to

accept less funding to avoid litigation.

That an IO’s urbanization rate is negatively correlated with funding outcomes across

all specifications, suggests that as an IO’s bargaining power is diminishing as heterogeneous

water demand within its service area increases. As an IO’s water demand decreases with a

shift away from farming, it may not be able to justify maintaining a large water entitlement

through beneficial use rules. A robustness check presented in Table A3.18 replaces measures
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Table 3.3: MLR Estimates of bargaining power effects on funding outcomes

(1) (2) (3) (4) (5) (6)
45.39** 36.35** 37.12 35.80** 36.07** 39.74***
(16.76) (14.98) (28.78) (15.44) (14.45) (13.07)

-7.829** -7.784* -8.396** -7.827** -7.427*
(3.449) (3.898) (3.365) (3.514) (3.738)

-2.298
(49.61)

-0.00129
(0.000932)

0.403
(2.007)

-124.3
(183.0)

State FE x x x x x x
-253.5 22.75 36.97 134.2 -13.24 64.16
(195.3) (170.8) (245.1) (191.9) (307.7) (210.8)

Observations 28 28 28 28 28 28
R-squared 0.443 0.534 0.534 0.552 0.534 0.537

Federal 
Contract=1

Constant

Y = $/AFY (adj. 2020)

Congressional 
Power Index
IO Urbanization 
Rate (%)
ln(Prime Res 
Acres)

IO acreage

Shortage Risk 
(%)

Notes: Sample restricted to IOs that ceded water in a negotiation. Congressional Power
Index reflects the political nature of funding decisions. Urbanization rate is a measure of
heterogeneous water demand within an IO service area. An IO’s potential legal justification
for maintaining water rights under beneficial use rules may be diminishing with an increas-
ing urbanization rate. Estimates using explanatory variables identified through a step-wise
elimination procedure are depicted in column 3. All specifications include state-level fixed
effects. Robust standard errors are in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.

of an IO’s legal risk with measures of potential economic determinants of funding outcomes.

Additional specifications corroborate the positive effects of CPI and negative effects of

urbanization rates on funding outcomes. Measures of heterogeneity in the marginal value

of water across bargaining parties are uncorrelated with funding outcomes. Together, this

suggests that political influence and the legal framework eclipse market forces as a funding

determinant.

3.4.3 Settlements Generate “Surplus” Benefits to Bargaining Parties

To better understand the extent to which settlements generate a “surplus” of benefits

beyond what would be possible in court, this section examines differences between a) average

per acre-foot funding achieved through settlement, b) the marginal value of water use had

it remained in agriculture, and c) the unit price of water if it had been purchased in the

open market.

IOs can maximize gains by removing marginal farmland from production. The USDA

Farm and Ranch Irrigation Survey provides state- and year-specific data on the irrigation

duty for hay/pasture and USDA Agricultural Marketing Service data on the market price

of hay/pasture and alfalfa, which informs estimates of the average $/AF generated from

farming each crop. While both hay and alfalfa are considered to be relatively low-value

crops, alfalfa represents the high $/AF estimate of the two while hay, with a lower market
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value, represents a low $/AF estimate of a return on relatively low-value farming. The

estimated (adj. 2020$) dollar per acre-foot,
(
adj.2020$ist

AF

)
, generated by each crop, i, in

state, s, in year, t is:

adj.2020$ist
AFY

=
adj.2020$ist

ton
× tonsist

acre
÷ AFist

Acre
(3.10)

Here, AFist
acre is the acre-foot volume of water applied to each acre of crop annually, tonsist

acre

is the per acre yield, and adj.2020$ist
ton is the market price per ton adjusted for inflation. On

average, IOs received $468 acre-feet per acre in exchange for water in a settlement, while

an acre-foot of water generated an average $112 of hay/pasture or $261 of alfalfa.

The federal government is legally liable to tribes for losses stemming from federal mis-

management of tribal resources, and therefore has an incentive to avoid litigation by ac-

quiring water for tribes through negotiated settlements. Presumably, if no parties were

willing to cede water in a settlement, the federal government could offer to purchase enough

appropriative water rights to satisfy tribes’ agreed upon water needs.

Water pricing data from the Water Transactions Dataset provides estimates the (adj.

2020$) dollar per acre-foot price of water sold on the open market in state, s, in year, t is used

to construct a hypothetical measure of what the federal government might pay for an acre-

foot of water purchased outright to satisfy its trust responsibilities to tribes (Donohew and

Libecap, 2010). While the market value of water varies across states ($2,110/AF in Arizona

versus $386/AF in Idaho), the average adjusted (2020$) price per acre-foot was $1,049, or
twice the unit price received through settlement. The discrepancy between $/AF generated

through farming, secured via settlement, and available on the open market suggests that

side payments in negotiations result in mutual benefits but that they are shaped by the

legal setting.

While political will is the primary determinant of funding outcomes, that average set-

tlement funding is 2.5 times that of $/AF generated from farming underscores the efficiency

gains achieved by reallocating water away from relatively low-value uses in a negotiation.

However, the market price of water is still double that of settlement funding. These esti-

mates highlight that while funding outcomes are largely a function of political will, they

still result in net benefits to both “buyers” and “sellers” of water rights in a negotiation.

The federal government acquires water for tribes at below the market price while IOs po-

tentially earn more than they would generate by using that water for relatively low-value

crop production.
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3.5 Discussion

Just as high-priority water rights protect IOs from legal challenges in court, they also insu-

late them from reductions to their water allocations within settlement negotiations. Find-

ings demonstrate that water right seniority confers bargaining power within a negotiation,

as IOs with the lowest risk of having their water rights curtailed under prior appropriation

rules are less likely than those with higher shortage risk to relinquish water in a negotia-

tion. That concessions are increasing with opportunity costs of litigation more than any

other source of bargaining power corroborates existing research on the relative importance

of different sources of bargaining power. A party’s fallback option in court, more so than

wealth, patience, or political influence, determines changes to water allocations.

Findings may assuage broader uncertainty about how existing water use will adapt to

accommodate newly defined Winters rights. IOs included in this study relinquished 14

percent of their collective water rights. However, they maintained an average 8 AF/acre

post-settlement water duty. Anecdotally, many IOs secured funding for irrigation efficiency

improvements and have selected the most marginal land/water to remove from production

(Arizona Water Settlements Act, 2004). Thus, changes to water use and broader economic

impacts on rural economies may not be as severe as anticipated, as even relatively small

shifts in the distribution of water rights distribution can satisfy water users in a basin.

More broadly, results highlight the value of pairing the financial incentives embedded

in negotiation with mutual litigation risks to resolve broader conflicts over increasingly

scarce resources. As tribes assert high-priority water claims, the litigation is a necessary

threat that prompts IOs to make concessions that they may not have made without the

risk of losing in court. Settlements offer funding mechanisms that incentivize water right

reallocation, whereas such compensation would be unavailable in a court adjudication.

While substantial research, particularly surrounding costs of Indigenous water right

adjudications, touts the advantages of negotiation over litigation, few studies empirically

link anticipated litigation costs to negotiation outcomes (Anderson, 2010; Royster, 2012;

Cosens and Royster, 2012). By showing that shortage risk under prior appropriation rules

largely determines the extent to which water is reallocated across bargaining parties, findings

underscore the importance of a looming legal threat to motivate compromise. Relatedly,

the role of congressional influence in determining funding outcomes to IOs underscore the

political undercurrents of reallocating water in the West. If funding to reallocate water is

a “carrot” for reaching a settlement, then litigation is a necessary “stick” that incentivizes

concessions that ultimately redistribute water rights in a way that satisfies all parties.

Understanding the effects of large-scale Indigenous water right restoration has broader

implications for nations such as Australia (Hartwig et al., 2021), New Zealand (Fox et al.,

2017), Canada (Hanrahan, 2017), and Chile (Edwards et al., 2018; Macpherson, 2020),
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who are tasked with defining and incorporating Indigenous rights into existing institutions.

While this study highlights the potential to meet new needs through voluntary reallocations,

it also sheds light on the importance of strong legal institutions, well-defined legal frame-

works, and enforcement mechanisms that shape the bargaining environment and incentivize

negotiations.
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Chapter 4

Long-Term Effects of Recognizing

Indigenous Rights to Water

Restoring natural resource access lost during colonization has become an important compo-
nent of formalizing sovereignty and providing economic opportunity for Indigenous groups.
However, even where property rights are formally restored, pre-existing institutional con-
straints can limit their meaningful use. This paper uses satellite data on land use to study
the effect of property right settlements for surface water on reservations in the western
United States between 1974 and 2012 with robust difference-in-difference methods. We find
statistically significant increases in agricultural land use and no change in developed land
use. Back-of-the-envelope calculations reveal that most tribes are using a small fraction
of their entitlements, potentially forgoing as much as $1.6 billion in annual production or
leasing revenue. We provide evidence that land tenure and credit constraints that inhibit
construction the necessary water infrastructure may explain some of this shortfall. Our
findings indicate that restoring formal property rights to a single resource is unlikely to
provide significant economic benefits unless existing institutional constraints and barriers
to development are also addressed.
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4.1 Introduction

Throughout the world and well into the 20th century, natural resources traditionally gov-

erned by Indigenous people were enclosed, allocated, or otherwise appropriated as part of

settlement and colonization. Preexisting Indigenous property rights (formal and informal)

were generally extinguished in the process, often without any compensation. In the United

States, the loss of natural resources ranging from land and water to salmon or bison has

been suggested as a key reason why many Indigenous communities remain underdeveloped

relative to surrounding non-Indigenous populations (Carmody and Taylor, 2016), as many

Indigenous groups remain highly reliant on direct natural resource extraction for their liveli-

hoods, including subsistence and for-market agriculture, fishing, and hunting.

Globally and in the U.S., restoring natural resource access to historically marginalized

Indigenous groups has become a policy focus. The 1974 Boldt Decision (United States v.

Washington, 384 F. Supp. 312, aff’d, 520 F.2d 676) allocated substantial fishing rights

to tribes in Washington State and the 2020 McGirt ruling (McGirt v. Oklahoma, 140 S.

Ct. 2452) led to roughly half of the land in Oklahoma coming under the jurisdiction of

the Muscogee (Creek) Nation. Internationally, restoration of natural resource rights has

occurred for Australian aboriginal land and water claims (Mabo and Others v. Queensland

(no. 2) 1992 HCA 23, Native Title Act 1993); Chilean Indigenous land and water (Heise,

2001; Tomaselli, 2012); and New Zealand Maori land (the Ngai Tahu and Waikato-Tainui

settlements) and customary water and fishing claims (Gibbs, 2000; Te Aho, 2010). While

property rights to natural resources can increase economic value and improve ecological

health (Libecap, 2007; Costello et al., 2008), causal analyses of the effects of Indigenous

rights restoration have been limited. What studies have been undertaken have shown am-

biguous results (Parker et al., 2016; Blackman et al., 2017; Robinson et al., 2017).

In this paper, we estimate the effect of a large-scale attempt to restore Indigenous rights

to a culturally and economically significant natural resource: water. Specifically, we study

the economic impacts of the allocation of formal property rights to water for tribal nations

in the western United States. This policy, which stems from a U.S. Supreme Court ruling

(Winters v. United States, 1908) and has granted tribes formal title to large volumes of

the West’s scarce water based on historical treaty rights, requires re-allocating water from

existing uses. Reservations in the Colorado River Basin, a subset of those receiving rights,

have obtained rights to 20 percent of the river (U.S. Bureau of Reclamation, 2018). These

rights total 2.8 million acre-feet, enough water for the domestic use of 20 million southwest

U.S. residents or approximately 1 million acres of irrigated agriculture.

Based on prevailing prices, tribal water rights could have a market value exceeding

$1.6 billion annually.1 In addition to the nearly 3 million acre-feet worth of water rights

1Authors’ calculation using data from Donohew and Libecap (2010).
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previously restored to tribes, the potential volume of outstanding, unsettled tribal water

rights that are currently being adjudicated could exceed 1.6 million acre-feet (Sanchez et al.,

2020). Hence, measuring the implications of Winters settlements for land and water use is

important not just for tribal policy and economic development, but for agricultural users,

urban water suppliers, and policymakers across the western United States.

In the arid western U.S., irrigation is critical to the development of agriculture (Edwards

and Smith, 2018). However, water access and availability are determined by the nuances

of the system for allocating property rights to water (Garrick and Aylward, 2012). Secure

property rights to water helped facilitate massive investment in irrigation infrastructure to

bring otherwise unusable land into agricultural production (Leonard and Libecap, 2019),

but these investments also required secure rights to the land itself (Alston and Smith, 2022).

Given prior work demonstrating how the definition and attributes of Indigenous property

rights to land create barriers to agriculture, irrigation, and development (Trosper, 1978;

Anderson and Lueck, 1992; Dippel et al., 2020; Ge et al., 2020; Leonard et al., 2020), it is

unclear whether the restoration of tribal water rights, by itself, could meaningfully improve

resource access, agricultural production, and development outcomes on reservations.

We study the effect of tribal water right settlements with a parcel-level difference-in-

difference model using newly developed estimators robust to heterogeneity in the timing

of treatment effects (de Chaisemartin and d’Haultfoeuille, 2020; Callaway and Sant’Anna,

2020). Tribal nations select into the water right adjudications, but the duration of nego-

tiations is plausibly exogenous, ranging from five to 50 years (Sanchez et al., 2020). This

allows us to obtain a causal estimate of the effect of a water rights settlement on changes

to agricultural land use relative to reservations that had begun but not yet completed the

settlement process. Because historic administrative data on land use and social and eco-

nomic outcomes are limited on reservations, we use satellite estimates of land use available

starting in 1974 (Falcone, 2015).

Our estimates show that after obtaining formal water rights, agricultural land use on

reservations increased by up to 0.61 percentage points, which translates into a 8.7 percent

increase relative to mean agricultural land use. To our knowledge, this is the first estimate

of the effect of Winters settlements on tribal land and water use. This finding holds across

three different difference-in-difference estimators and alternative measures of agricultural

land use (e.g., focusing solely on cultivated crops). However, we do not find evidence of

increases in developed land use following a settlement except for where tribes market water

rights off-reservation.

The magnitude of the estimated treatment effects, in terms of tribal water use, are small

compared to the overall size of settlement allocations. One explanation for this disparity

is that the restoration of Indigenous property rights may have changed the distribution of
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resource wealth but not the allocation of the resource itself, that is, off-reservation users

started paying tribes for water they had already been using. A simple water accounting

estimation exercise rejects this explanation: We find that combined on-reservation use and

off-reservation leasing is well below the volume of allocated water rights on the majority of

reservations with Winters rights. The upshot is that Winters settlements apparently fail to

deliver actual water for tribes, despite granting large quantities of “paper rights.”

We explore several mechanisms that could explain the relatively low utilization of tribal

water rights revealed by our main results. First, we examine within-reservation heterogene-

ity in treatment effects across land tenure classes. Many reservation lands are held in trust

by the federal government. These trust lands cannot be sold or consolidated, cannot be

used as collateral to access credit, and entail costly approval processes for leases or ma-

jor changes to land use that have been found to supress development across a variety of

contexts (Trosper, 1978; Anderson and Lueck, 1992; Ge et al., 2020; Dippel et al., 2020;

Leonard and Parker, 2021). Consistent with prior work, we find increases in on-reservation

agriculture after gaining water rights are concentrated on lands held in “fee simple” that

are not subject to these ownership constraints.

Second, we examine the differential effects of water infrastructure on reservations as a

potential barrier to water use. Accessing settlement water typically requires large, up-front

capital investments in infrastructure. To assess infrastructure-related water use barriers at

the reservation-level, we examine the differential effects of Winters settlements on reser-

vations with pre-existing Bureau of Indian Affairs (BIA) irrigation infrastructure projects.

We find that post-settlement agriculture (though not development) is increasing almost ex-

clusively on reservations where water infrastructure already exists and has the capacity to

make settlement water available for immediate use.

Finally, we explore the impact of transactions costs associated with water rights them-

selves (Garrick and Aylward, 2012) by comparing outcomes from tribes that lease water

back to off-reservation users, which requires special approval by the U.S. Congress. We find

substantially smaller increases in agricultural land use on reservations that lease their water

back to off-reservation users. However, we find that tribes that lease their water see much

larger increases in developed land use. Hence, in settings where barriers to trade are elimi-

nated, restoring Indigenous rights to water may result in substantial wealth transfers. These

transfers may help tribes address preexisting credit constraints that previously prevented

economic development. Still, many of the tribes that lease substantial volumes of water

have unrealized gains because some portion of their Winters allocation is still unaccounted

for by on-reservation water uses and off-reservation leases.

Overall, our results suggest a striking difference between the promise and reality of

water rights restoration. While tribal water settlements increase on-reservation agricultural
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development, the increases in water use pale in comparison to the magnitude of the settled

water rights. This is largely consistent with other attempts to restore Indigenous rights to a

particular resource without addressing broader institutional challenges facing reservations,

such as the Boldt decision regarding commercial fishing in Washington State (Parker et al.,

2016). More broadly, our results underscore the point that multiple institutional or market

failures require multiple policy solutions (Bennear and Stavins, 2007), particularly when

land rights are incomplete (Alix-Garcia, 2015). Hence, while restoring Indigenous rights

to previously expropriated natural resources may help achieve important goals in terms of

procedural justice, these reallocations are unlikely to yield material benefits for tribes if

they are not accompanied by complementary reforms to other institutions that constrain

investments in agriculture and economic development.2 In the mean time, off-reservation

water users are able to continue their uncompensated use of tribal water rights.

4.2 Background

Surface water in the western United States is governed by the prior appropriation doctrine,

which assigns water rights based on the chronological priority of the initial claim. This “first

in time, first in right” system ensures the earliest (senior) appropriators’ water access in all

but the driest years, forcing juniors to curtail their usage first. States assigned the earliest

appropriative rights to White settlers starting in the 1850s, and by the early-1900s, most

basins were fully appropriated. Around the same time, the federal government relegated

tribes to reservations established by tribe-specific reservation treaties. Many reservations

are located in the West, where rivers and streams are separated by large expanses of dry,

but otherwise arable, land that requires large-scale irrigation infrastructure to support agri-

cultural production (Hanemann, 2014; Leonard and Libecap, 2019).

While reservation treaties and successive federal policies established expectations that

tribes would sustain themselves through agriculture, tribal water needs were not considered

when reservations were created (Carlson, 1981). States, which have the authority to allocate

water within their borders, did not allocate water rights to tribes, and none of reservation

irrigation projects started by the Bureau of Indian Affairs (BIA) in the late 1800s were

completed (Government Accountability Office, 2006).3 Without enforceable water rights,

water availability on reservations became scarce and highly variable as nearby off-reservation

water use increased. Court documents filed by tribes describe the consequent depletion of

reservations streams, springs, and aquifers. For example, the Ak-Chin, Jicarilla Apache,

Tohono O’odham, and Hopi tribes sought legal protection when “existing wells went dry,

2And, to the extent that off-reservation users are still appropriating the water, settlements are unlikely
to yield benefits associated with the cultural or spiritual significance of water for tribes.

3Today, BIA irrigation projects are largely dilapidated, inefficient, and in need of repair (Carlson, 2018).
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and irrigation had to be abandoned” due to off-reservation water use (Arizona Department

of Water Resources, 2006; Ak-Chin Indian Community v. United States, 1973).

A 1908 Supreme Court ruling (Winters v. United States, 1908) affirmed that while not

explicitly mentioned, reservation treaties implicitly granted tribes rights to water with a

priority based on the date that the treaty was signed. The ruling did not provide quantified,

legal water rights. Instead, it created a legal obligation for the federal government, as a

trustee of tribal resources, to remedy its neglect in filing water claims on behalf of tribes.

Tribal water rights, referred to as Winters Rights, cannot be forfeited through nonuse

because they are “federally reserved.” Thus, tribes have strong legal claims to high-priority

water rights, but the rights themselves do not exist until they are adjudicated (Sanchez

et al., 2020).

A handful of tribes acquired Winters Rights via court decree in the first 50 years fol-

lowing the Supreme Court ruling. However, litigation is slow and expensive, and tribes

often lack the institutional support and financial capital necessary to sustain litigation or

develop and use water rights once decreed. Instead, most Winters Rights are adjudicated

through settlement agreements negotiated with neighboring water users, states, and the

federal government. Settlements, which are ultimately enacted by Congress, provide tribes

with federal funding for infrastructure and economic development (Sanchez et al., 2020).

Settlement funding can help tribes to overcome capital constraints to developing their water

resources for on-reservation water use.

The prevalence of agriculture relative to other economic activities on reservations prior

to water settlements, as well as existing (though aging) farm infrastructure, suggests that

changes to agricultural land use from a water settlement may occur more quickly than

capital-intensive shifts toward non-agricultural development. Prior to the 1970s there was

little non-agricultural economic development on reservations. In the 1980s several key pieces

of legislation — the Indian Gaming Regulatory Act and the Indian Self-Determination Ed-

ucation Assistance Act — enabled tribes to diversify their economies away from agriculture

(Cornell and Kalt, 2010). Administration of some reservation land shifted from federal to

tribal control, and overall, gaming, tourism, mining, municipal, and industrial development

have increased across reservations (Lyons, 2007).

Still, reservation economies remain largely agricultural due to geographical remoteness,

low population densities, and difficulties achieving economies of scale, while capital credit

constraints further limit investments in housing, infrastructure, and business development

(Mauer, 2017; Ak-Chin Indian Community v. United States, 1973). Such barriers po-

tentially limit how tribes can use their water rights for non-agricultural activities. While

settlements often include Congressional funding for reservation water infrastructure and

economic development, tribes face countless hurdles to actually obtaining funding (Western
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States Water Council & Native American Rights Fund, 2014). TheMoreover, reservations

with greater farming capacity (measured as “practicably irrigable acreage”) prior to an

adjudication tend to receive larger water entitlements and higher levels of federal funding

(Sanchez et al., 2020).

In the arid western U.S., irrigation is critical to the development of agriculture (Edwards

and Smith, 2018). However, water access and availability are determined by the nuances

of the system for allocating property rights to water (Garrick and Aylward, 2012). Secure

property rights to water helped facilitate massive investment in irrigation infrastructure to

bring otherwise unusable land into agricultural production (Leonard and Libecap, 2019),

but these investments also required secure rights to the land itself (Alston and Smith, 2022).

Given prior work demonstrating how the definition and attributes of Indigenous property

rights to land create barriers to agriculture, irrigation, and development (Trosper, 1978;

Anderson and Lueck, 1992; Dippel et al., 2020; Ge et al., 2020; Leonard et al., 2020), it is

unclear whether the restoration of tribal water rights, by itself, could meaningfully improve

resource access, agricultural production, and development outcomes on reservations.

In this and other resource settings, tribal development via newly acquired property rights

faces dual challenges related to preexisting resource users and overlapping institutional

failures. In the case at hand, western water law favors beneficial use, and holding title

to a water right does not automatically secure control of the resource. Without building

diversion infrastructure — ditches and canals — and installing irrigation systems, tribes

cannot put their rights to beneficial use. Tribes are then paradoxically put at a disadvantage

in negotiating the lease of the water that they legally own but do not (and cannot) divert.

Should an agreement fail to materialize, existing users see no credible threat of losing

access in the absence of tribal diversion infrastructure. Hence, preexisting institutional

barriers that limit tribal access to credit, especially associated with the utilization of land

as collateral, further diminish tribes’ ability to assert de facto ownership despite holding

legal title.

Once enacted, settlement implementation can take years. Water rights must be reallo-

cated from existing appropriators and legally transferred to tribes; federal agencies must

allocate funding in their annual budgets to meet settlement obligations, and water infras-

tructure must be rehabilitated or constructed anew. Tribes then enact water codes that

standardize rules for approving, conditioning, and revoking water use permits on-reservation

(Termyn, 2018). Typically, any individual (Indian or non-Indian) on a reservation can apply

for water use permits, which are approved by a tribal water authority (Breckenridge, 2016).

However, in the absence of physical diversion of water by the tribes, off-reservation users

may continue to use and benefit from water that they no longer legally own. This mismatch

between “paper” and “wet” water arises from the long tradition of favoring “beneficial use”
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within the prior appropriation doctrine. Diverting water for productive use in the arid

West is a capital-intensive endeavor, even in agriculture (Hanemann, 2014; Ge et al., 2020).

Given the various constraints to development on reservations (Dippel et al., 2020; Leonard

and Parker, 2021; Dippel et al., 2021), the magnitude of realized changes in land and water

use for tribes following a Winters settlement is uncertain.

4.3 Data & Empirical Strategy

4.3.1 Data

A persistent challenge to conducting empirical research on reservations is the lack of fine-

scale, longitudinal data. Previous analyses rely on the U.S. Census, which aggregates vari-

ables such as income and farm sales to the reservation-level, only collects data for some

reservations, and is largely only available from 1980 onward. We overcome these limitations

by combining several novel data sources: i) fine-scale measures of land tenure on reserva-

tions assembled by Dippel et al. (2020), ii) information on tribal water settlements compiled

from adjudication filings, court records, and settlement texts by Sanchez et al. (2020), and

iii) time-varying, parcel-level measures of land use and other reservation characteristics over

five decades collected for this study.

To measure the effects of water right security on land use, we use high-resolution satel-

lite imagery from the U.S. Conterminous Wall-to-Wall Anthropogenic Land Use Trends

(NWALT) geospatial dataset available from 1974 onward (Falcone, 2015), which allows for

water right allocation outcomes to be observed over a span of 40 years. NWALT data

provide estimates of 19 categories of land use at a 60×60m resolution for five time peri-

ods — 1974, 1982, 1992, 2002, and 2012 — and have been cross-checked and validated

using county-level USDA and U.S. census data, and numerous other federal land use and

geospatial databases.

We focus on changes to agricultural land use resulting from Winters rights for two main

reasons. First, the majority of water use on and off reservations is still associated with

agricultural land use (Brewer et al., 2008). Second, as discussed in Section 4.2, reservation

economies are still largely agricultural and Winters settlements themselves are focused on

the acquisition of water for agriculture. We categorize land use as agricultural if it falls

into one of two NWALT categories: crops or hay/pasture (Spangler et al., 2020). We also

measure developed land use. NWALT includes a variety of developed land uses including

major transportation, commercial services, industrial and military, recreation, high density

residential, low-medium density residential, and “other developed land.”’ We categorize

land use as “developed” if it falls into any of these development classes (Medalie et al., 2020).

Developed land use reflects capital investments in the construction of physical structures,
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Figure 4.1: NWALT Land Use Data

Notes: This figure depicts our outcome measure of agricultural and and developed land
in the NWALT data. The figure depicts 16 quarter-sections of 160 acres each. The
quarter-section is our unit of analysis. Light blue color shading indicates water, which
we omit from the denominator when calculating the percentage of each parcel that is
devoted to agriculture or development.

such those for housing, gaming, manufacturing, and recreation.

Our unit of analysis is a Public Land Survey System (PLSS) quarter section. The PLSS

is a rectangular grid devised by Bureau of Land Management to divide most of the U.S. into

6×6-mile townships. Townships are then divided into 36 1-mile×1-mile sections. Each sec-

tion is divided into four quarter sections that are 1
2 -mile×1

2 -mile squares (see Figure A4.2).

These 160-acre quarter sections correspond to the typical size of an ownership tract on a

reservation due to historical land titling policies (Leonard et al., 2020; Dippel et al., 2020).4

For brevity, we refer to quarter sections as “parcels,” but we note that some quarter sec-

tions may contain multiple land parcels.5 Our primary outcomes of interest — agricultural

and developed land use — are calculated as percentages of total usable parcel area, which

excludes water and wetlands. Figure 4.1 shows the NWALT data across a sample of 16

adjacent quarter sections.

Our sample includes a panel of 257,187 parcels on 57 federally recognized reservations

in the U.S. West that have asserted water right claims for agricultural and domestic water

use (Figure A4.1). We define our treatment group (n=144,933) as parcels located on 24

reservations that adjudicated their water rights via negotiated settlement between 1974

4Some sections are divided into varying numbers of “government lots” rather than quarter sections, and
this was especially true of Indian Land Patents issued under the Dawes Act. These government lots are
typically 40 acres rather than 160. Thus, actual parcel sizes vary within the data to some degree, though
the majority are 160 acres.

5We lack data on individual land parcels, but previous research utilizing parcel level data for other
reservations (Leonard and Parker, 2021) has shown a high degree of correspondence between PLSS units
and actual parcels.
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and 2012 (years of land use data availability). Previous research finds a tribe is more likely

to begin the process of adjudicating their water rights when total reservation area, arable

reservation acreage, and measures of water scarcity are increasing (Sanchez et al., 2020).

To ensure that our group of untreated parcels is a plausible counterfactual for treatment

parcels on reservations that achieve a water settlement, we restrict our untreated group to

parcels on reservations that have self-selected into the adjudication process but have not yet

secured legal titles to water. We also exclude reservations that primarily pursue instream

flow claims, as major changes to land use are less likely to occur after settlements on these

reservation. Our untreated group is comprised of 112,254 parcels located on 33 reservations

that have initiated but not completed the adjudication process.

To determine treatment status for each reservation in each year, we use primary data

collected by (Sanchez et al., 2020) on the status of tribal water right adjudications from

settlement agreement texts housed at the University of New Mexico’s Native American

Water Rights Settlement Project, and from state, appellate, and district court documents

detailing ongoing, but unresolved, water right adjudications. We define a water settlement

dummy variable, PostSettlementrt, where each parcel on reservation r is assigned a value

of 1 for each year, t, following the enactment of the reservation’s water settlement and zero

prior to settlement.6

To assess potential differences between the treated and untreated groups, we also develop

parcel-level measures of land quality and terrain. We use 30x30 meter resolution data from

National Elevation Dataset to estimate each parcel’s mean elevation and standard deviation

of elevation as a measure of ruggedness (Ascione et al., 2008). We use the (Schaetzl et al.,

2012) soil productivity index (PI) as a time-invariant, ordinal estimate of mean soil quality

on each parcel. The soil productivity index is ranked categorically from 0-21 with values

greater than 10 representing highly productive soils. Finally, we include information on

land tenure for each quarter section from (Dippel et al., 2020), which we describe in Section

4.5.

We also construct two time-varying dummy variables: casino operation and presence of

a tribal lending institution. For each indicator, parcel i on reservation r is assigned a value

of one in year t if a casino/lending institution was in operation in that year, and zero other-

wise. We collected data on casino operation from the National Indian Gaming Commission

and individual casino websites. Data identifying tribal lending institutions is available from

the Federal Reserve Bank of Minneapolis. We collected supplemental data on tribes served

6In almost all cases, a tribe’s water rights, as specified in a settlement agreement signed between negoti-
ating parties, are formally defined when a water settlement is enacted by Congress. However, a handful of
water settlements, such as the San Luis Rey settlement in Southern California, were enacted by Congress
prior to negotiating parties reaching an agreement about how a tribe’s water right would be satisfied. In
these instances, we consider the later settlement agreement rather than the settlement act as the functional
date of settlement completion.
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by each institution, including dates of operation, from the institutions’ individual websites.

(Sanchez et al., 2020) find that tribal water entitlements and settlement funding are corre-

lated with off-reservation county population, a measure of competing demand. We use U.S.

Census data to estimate the off-reservation population in counties overlying or adjacent to

reservations each year of the sample.7

4.3.2 Empirical Strategy

Difference-in-Differences

We use a difference-in-difference methodology to estimate parcel-level changes to land use

before and after a water right settlement on treated versus untreated parcels, taking ad-

vantage of the fact that different reservations settled their water rights at different times,

and some reservations have yet to settle their rights (despite having begun the negotiation

process). The typical approach for recovering difference-in-difference estimates of the aver-

age treatment effect on the treated (ATT) in our setting would be to use a two-way fixed

effects estimator (TWFE) of the form:

yirt = βTWFEPostSettlementrt + β2Xrt + λ⃗i + τ⃗t + εirt (4.1)

where Yirt is the outcome for parcel i on reservation r in year t. Xrt is a set of time-varying

reservation characteristics (adjacent-county population, an indicator for casino develop-

ment, and an indicator for access to tribal lending institutions), λi is a vector of parcel

fixed effects, and τt is a vector of year fixed effects.

The coefficient on PostSettlementrt has traditionally been interpreted as the difference-

in-difference coefficient, but recent work has revealed potential problems with this interpre-

tation. The core issue is that βTWFE can deliver biased estimates of the true ATT when dif-

ferent cohorts (in our case, reservations) are treated at different times if there is substantial

heterogeneity in the treatment effects over time or between cohorts (de Chaisemartin and

d’Haultfoeuille, 2020; Callaway and Sant’Anna, 2020; Goodman-Bacon, 2021; Wooldridge,

2021). This bias arises because βTWFE is a weighted average of all 2×2 comparisons of

”switchers” to ”non-switchers” that appear in the data, which includes: i) comparisons

of switchers to never-treated parcels, ii) comparisons of early switchers to non-yet-treated

parcels, and iii) comparisons of late switchers to already-treated parcels (Goodman-Bacon,

2021). The third comparison, where already-treated parcels act as a control group for late-

treated parcels, can lead to negative weights in the weighted average represented by βTWFE ,

resulting in a downward bias or even a negative coefficient when all underlying ATTs are

7We use the closest available census year to each of the five NWALT waves (1974, 1982, 1992, 2002, and
2012).
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in fact positive (de Chaisemartin and d’Haultfoeuille, 2020).8

de Chaisemartin and d’Haultfoeuille (2020) and Callaway and Sant’Anna (2020) both

describe the problems that can cause βTWFE to deliver a biased estimate of the ATT and

propose alternative DiD estimators that are robust to heterogeneous treatment effects across

time and/or cohorts. To briefly summarize, both estimators are similar in that they use only

never-treated or not-yet-treated units as control groups, eliminating the already-treated ver-

sus late-treated comparison. de Chaisemartin and d’Haultfoeuille (2020)’s method provides

time-specific ATTs for each k period since treatment that are averaged across different co-

horts that are treated at different times, whereas Callaway and Sant’Anna (2020) construct

group-time-specific ATTs (e.g., a separate ATT for each cohort in each of the k periods since

treatment). Both estimators also include methods for aggregating ATTs across time/groups

to deliver either event-study coefficients or an overall ATT that is averaged across all post-

treatment periods.

We use de Chaisemartin and d’Haultfoeuille (2020)’s estimator as our preferred ap-

proach, but we show that the results are similar using either the Callaway and Sant’Anna

(2020) estimator or the traditional TWFE approach.9 We prefer the de Chaisemartin and

d’Haultfoeuille estimator for two reasons. First, in practice, the Callaway and Sant’Anna

estimator treats all covariates as time-constant, using only base-period covariates in the

estimation, whereas de Chaisemartin and d’Haultfoeuille allow for time-varying covariate

controls. A second, related advantage of the de Chaisemartin and d’Haultfoeuille estimator

is that it allows the researcher to include non-parametric time trends for different groups.

We discuss below why this is an important consideration in our setting.

Identification

Identification of the ATT associated with settling Winters rights using the de Chaisemartin

and d’Haultfoeuille (2020) estimator requires several assumptions. In addition to some reg-

ularity conditions, we must assume that both the untreated and treated potential outcomes

for the treated and untreated groups follow parallel trends, and that any shocks affecting

8These problems are more likely to arise as treatment effects become more heterogenous either across time
or between treatment cohorts. See de Chaisemartin and d’Haultfoeuille (2020) and Callaway and Sant’Anna
(2020) for additional details.

9Sun and Abraham (2020) and Borusyak and Jaravel (2021) also propose related estimators, but their
focus is on dynamic TWFE designs (event studies). We do not use those estimators for several reasons.
First, we do not pursue an event study as our primary design due to the nature of our data and outcomes
of interest. Our data occur at low frequency (once per decade) and we only observe five periods, limiting
the insight that can be gleaned from an event study design. Moreover, some of the dynamic lead and lag
coefficient would be identified off of a single reservation. Second, the Sun and Abraham estimator is similar in
practice to the Callaway and Sant’Anna (2020) estimator, except that it excludes non-yet-treated units from
the control group. Finally, the Borusyak and Jaravel estimator requires relatively stringent assumptions for
identification and may be more subject to bias than our preferred estimators if the parallel trends assumption
does not strictly hold (de Chaisemartin and D’Haultfoeuille, 2021).
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the potential outcomes for either group are uncorrelated with treatment.10 Examination

of event study estimates from the de Chaisemartin and d’Haultfoeuille approach can pro-

vide some suggestive evidence in support of these assumptions, but ultimately, they are not

testable.

Our first step in trying to justify the assumptions necessary for identification is to select

an untreated group of reservations that is likely to be similar to the treatment group. Hence,

our sample only includes reservations that have at least started the adjudication process. As

Sanchez et al. (2020) show, a variety of reservation-specific characteristics including irrigable

acreage and water scarcity affect the probability that a tribe initiates an adjudication. In

addition to the 24 reservations that settled Winters rights between 1974 and 2012, another

33 initiated a claim but had not settled by 2012. We include these latter reservations as our

untreated group. Although Table A4.1 indicates some baseline differences between these

groups in 1974, identification relies on the comparison of trends and shocks across these two

groups that may be correlated with the timing of treatment, rather than level differences.

Figure 4.2 depicts the start and end dates of each reservation’s adjudication, along with

dashed red lines for the years in which we observe land use. Reservations are stacked

by when their adjudications starts, and color-coded based on when they enter the treated

group in our data (the ending of their adjudication). As the figure indicates, the length

of adjudications is highly variable: Many reservations that begin adjudicating at the same

time nevertheless settle at different times, whereas some reservations that begin the process

at different times settle simultaneously (through a single act of Congress). Importantly,

Sanchez et al. (2020) find that the speed with which settlement occurs after a tribe initiates

the adjudication process is a function of several factors that are largely exogenous to the

reservations, such as the majority party in Congress and the number of off-reservation

parties included in the adjudication (Sanchez et al., 2020).

Despite the largely exogenous nature of congressional actions to finalize Winters settle-

ments, reservation or state-specific shocks could violate the identifying assumptions if they

are correlated with the timing of treatment (settlement) and with changes to reservation

land use. For instance, an unobserved shock to a reservation’s development potential could

alter their bargaining power or their incentives to end negotiations quickly and therefore be

correlated with treatment. Similarly, because negotiation occurs in state courts, changes to

state water policy could affect the duration or outcomes of negotiations. We take several

steps to address these concerns and diagnose their likely importance for our results.

We include state-specific non-parametric time trends to capture changes in state water

policy that could affect the outcome of Winters negotiations when we use the de Chaise-

10The regularity conditions include: i) there is a balanced panel of groups, ii) treatment is sharp (binary),
iii) groups are independent, and iv) there exists a group of non-switchers for each set of switchers in the
data.
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Figure 4.2: Timeline of Winters Adjudications & Settlements

Notes: This figure depicts adjudication start and end dates for each reservation in our sample. Reservations are
grouped into timing cohorts based on the decade when the adjudication was completed. Untreated reservations
that are still undergoing the adjudication process as of 2012 act as a control group. Vertical dashed red lines
indicate the years in which we observe land use from the NWALT data.

martin and d’Haultfoeuille estimator.11 There were a variety of state-level changes to water

policy during our study period that may have affected negotiations. Some examples include

the state-by-state adoption of in-stream flow rights (Boyd, 2003), the construction of the

Central Arizona Project (Glennon, 1995), and new groundwater regulations (Jacobs and

Glennon, 1992). In the absence of flexible controls for year effects that vary by state, these

events may compromise identification.

We also include several time-varying reservation-level controls that could influence the

evolution of land use on reservations. The first control is off-reservation population in

adjacent counties. While this is unlikely to directly affect reservation land use, it may be

correlated with treatment: Sanchez et al. (2020) show that the number and heterogeneity of

off-reservation parties affects the timing of settlement. Second, we include a dummy variable

that is equal to one if a reservation has an active casino. This variable is equal to zero for

all reservations before 1992, but it varies by reservation thereafter.12 Finally, we include a

dummy variable that is equal to one if a reservation has a tribal lending institution, which

also varies over time. In addition to being common controls in the literature on Native

American development (Dippel, 2014; Frye, 2014; Leonard et al., 2020; Dippel et al., 2021),

these variables help capture time-varying differences in reservations’ economic development

11We replace these with state-by-year fixed effects when using the the TWFE estimator.
12The passage of the Indian Gaming Regulatory Act in 1988 is what allowed tribes to begin operating

casinos.
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that may otherwise violate the parallel trends assumptions. Table A4.2 shows the evolution

of these variables over time and reveals differences between reservations that never receive

treatment versus those that settle between 1974 and 2012. In the next section, we report

results with and without the inclusion of these controls to better determine the extent to

which they affect our estimates.

Finally, we note that we do not anticipate spillover effects of water right adjudications

across reservations. Reservations are generally spatially dispersed enough to prevent a

downstream reservation from benefiting from return flows from an upstream reservation’s

water use. Likewise, land use change in anticipation of settlement is unlikely, as a tribe’s

water rights must be clearly defined before the tribe can enforce water deliveries or lease

that water to others. Moreover, many tribes lack the physical diversion infrastructure (or

the capital to develop it rapidly) to begin diverting and using water in anticipation of a

settlement (Government Accountability Office, 2006).

4.4 Main Results

This section presents the main results of our estimates of the impact of Winters rights

settlement on reservation land use. Our focus is on agriculture, but we also report estimates

for developed land use. We also provide back-of-the-envelope calculations for what our

estimates imply in terms of actual water use under a variety of assumptions about water

use per acre. In all the results that follow, we cluster standard errors by PLSS townships,

which are arbitrary 6×6-mile squares that include, on average, 144 quarter sections each, as

is common in studies of agricultural land and water use (Ge et al., 2020; Hagerty, 2021).13

4.4.1 The Effect of Winters Rights on Agricultural Land Use

We begin by presenting event study estimates to provide evidence for whether the necessary

parallel trends assumptions are likely to hold in our setting. The relevant comparison for

identification purposes requires focusing on trends in the untreated group relative to a

treated reservation at the time of treatment, i.e., an event study. de Chaisemartin and

d’Haultfoeuille (2020)’s estimator allows the researcher to estimate the effect of treatment

in each of the k periods before versus after treatment. Our NWALT data contain a total of

five periods. Because settlements are staggered over time, we are able to report a symmetric

window that includes three periods prior to treatment and three years after treatment, with

period “0” defined as the first year in which treatment begins. Sizing the event window in

13Clustering at a higher level, such as reservation, is not feasible because of the small number of reservations
in our sample and our inability to combine the novel DiD estimators with techniques for valid inference with
low numbers of clusters, such as the wild cluster bootstrap (MacKinnon and Webb, 2017).
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this way ensures that dynamic leads or lags are not being identified by a single reservation.14

Figure 4.3: Agricultural Land Use Event Study

Notes: This figure depicts event study estimates using the estimator developed by de Chaise-
martin and d’Haultfoeuille, implemented with the did multiplegt package in Stata. The
model corresponds to the specification in column 1 of Panel A of Table 4.1, which includes
parcel fixed effects and state-by-year fixed effects. The difference between treated and un-
treated groups is normalized to zero in period t− 1, the final period before treatment. Period
0 denotes the first period in which parcels are exposed to treatment.

Figure 4.3 presents the results of the event study estimates using the estimator proposed

by de Chaisemartin and d’Haultfoeuille for our baseline specification that includes parcel

fixed effects and state-specific non-parametric trends, but no time-varying reservation con-

trols.15 All coefficients are relative to the difference between treated and untreated parcels

in the period just prior to treatment, which is normalized to 0. The results show no evidence

of a pre-trend: The coefficients for periods t − 2 and t − 3 are near zero and statistically

insignificant, although the coefficient on period t − 3 is nearing significance. If anything,

this suggests a slight decreasing trend in agricultural land use on treated reservations prior

to settlement.

From period t = 0 onward, there is a statistically significant (and increasing) difference

between the treated and untreated. Appendix Figure A4.3 shows that this finding is robust

to including time varying controls for off-reservation population, casino presence, and credit

access. Including these controls reduces the magnitude and precision of the t−3 coefficient.

This provides support for the common trends and exogeneity assumptions necessary for

identification.

Our main estimates for the effect of Winters rights on agricultural land use are presented

14We have only one reservation, Maricopa (Ak-Chin), for which we observe three time periods of data
after period “0.” Accordingly, we focus our event window on period 0 plus two years.

15Implemented with the did multiplegt package in Stata.
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Table 4.1: The Impact of Winters Settlements on Agricultural Land Use

(1) (2) (3) (4) (5)

Panel A:

Post Settlement 0.526*** 0.588*** 0.582*** 0.526*** 0.614***
(0.065) (0.065) (0.061) (0.066) (0.067)

Panel B:

Post Settlement 0.393*** 0.298** 0.409*** 0.375*** 0.3278**
(0.062) (0.138) (0.060) (0.100) (0.143)

Panel C:

Post Settlement 0.220*** 0.297*** 0.358*** 0.207*** 0.363***
(0.066) (0.066) (0.063) (0.066) (0.064)

Observations 1,489,425 1,489,425 1,489,425 1,489,425 1,489,425
Adjusted R-squared (TWFE) 0.978 0.978 0.978 0.978 0.978
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Two-Way Fixed Effects

Notes: This table presents difference-in-difference estimates for the effect of Winters settle-
ments based on the model in Equation 4.1 using several estimators. Panel A uses the estimator
proposed by de Chaisemartin and d’Haultfoeuille and implemented with the did multiplegt
Stata package with two leads and two lags of treatment. Panel B uses the estimator proposed
by Callaway and Sant’Anna and implemented with the csdid package in Stata. Panel C
presents traditional TWFE estimates obtained via OLS. Panels A and C include state-by-
year fixed effects, whereas Panel B uses pooled year fixed effects due to limitations of the
csdid package. Standard errors are clustered by PLSS township (a 6×6-mile square con-
taining 144 parcels) and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.

in Table 4.1. The baseline model in column 1 does not include any time-varying reservation

controls. Column 2 controls for off-reservation population growth, column 3 controls for

casino presence, column 4 controls for credit access, and column 5 includes all three con-

trols. Panel A reports estimates from de Chaisemartin and d’Haultfoeuille’s method, Panel

B reports estimates using the Callaway and Sant’Anna estimator, and Panel C reports esti-

mators from the classic TWFE estimator.16 Panel A includes state-specific non-parametric

trends and Panel C includes state-by-year fixed effects, but Panel B includes only year fixed

effects.17

The coefficient estimates in Table 4.1 are fairly stable across specifications and differ-

ent estimators. The dependent variable is the percentage of a quarter section devoted to

agricultural land use (ranging from 0 to 100). Controlling for time-varying reservation co-

variates tends to increase the estimated effect of Winters settlements, especially when all

three controls are included. Hence, although inclusion of time-varying controls does not

appear critical for the parallel trends assumption, it may nonetheless lead to a more cred-

16Panel A estimates are derived using with the did multiplegt package in Stata. Panel B estimates
are derived using the csdid package in Stata.

17The Callaway and Sant’Anna estimator does not have an option for including group-varying time effects.
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ible comparison between reservations in the treated versus untreated groups that were on

similar land use trajectories. We do note, however, that controls for casino presence and

tribal lending institutions may be endogenous because those tribes with the institutional

capacity to pursue casinos and lending institutions may fare better in Winters negotiations.

The coefficients are also fairly consistent across all three estimators. The TWFE and Call-

away and Sant’Anna (2020) estimates are quite similar, whereas the de Chaisemartin and

d’Haultfoeuille (2020) tend to be somewhat larger.

Although we find a robust and precisely estimated increase in agricultural land use after

Winters settlements, the magnitude of the effect is quite small. Focusing on the largest of

the coefficients in Panel A of Table 4.1, column 5 suggests a 0.614 percentage point increase

in agricultural land use due to a Winters settlement (the dependent variable ranges from 0

to 100). The average quarter section on untreated reservations is 7.04 percent agriculture,

implying that settlement leads to a 8.7 percent increase in agriculture relative to the mean.

Given the massive volumes of water associated with these settlements, this a strikingly

small number.

In part, the low mean (7.04 percent) for percent agriculture is driven by a large number

of zeroes in the data. For parcels that do have at least some agriculture, the mean is 55

percent agricultural land use. In Table A4.4, we switch to a linear probability model where

the dependent variable is equal to one if a parcel has any agricultural land use, and zero

otherwise. We find statistically significant increases in the probability of agriculture on

parcel after settlement, but the effect is still quite small. The Panel A, column 5 coefficient

in Table A4.4 indicates that settlement increases the probability of agriculture on a parcel

by .0019 percentage points, which is a 14.9 percent increase relative to the mean of 12.7

percent on parcels in the untreated group. Finally, Table A4.5 focuses on cultivated crops

only, excluding hay/pasture, yielding even smaller results: The 0.226 percentage point

increase in the percentage of land on a parcel devoted to cultivated crops is just a 4 percent

increase relative to the mean of 5.61 percent.

Thus, our results to this point indicate that Winters settlements lead to a statistically

significant increase in agricultural land use that is robust to a variety of specifications, al-

ternative estimators, and alternative ways of measuring agricultural land use. However, the

effects are much smaller than one might anticipate given the size of the typical settlement.

One possible explanation is that, contrary to our discussion in Section 4.2, tribes may be

using their newly acquired water to support additional residential development rather than

agriculture.
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4.4.2 The Effect of Winters Rights on Developed Land Use

We now turn our attention to developed land use on reservations. NWALT’s categoriza-

tion of developed land use includes essentially any “hard” infrastructure or other physical

buildings. Hence, increases in development could reflect new infrastructure, new residential

housing, or urbanization. Table 4.2 presents the results, with panels and columns defined as

in Table 4.1. Appendix Figures A4.4 and A4.5 show the associated event study coefficients.

Table 4.2: The Impact of Winters Settlements on Developed Land Use

(1) (2) (3) (4) (5)

Panel A:

Post Settlement 0.003 -0.069 0.006 0.004 -0.063
(0.046) (0.062) (0.050) (0.046) (0.059)

Panel B:

Post Settlement -0.120 -0.187* -0.124 -0.272 -0.308*
(0.116) (0.105) (0.109) (0.247) (0.187)

Panel C:

Post Settlement -0.056 -0.125 -0.067 -0.026 -0.066
(0.162) (0.065) (0.118) (0.153) (0.112)

Observations 1,489,425 1,489,425 1,489,425 1,489,425 1,489,425
Adjusted R-squared (TWFE) 0.888 0.888 0.888 0.888 0.888
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Development

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Two-Way Fixed Effects

Notes: This table presents difference-in-difference estimates for the effect of Winters settle-
ments based on the model in Equation 4.1 using several estimators. Panel A uses the estimator
proposed by de Chaisemartin and d’Haultfoeuille and implemented with the did multiplegt
Stata package with two leads and two lags of treatment. Panel B uses the estimator proposed
by Callaway and Sant’Anna and implemented with the csdid package in Stata. Panel C
presents traditional TWFE estimates obtained via OLS. Panels A and C include state-by-
year fixed effects, whereas Panel B uses pooled year fixed effects due to limitations of the
csdid package. Standard errors are clustered by PLSS township (a 6×6-mile square con-
taining 144 parcels) and reported in parentheses * p < 0.1, ** p < 0.05, *** p < 0.01.

Unlike the agricultural land use results, the developed coefficient estimates in Table 4.2

are statistically insignificant across all models and estimates. The estimates are also a full

order of magnitude smaller than the agricultural land use estimators. Although these effects

are clearly not precisely estimated zeroes, we fail to reject the null that Winters’ settlements

have no effect on developed land use. When interpreting how these results affect total tribal

water use, it is important to remember that agricultural water use per-acre is much higher

than residential and urban water use per-acre. Hence, the remaining analysis focuses pri-

marily on agricultural land use.
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4.4.3 Water Use Estimates

Next, we use our agricultural land use estimates to develop back-of-the-envelope estimates

of total water use on each reservation in 2012. We then compare these estimates to i)

predicted changes in water use due to settlement and ii) actual settlement amounts. This

allows us to characterize how much of their settlement each tribe is using, and how much of

this use is attributable to post-settlement changes in land use associated with our estimates.

We use the estimates from column 5 in Panel A of Table 4.1 to calculate the share of

ˆUser that is attributable to changes in land use associated with the settlement of a Winters

right.18 To do so, multiply the average predicted change in land use for a parcel by the

average parcel size and number of parcels on each reservation. We then multiply this figure

by varying levels of water use ranging from 2 to 5 acre-feet per acre (AFA).19 We estimate

the predicted change in water use according to the following calculation:

ˆ∆User =
β̂ag
100

×AFAag × ParcelAcresr ×NP
r (4.2)

where NP
r is the number of parcels on reservation r, and ParcelAcresr is the average size

of parcels on reservation r. β̂ag is the de Chaisemartin and d’Haultfoeuille (2020) coefficient

estimating changes to agriculture land use from column 5 of Panel A in Table 4.1. Note

that because developed land use does not change significantly following a settlement, there

are no corresponding post-settlement increases in water use for development.

The results for each reservation are depicted in Figure A4.6, which shows predicted

changes to on-reservation water use attributable to settlement for each AF/acre scenario.

We estimate that settlement-induced changes in on-reservation water use across reservations,

account for between 5-12 percent of tribes’ total water entitlements. When we include off-

reservation leasing, our estimates of post-settlement changes to water use increase to an

average of 8–16 percent. The extent to which tribes lease water rights off-reservation is

highly variable with a few reservations in the Southwest leasing large portions of their

water entitlements.

The results for each reservation are depicted in Figure A4.6, which shows predicted

changes to on-reservation water use. For each reservation, we present four scenarios corre-

sponding to an assumed 2, 3, 4, or 5 AFA agricultural water use, from left to right. The

striking heterogeneity in predicted water use impacts across reservations is driven to a large

degree by differences in reservation acreage relative to settlement amounts. For example,

the San Carlos and Tohono O’odham reservations are both quite large, and hence see large

18We use the column 6 coefficients to generate the largest (most optimistic) predicted increase in water
use.

19This covers the range of water use per acre for the most common crops grown in the U.S. West Johnson
and Cody (2015), which varies from 0.6 AFA for berries to 5 AFA for sugar beets.
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predicted increase in agricultural land use. The figure also underscores the impact of as-

sumptions about water use per-acre. The predicted effects on Tohono O’odham vary from

just over 40% with 2 AFA, to 100% of its entitlement with 5 AFA.

Next, we estimate total water use in 2012 for each treated reservation to better under-

stand plausible water use scenarios. We separately sum agricultural acres and developed

acres from the 2012 NWALT data by reservation and multiply by conversion factors for

water use per acre. We assume that developed land uses an average of 0.25 acre-feet (AF)

per acre.20 We estimate the share of settlement water use on reservation r in 2012 as:

ˆUser = AgAcresr ×AFAag +DevAcresr × 0.25 + Leasedr (4.3)

where and Leasedr is water being leased to off-reservation users by reservation r in 2012,

which we obtain from settlement agreements and water transaction records for each state.

We censor our estimate at 100 percent in cases where predicted water use exceeds available

water.

Figure 4.4 depicts estimates of the share of unused settlement water for each treated

reservation in the sample. For each reservation, we present four scenarios corresponding to

an assumed 2, 3, 4, or 5 AFA in agricultural water use, from left to right. Our estimates

suggest that Fort Peck is using its entire entitlement under all four scenarios and that

several other reservations may be using their full entitlement under high water-use scenarios.

Others, like the Soboba or Taos, were using little to none of their settlement by 2012.

Given the growing deficit between water supply and demand in the West, and consequent

increases in the value of water in the region, tribes’ collective acquisition of titles to 5.3

million AF should be an economic windfall. Yet, our estimates show that tribes are not

capturing the full value of their water rights either through on-reservation water use or by

transferring water off-reservation. Water use estimates suggest that tribes are missing out

on significant economic gains associated with a resource that they own on paper but not in

practice. Should tribes fully use their remaining entitlements entirely for agriculture, under

a 2 acre-foot per acre water duty, they could irrigate an additional 1.3 million acres.21 Using

state-specific water market pricing data from the Water Transactions Dataset (Donohew

and Libecap, 2010), we estimate the total adjusted (2020$) value of water forgone by tribes

in 2012 to be between $900 million $1.6 billion. This amounts to between $4,500 and $8,000
for each person residing on these reservations.22

20We view this as an upper-bound assumption as 48 percent of reservation households lack access to water
and sanitation infrastructure (Democratic Staff of the House Committee on Natural Resources, 2016).

21Authors’ calculation based on ≈ 2.1 million AF remaining under a 2 AFA scenario. Accordingly, 2.1
million AF ÷ 2 AFA = 1.05 million acres of additional agriculture

22Per capita value of unused water is calculated by authors using 2010 U.S. Census Data
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Figure 4.4: 2012 Water Use Estimates

Notes: This figure depicts estimated water use in 2012 for each treated reservation in our sample using
calculation in Equation 4.3. The estimates include water for agriculture, developed land use, and off-
reservation water leasing. We assume 0.25 AF/acre for developed land use. For each reservation, water
use estimates depicted by each bar, from left to right, assume agricultural water use estimates of 2, 3, 4,
and 5 AF/acre. The gray area represents the share of a reservation’s water settlement that we estimate is
used in 2012.

4.5 Mechanisms

One possible explanation for the divergence between water entitlements and use is that our

measures of water use do not fully capture the diverse priorities and goals that tribes have

for water. For instance, many reservations in the Northwest use large portions of their water

rights to maintain streamflow. However, legal streamflow protections in Southwestern states

are limited, and none of the water settlements included in our study specifically allocated

water for instream flows.

Another possibility is that tribes use newly acquired water rights to intensify irrigation

by shifting from low-value hay and pasture to higher-value crop production without expand-

ing farmed acreage. The results for increases in cropped acreage in Table A4.5 are small

relative to those in overall agricultural land in Table 4.1, suggesting that this is not the

case. It is also possible that reservation farmers are switching to more water-intensive crops

after settlement. However, the 4 and 5 AFA estimates presented in Figure A4.6 indicate

that most reservations would still not be using their full allocation, even if they switched

entirely to the most water-intensive crops such as rice, alfalfa, and sugar beets (Johnson

and Cody, 2015).

The most likely explanation, based on the magnitude of unexercised tribal water rights,

is that the majority of tribal water rights are still being used off-reservation and without

compensation. One reason for this may be tribes’ inability to put water to productive use

on reservations. Even though tribal water rights cannot be forfeited through non-use, they
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may nevertheless be insecure and open to continued appropriation by off-reservation users

(who no longer own the water) so long as tribes lack the ability to use them. A key barrier

to productive on-reservation land uses identified in previous work is land tenure. Using

recently developed parcel-level measures of land tenure, we explore whether the ownership

regimes prevalent on many reservations constrain land use change when tribes receive water

rights.

There are also broader obstacles to tribal control over their water rights. Because federal

funding allocated through water settlements is often discretionary rather than mandatory,

tribes have struggled to secure annual payments to support water infrastructure projects

(Stern, 2019). Legal challenges to water settlements have delayed their implementation,

while tribal infrastructure projects, unlike those constructed off-reservation for non-tribal

farmers in the early 1900s, are subject to Endangered Species Act, National Environmental

Protection Act, and state environmental regulations (Blumm et al., 2006). We lack the

data to analyze the specific empirical magnitudes of these barriers. We can, however,

assess whether tribes that engage in off-reservation leasing are able to finance additional

agricultural or other development via this new revenue source.

4.5.1 Land Tenure as a Barrier to Land Use Change

Previous literature has found that land tenure presents significant barriers to development

on Native American reservations (Anderson and Lueck, 1992; Ge et al., 2020; Leonard

et al., 2020; Dippel et al., 2020). Beginning in 1887, the Dawes General Allotment Act

authorized the Office of Indian Affairs to allocate tribal land to individual Native American

households. These allotments were typically held in trust by the federal government for

25 years until the allottee was deemed “competent” to hold fee simple title. Allotted trust

lands could not be transferred or included in an individual’s will. The allotment process

abruptly ended in 1934, resulting in a a complicated mosaic on many reservations consisting

of of fee simple parcels, allotted trust parcels owned by individuals but held in trust with

the federal government, and tribal parcels that were never allotted (Carlson, 1981; Leonard

et al., 2020).

Trusteeship on allotted and tribal land may prevent land use changes via a complex nexus

of transaction costs, credit constraints, and bureaucratic hurdles. The non-transferability

of allotted trust lands precludes their use as collateral for accessing credit, prevents land

assembly to efficient farm sizes, and has led to fractionated ownership due to common

heirship, wherein a single trust parcel can be shared by over 100 owners who must agree to

any changes in land use (Dippel et al., 2020). Tribal land avoids many of these pitfalls, but

tribes must confront federal regulatory hurdles not present on private land due to federal

trusteeship (Leonard and Parker, 2021). Fee simple land entails far fewer constraints on
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land use, though the use if settlement water on fee simple land is still within the jurisdiction

of the tribal government.

We use land tenure data developed by Dippel et al. (2020) from BLM digital records

documenting changes in land ownership on reservations. Land patents issued on each reser-

vation during the 1877-1934 Allotment Era were filed with the General Land Office (GLO).

Each patent contains the parcel location, as indicated by the BLM’s Public Land System

Survey (PLSS), the Indian allotment number, the date it was initially issued in trust, and

the date when it was converted from trust to fee simple ownership (if ever). To focus on

fixed differences in land tenure, we limit our sample to parcels that have not changed in

land tenure status since 1974 (the first year of land use data availability).23 Parcels are

categorized into three discrete land tenure groups: Fee simple, tribal trust, and allotted

trust land.24 The last three rows of Table A4.1 show the share of each type of ownership

on treated versus untreated reservations. Overall, treated reservations have a larger share

of fee simple and allotted trust land, and a lower share of tribal trust land.

To explore the impact of land tenure on the ability to change land use in response

to a Winters settlement, we estimate a difference-in-difference-in-difference (DDD) model

that allows the effect of Winters settlements to vary by land tenure class. Our estimating

equation is:

yirt = βFPostSettlementrt + βAPostSettlementrt ×Allottedi

+βTPostSettlementrt × Tribali + β2Xrt+ λ⃗i + τ⃗t + εirt (4.4)

where Allottedi is an indicator that is equal to one for allotted trust parcels and Tribali

is an indicator that is equal to one for tribal trust parcels. βF is the estimated effect of

Winters rights on fee simple parcels, the omitted group, and βA and βT report the difference

in this effect for allotted and tribal parcels, respectively. All other parameters are defined as

in Equation 4.1. Importantly, our model includes parcel fixed effects that absorb all time-

invariant differences between parcels in each land tenure class, such as soil quality, terrain,

and proximity to water. Table 4.3 presents our estimates of the parameters in Equation 4.4

for agricultural land use using TWFE. We also report separate DiD estimates for each land

tenure class using both robust DiD estimators in Table A4.7.25

The results in Table 4.3 reveal substantial differences in the impact of Winters settle-

23In practice, this is the vast majority of parcels. We exclude parcels that have changed tenure status
due to special circumstances so that our results are not confounded by factors that cause changes in tenure
status, such as special acts of Congress.

24To deliver precise estimates of the effect of tenure, we exclude parcels that have a mix of land tenure
associated with them. This would include allotted parcels where only a subset of the acreage was converted
to fee ownership as well as parcels that were only partially allotted to begin with.

25These estimates include all land tenure classes in the untreated group, focusing only only changes in a
given tenure class relative to the untreated group after treatment.
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Table 4.3: Differential Impacts by Land Tenure Class: Agriculture

(1) (2) (3) (4) (5)

Post Settlement (Fee Simple) 0.820*** 0.836*** 0.836*** 0.819*** 0.837***
(0.127) (0.127) (0.128) (0.127) (0.128)

Post Settlement X Allotted -0.439*** -0.434*** -0.402*** -0.435*** -0.402***
(0.150) (0.150) (0.151) (0.149) (0.151)

Post Settlement X Tribal -0.750*** -0.731*** -0.662*** -0.740*** -0.661***
(0.128) (0.129) (0.133) (0.128) (0.133)

Observations 1,266,645 1,266,644 1,266,645 1,266,645 1,266,644
Adjusted R-squared 0.986 0.986 0.986 0.986 0.986
N Clusters 3254 3254 3254 3254 3254
p-value (Fee + Allotted) 0.00266 0.00147 0.000602 0.00232 0.000579
p-value (Fee + Tribal) 0.0428 0.00944 0.0000649 0.0425 0.000137
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.4 using TWFE. The omitted category for the baseline difference is fee
simple land tenure. Table A4.7 presents alternative DiD estimates for each group separately
using the methods proposed by de Chaisemartin and d’Haultfoeuille (2020) and Callaway and
Sant’Anna (2020), which cannot be used directly to estimate a DDD model. Standard errors
are clustered by township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.

ments across land tenure classes. On fee simple land, settlement increases agricultural land

use by roughly 0.8 percentage points, a 50 percent increase relative to the pooled coef-

ficient in Table 4.1. This is a 11 percent increase relative to mean agricultural land use

on untreated parcels. The coefficient estimates for allotted parcels indicate that increases

in agricultural land use are almost completely negated on allotted and tribal trust land.

The p-value for the sum of the allotted interaction term and the baseline fee simple effect,

reported in the bottom of the table, indicates that increases on allotted and tribal parcels

are not statistically different from zero in most cases. The results in Table A4.7 lead to

similar conclusions. Tables A4.8 and A4.9 present the tenure-specific results for developed

land use. We find no effect of Winters settlements on developed land use across any of the

land tenure classes or estimators.

These results are consistent with the existing literature on reservation land tenure. Ge

et al. (2020) find significantly less irrigation investment on tribal land relative to fee simple

within a single reservation. Similarly, we find that tribal lands see the smallest increase in

agricultural land use in response to Winters settlements. Dippel et al. (2020) find a rank

ordering of fee simple parcels, then tribal parcels, followed by allotted trust parcels in terms

of both agricultural and developed land use. Our results for agriculture are similar, though

we do not find differences in the effect on development across fee simple versus allotted

trust parcels.

Chapter 4



71

Our results imply that agricultural land use constraints on both allotted and tribal

trust lands limit the ability of tribes to utilize their full water entitlements. We construct a

counterfactual of changes to land use as the result of a settlement to understand the extent

to which under-utilization of settlement water is the result of land tenure constraints. We

assume that all parcels experienced the same increase in land use as observed on fee simple

parcels:

˜∆User =

(
−β̂A

ag

100
×AFAag

)
× ParcelAcres

A
r ×NA

r

+

(
−β̂T

ag

100
×AFAag

)
× ParcelAcres

T
r ×NT

r (4.5)

where ˜∆User is the counterfactual water use change on reservation, r if all parcels were fee

simple, ParcelAcresAr and ParcelAcresTr are the average size of allotted trust and tribal

trust parcels, respectively, and NA
r and NT

r are the number of allotted trust or tribal trust

parcels on reservation r. β̂A
ag and β̂T

ag are coefficients from column 5 of Table 4.3.

Essentially, Equation 4.5 removes the negative allotted effect from allotted parcels and

the negative tribal effect from tribal parcels to predict overall changes in water use if all

restrictions associated with land tenure were removed. Next, we take the estimated coun-

terfactual changes to water use and add them to our estimates of actual total water use

from Equation 4.3 (and Figure 4.4) to construct a counterfactual estimate of what water

use on each reservation would have been in 2012 in the absence of land tenure constraints:

˜User = ˆUser + ˜∆User.

As a final step, we estimate the portion of unused water in the counterfactual 2012

scenario as ˆUnusedr = Settlementr– ˜User = Settlementr–( ˜∆User + ˆUser). We express
ˆUnusedr, ˜User and ˜∆User as shares of Settlementr. The results are depicted in Figure 4.5.

The blue shading indicates the estimated share of a settlement actually used in agriculture

in 2012, whereas the red shading indicates the estimated share used in development in

2012. Yellow shading indicates leased water. The green shading corresponds to ˜∆User and

indicates how much more water would be used if the reservation were entirely fee simple

land. The grey shading corresponds to water that is unused even in the counterfactual

scenario, and hence attributable to factors other than land tenure.

The results in Figure 4.5 indicate that constraints on land tenure are a meaningful

barrier to expanding water use on some reservations but are less consequential on others.

Differences across reservations appear to be driven by a combination of the amount of non-

fee land on a reservation and the timing of a settlement. All else equal, reservations with

large areas of tribal and allotted trust land stand to gain more in a counterfactual scenario

where those parcels are free from trust land constraints. Our estimates may understate the
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Figure 4.5: 2012 Counterfactual Water Use Estimates

Notes: This figure depicts our estimates of counterfactual 2012 water use if the barriers associated with
allotted trust and tribal trust land were removed. The estimates are obtained by adding the results of
Equation 4.5 to Equation 4.3. We assume 0.25 AF/acre for developed land use. For each reservation,
water use estimates depicted by each bar, from left to right, assume agricultural water use estimates of 2,
3, 4, and 5 AF/acre.

importance of land tenure because they focus only on own-parcel impacts but not on the

effects on neighboring parcels. Spillovers across parcels and larger mosaics of fee simple,

tribal, and allotted trust parcels may further constrain land use beyond the own-parcel

effects (Leonard and Parker, 2021). Still, there appear to be important factors beyond land

tenure constraining water use on some reservations.

4.5.2 Pre-Existing Water Infrastructure

Surface water irrigation relies on large-scale infrastructure to store, divert, and convey water

from where it is typically found—in drainages too rugged for farming—to where it can be

used on flat, arable lands (Hanemann, 2014; Leonard and Libecap, 2019; Edwards and

Smith, 2018). Developing this infrastructure is costly. Off of reservations, private financing

of ditches and other small-scale infrastructure in the late 19th century gave way to larger

projects funded by the federal Bureau of Reclamation in the early 20th century (Hanemann,

2014). Without similar infrastructure, reservations may face physical and logistical hurdles

to using their water.

Financing new infrastructure may prove difficult for tribes, especially in the wake of

costly water right settlements. Because federal funding allocated through water settlements

is often discretionary rather than mandatory, tribes have struggled to secure annual pay-

ments to support water infrastructure projects (Stern, 2019). Legal challenges to water

settlements have delayed their implementation (and funding). Moreover, tribal infrastruc-

ture projects, unlike those constructed off-reservation for non-tribal farmers in the early
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1900s, are subject to Endangered Species Act, National Environmental Protection Act, and

state environmental regulations (Blumm et al., 2006).

To assess the potential role of large-scale infrastructure limitations in explaining the

limited impacts of Winters settlements, we exploit the fact the the Bureau of Indian Affairs

constructed irrigation infrastructure projects on some reservations in the early 20th century.

Although many BIA projects are sorely in need of repair today (Carlson, 2018), the presence

of an existing project nevertheless provides a major logistical advantage for the tribes that

have them. Within our sample, seven treated reservations and two untreated reservations

have BIA projects.26

To test whether the presence of a pre-existing BIA project facilitates additional water use

after a Winters settlement, we estimate the following difference-in-difference-in-difference

(DDD) model:

yirt = β1PostSettlementrt + βBPostSettlementrt ×BIAr ++β2Xrt+ λ⃗i + τ⃗t + εirt

(4.6)

where BIAr is an indicator that is equal to one for parcels on reservations with a BIA

project. β1 is the estimated effect of Winters rights on reservations without a project,

the omitted group, and βB reports the difference in this effect for parcels on reservations

with a project. All other parameters are defined as in Equation 4.1. Importantly, our

model includes parcel fixed effects that absorb time-invariant differences between parcels

on reservations with and without BIA projects.

Table 4.4: Differential Impacts by BIA Project

(1) (2) (3) (4) (5)

Post Settlement -0.0932 -0.00985 0.106 -0.0934  0.122* 
(0.069) (0.069) (0.071) (0.071) (0.074)

Post Settlement X BIA Project 0.615*** 0.572*** 0.439*** 0.616*** 0.449***
(0.114) (0.115) (0.126) (0.117) (0.126)

Observations 1,410,185 1,410,185 1,410,185 1,410,185 1,410,185
Adjusted R-squared 0.979 0.979 0.979 0.979 0.979
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.6 using TWFE estimates. Standard errors are clustered by township and
reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.

Table 4.4 presents results from the estimating Equation 4.6. We find that following a

water settlement, agricultural land use expands almost exclusively on reservations where a

26The treated reservations with projects are: Crow, Duck Valley (ID), Fort Hall, Fort Peck, Gila River,
Southern Ute (CO), and Uintah Ouray. The untreated reservations with projects are Fort Belknap and
Southern Ute (CO).
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BIA project is already in place. TWFE coefficients on post-settlement leasing in column

1 indicate roughly a 0.62 percentage point increase in post-settlement agriculture on reser-

vations with a BIA project, which amounts to a 9 percent increase over untreated parcels

(7.04%). Thus, where water is a limiting factor to agriculture, the pre-existing BIA irriga-

tion projects have the capacity to make settlement water available for immediate use. DiD

estimates presented in Table A4.10 corroborate estimates presented in Table 4.4

4.5.3 Off-Reservation Water Leasing

Through negotiated settlement agreements, many tribes have secured congressional autho-

rization to lease their water off-reservation. Leasing can provide tribes with relatively swift

economic return on their water entitlements — particularly given costs and delays asso-

ciated with building infrastructure for on-reservation water use — while also mitigating

conflicts over limited water supplies with off-reservation users

(Bovee, 2015; Nyberg, 2014). The water markets literature demonstrates that when

barriers to water marketing are sufficiently low, scarce water is transferred from relatively

low-value water use, such as agriculture, to more efficient, higher-value urban and envi-

ronmental uses (Brewer et al., 2008). Leasing also increases tribes’ flexibility to use water

to meet reservation needs and priorities. For instance, Gila River Indian Community de-

posits leasing revenue in an endowment fund to subsidize water for reservation farmers and

reinvest in irrigation system maintenance, while nearby Fort Apache Reservation leases the

majority of its water to Arizona cities and largely eschews farming (Arizona Water Bank-

ing Authority, 2019; Amended and Restated White Mountain Apache Tribe Water Rights

Quantification Agreement, 2012).

However, existing literature also highlights high transaction costs associated with leasing

water rights (Edwards and Libecap, 2015; Womble and Hanemann, 2020; Leonard et al.,

2020). Beyond requiring express authorization from Congress to lease water off-reservation,

tribes face additional leasing constraints. Most settlements require the Secretary of Interior

to approve individual leases (Nyberg, 2014). In the Southwest, settlements have limited

potential markets to specific water sources, or to certain municipalities, which reduces

opportunities for trade and potentially reduces leasing revenue (Royster, 2012). The extent

to which a reservation leases water rights off-reservation potentially influences land and

water use decisions, particularly as differences in the marginal value of water use on and

off-reservation increase. High transaction costs paired with diminishing gains from trade

may limit the extent to which tribes pursue and ultimately benefit from water leasing.

To test how water leasing shapes changes in land use, we collect primary data on whether

a reservation leases water rights from settlement texts, federal water project reports, and
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state water right databases. We examine the effect of leasing using a DDD model:

yirt = βNPostSettlementrt + βLPostSettlementrt × Leasert + β2Xrt+ λ⃗i + τ⃗t + εirt

(4.7)

where Leasert is equal to one in post-settlement year if a parcel lies on a reservation that

leases some or all of its settlement water in year, t (and a value of 0 for parcels on reservations

that have not settled yet or do not lease settlement water). All other parameters and

variables are defined as in Table 4.1. In this framework, βN represents the effect of a

Winters settlement on non-leasing reservations (the omitted group) and βL represents the

difference in the effect of settlement for reservations that lease some portion of their water

rights back to off-reservation users. As before, we estimate the model using TWFE and the

robust DiD estimator proposed by de Chaisemartin and d’Haultfoeuille (2020).

Table 4.5 presents the results of estimating Equation 4.7. Panel A reports TWFE

estimates of leasing effects on agricultural land use change, and Panel B reports TWFE

estimates on developed land use change. The specifications vary across columns as in

Table 4.1. Notably, post-settlement agricultural land use increases significantly across all

specifications on reservations that do not lease water. Post-settlement agricultural land use

on reservations that lease water does not differ significantly from zero. In Panel B, we find

that leasing has the opposite effects on developed land use. Where leasing occurs, developed

land use increases significantly across all specifications by between 0.4 and 0.5 percentage

points whereas development on non-leasing parcels is not significantly different from zero.

Table 4.5: Differential Impacts by Leasing Status

(1) (2) (3) (4) (5)
Panel A:

Post Settlement (No Lease) 0.293*** 0.376*** 0.410*** 0.275*** 0.422***
(0.066) (0.073) (0.064) (0.062) (0.068)

Post-Settlement x Lease -0.309*** -0.321*** -0.237 -0.275* -0.234
(0.155) (0.154) (0.151) (0.151) (0.154)

Adjusted R-squared (TWFE) 0.978 0.978 0.978 0.978 0.978
p-value (Post x Lease) 0.915 0.969 0.237 0.999 0.181
Panel B:

Post Settlement -0.171   -0.246* -0.173 -0.125 -0.176*
(0.149) (0.149) (0.111) (0.130) (0.100)

Post Settlement x Lease 0.484**   '0.495** 0.483** 0.396* 0.431*
(0.231) (0.231) (0.228) (0.233) (0.232)

Adjusted R-squared (TWFE) 0.888 0.888 0.888 0.888 0.888
p-value (Post x Lease) 0.268 0.354 0.206 0.350 0.297
Observations 1,489,360 1,489,360 1,489,360 1,489,360 1,489,360
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

Y = % Developed

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.7 using TWFE. The omitted category for the baseline difference is reser-
vations that do not lease any water. Standard errors are clustered by township and reported
in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Results indicate that marketing water off-reservation provides tribes with important

revenue that can be reinvested in non-agricultural build infrastructure. Results may also

reflect the transaction costs and opportunity costs associated with marketing water off-

reservation: rather than expanding farming, it may be more lucrative to for tribes to market

water to relatively high-value uses off-reservations so that they can reinvest that leasing

revenue in relatively efficient, non-agricultural activities. That tribes that lease their water

exhibit a much stronger and more robust development response than tribes that do not

suggests that leasing water to off-reservation users may provide an income stream for tribes

to overcome financial barriers that previously constrained development. Still, Figure 4.4

makes it clear that even those tribes that benefit from leasing are — with a few exceptions—

failing to capture the full value of their water entitlements.

4.6 Discussion

Water right security has been fundamental to agricultural and economic development across

the western U.S. (Hanemann, 2014; Leonard and Libecap, 2019), where water systems are

fully appropriated (Grantham and Viers, 2014) and even small shifts in the distribution

of water entitlements and water use can impact other water users. Consistent with this

received wisdom, we show that tribal water settlements lead to an expansion of agricultural

land use on reservations. This runs counter to regional water use trends showing declining

agricultural water use as market-based transactions redirect water away from low-value

agriculture to higher value municipal, industrial, and environmental water uses (Brewer

et al., 2008; Deiter et al., 2018).

Ultimately though, our findings indicate that most tribes are using a small fraction of

their water entitlements, potentially leaving as much as $1.6 billion in annual revenue on

the table. This finding is consistent with surveys find that even after reservations that have

secured Winters rights, nearly 48 percent of households continue to lack indoor plumbing,

sanitation infrastructure, and potable drinking water (Crepelle, 2019; Rodriguez-Lonebear

et al., 2020; Democratic Staff of the House Committee on Natural Resources, 2016).

Given large and growing tribal water allocations, understanding tribal water use prior-

ities and obstacles is critical to shaping regional drought adaptation strategies and to ad-

dressing economic underdevelopment on reservations. For instance, the gradual expansion

of relatively low-value agriculture provides opportunities to compensate tribes for conserved

water by financing irrigation efficiency improvements, addressing barriers to water leasing,

or negotiating water-sharing agreements that meet shared basin priorities.

Tribes included in this study have secured rights to 5.3 million acre-feet of water —

a volume that greatly exceeds the 5-12 percent change in the volume of water that tribes

actually use on-reservation and lease off-reservation. The fact that water withdrawals in the
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Colorado River Basin regularly exceed supply by 1 million AF implies that there are lucra-

tive opportunities to market water to willing lessees. While agriculture expands following

settlement more in the southwest than on northwest reservations, and a greater percentage

of entitlements are leased, even under the most optimistic scenario, southwest reservations

are only using two-thirds of their collective entitlements.

More broadly, under-utilization of reservation land can be explained by a myriad of fac-

tors that prevent land use change necessary to fully utilize water rights. Many reservations

suffer from lack of access to credit, unclear commercial codes, and legacies of destabilizing

events (Dippel, 2014; Frye, 2014). Reservations tend to be located in geographically remote

areas, where low population densities hinder economies of scale, while critical infrastructure,

such as roads, electricity are underdeveloped on many reservations (Mauer, 2017). Com-

bined, these challenges raise the costs of increasing both agricultural and non-agricultural

development on reservations.

Our results suggest that a lack of irrigation infrastructure at the reservation level im-

pedes increases in agricultural level, and that these infrastructure barriers are compounded

by land tenure issues within reservations. While previous research has highlighted the im-

portance of land tenure as barrier to resource use on reservations, this paper underscores

the importance of considering property rights across multiple resources when attempting

to reconcile historical expropriation of a particular resource, such as water. To the extent

that underlying problems with land tenure and access to capital go unaddressed, it is un-

clear whether future efforts to restore indigenous rights to additional land, water, and other

resources will yield the hoped for benefits.

This is not to say that tribal water use is limited to agriculture or leasing, or that tribal

water use will not increase over time. The Gila River Indian Community in Arizona, for ex-

ample, banks a portion of its entitlement as groundwater to recharge the aquifer underlying

the reservation and to restore wetlands, and continues to expand irrigated agriculture and

commercial development on the reservation since its 2005 water settlement. In recent years,

Colorado River Basin tribes have increased the volume of water leased to maintain water

levels in Lake Mead, and tribs are emerging as critical players in the Drought Contingency

Planning for the Colorado River (Arizona Water Banking Authority, 2019). Yet, the gap

between water use and water entitlements that exist on paper is remarkable given regional

water constraints. Future research is necessary explore the impact of Winters settlements

on off-reservation water use to determine the extent of these uncompensated benefits.
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Discussion

The original 1908 Supreme Court ruling establishing the validity of Winters rights is perhaps

more pertinent today than when it was initially decided. Along with subsequent decrees, it

affirmed that tribes on reservations own “hard” property rights to water: once quantified

and assigned a priority date, reservations can legally exclude off-reservation water users

from accessing the resource by putting it to beneficial use. Laws validating Winters claims

provide a critical framework for articulating and restoring tribal water rights, particularly

when doing so impacts off-reservation water use. 114 years after the initial Winters ruling,

tribes on 58 of 226 reservations have successfully reclaimed rights to 10.7 million acre-feet

(AF) of water through a combination of negotiated settlements and court rulings.

In the arid western U.S., where changes to one party’s water use impact water users,

a comprehensive understanding of how Winters rights factor into the bigger western water

puzzle will be critical to equitably and efficiently adapting to future shortages. These first

quantitative analyses of Winters adjudications mitigate uncertainty about how tribal water

rights will be articulated and incorporated into the existing appropriative rights system.

Together, they provide important insight into how path dependencies embedded in property

right institutions shape and constrain responses to water scarcity.

By empirically identifying factors that catalyze and prolong the adjudication process,

as well as determinants of settlement outcomes and the long-term effects on water use,

this work provides important information to tribes and non-tribal water users alike as they

weigh their respective roles and strategies in the adjudication process. While the results

presented in the preceding dissertation chapters document the benefits of deeded water

rights and resolving competing water claims, they also underscore the practical challenges

of restoring Indigenous water rights.
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5.1 High Costs of Legal Uncertainty

Secure water rights in the arid West are vital for irrigated agriculture, urban and residential

supply, and maintaining instream flows that provide habitat, cultural value, and recreation.

With ongoing drought and rapid population growth, the value of that water is especially

high. As ongoing drought and growing demand raise the value of that water, parties tend to

seek legal certainty in their water rights. Yet, resolving conflicts over competing claims to

such an irreplaceable resource can be especially difficult when there is little legal precedent

for doing so. By identifying factors that catalyze Winters adjudications, this research can

help preempt conflicts that arise when one party comes to rely on a resource to which it

does not have legal rights.

This research identifies measures of water scarcity and rising opportunity costs of fore-

gone water use of Winters right adjudication catalysts. In particular, growing off-reservation

populations consistently and significantly predicts a Winters adjudication start. As more

people vie for access to a finite resource and the relative value of that resource rises. With-

out legally enforceable water rights, tribes cannot bar off-reservation users from diverting

more water and depleting reservation water supplies. When tribes initiate a Winters adju-

dication, it tends to be because reservation water insecurity has become so dire that they

have little choice but to assert claims in court.

In other cases, states draw tribes into general basin adjudications when uncertainty

about the potential magnitude of tribes’ water claims impedes economic growth. Nearly all

economic development – agricultural and non-agricultural – across the West requires long-

term, reliable water access. To avoid developing water to which tribes likely have rights,

appropriative right holders forgo economic growth associated with water use until Winters

rights can be clarified. As the opportunity costs of legal uncertainty increase, so does the

probability of legal conflict over Winters claims.

Opportunity costs are especially high where reservations have large areas of arable farm-

land that entitle them to potentially large volumes of water. Following the 1963 Supreme

Court ruling (Arizona v. California, 1963), tribes can assert claims based on a reservation’s

practicably irrigable acreage. Those with more arable farmland are owed larger volumes of

water, and therefore incur higher opportunity costs of forgone water use when they delay

adjudication. Because Winters rights are senior to most appropriative rights, their even-

tual adjudication potentially displaces off-reservation water use. Larger reservations with

more irrigable land pose and larger water claims also pose greater threats of disrupting

off-reservation water use once adjudicated. State water users risk greater losses as the po-

tential magnitude of Winters claims increases, and therefore have a greater incentive to

resolve Winters claims sooner rather than later.

While all parties incur some opportunity costs of legal uncertainty, this research indicates
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that tribes are likely to bear the highest costs when Winters adjudications are delayed. The

total per acre volume of water entitlements that tribes receive in a settlement is decreasing

over time and as water scarcity increases. Reservation water access tends to be scarce and

variable on reservations even before an adjudication starts, while the process of resolving

claims averages 22 years. Thus, reservation populations and ecosystems can endure water

shortages for decades. Meanwhile, non-tribal users bear high opportunity costs associated

with forgone water development, which are increasing with the volume of tribal water claims.

But because most of the largest reservations have already acquired water rights, the impacts

of currently unresolved Winters claims on appropriative water rights may not be as severe

as initially anticipated.

5.2 Benefits of Resolving Competing Water Claims

By empirically identifying factors underlying contracting costs and settlement outcomes

to tribes and irrigators, these studies inform bargaining strategies and expectations about

settlement benefits. The adjudication process is contentious. Parties can expend millions

of dollars in legal fees and technical analyses, with costs increasing over time. While the

specter of an unfavorable court ruling incentivizes out-of-court negotiations, parties can

resolve Winters right claims more quickly by switching to negotiation sooner in the process.

To varying extents, reservations have benefited from acquiring legal titles to water.

Many Winters adjudications focus on the capacity of tribes to use their water rights to

develop and expand irrigated agriculture. Larger reservations with more irrigable acreage

tend to receive larger volumes of water entitlements. Agricultural land use increases slightly

but significantly on reservations as the result of a water settlement. In the Southwest, in

particular, tribes have used settlement water for culturally and economically important crop

production. The Ak-Chin Indian Community in Arizona, for example, uses settlement water

to irrigate 16,000 acres of traditional crops and high-value pistachio and pecan orchards,

thereby generating nearly $19.5 million annually (Applied Economics, LLC, 2017). The

tribe is reinvesting earnings into modern home construction for enrolled members.

While the direct effects of water settlements on developed land use are ambiguous and

vary across reservations, anecdotal evidence highlights how Winters rights and settlement

funding can provide tribes with a reliable water supply to support non-agricultural devel-

opment goals. For instance, the Navajo Gallup project, once completed, will enable Navajo

and Jicarilla Apache Nation residents to switch from rapidly declining groundwater sources

to more reliable, higher quality surface water, ensuring their future ability to live and work

on the reservations (Page, 2019).

Where tribes are authorized to lease water rights off-reservation, water marketing offers

them an important revenue stream. Winters rights are often made available by reductions
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in water use by non-tribal users. Municipal users with relatively inelastic demand and

long-term planning horizons have financed infrastructure improvements to make conserved

water available to tribes and then leased back tribal water rights to maintain their existing

patterns of water use (Colby and Young, 2018).

To some extent, off-reservation water leasing incentivizes more efficient water use. Post-

settlement increases in agricultural land use (a relatively low-value water use) on reserva-

tions that lease their water back to off-reservation users are significantly smaller than on

reservations that do not lease settlement water. However, tribes that lease their water see

much larger increases in developed land use. Income from water leasing appears to help

tribes overcome preexisting capital constraints that have prevented economic development

in the past. Whether or not a tribe has the ability to lease water back to off-reservation

users depends on the specifics of a given adjudication or settlement.

Results showing that on average IOs cede relatively small portions of their water rights in

a settlement mitigate uncertainty about Winters settlement outcomes. While IOs with rela-

tively junior water right portfolios tend to relinquish, larger portions of their pre-settlement

water entitlements, overall, they still maintain the bulk of their water rights. Instead,

market mechanisms embedded in the settlement process facilitate more efficient water use:

Cities, states, and the federal government often finance infrastructure improvements that

generate conserved water for tribes, but also preserve existing entitlements. When IOs do

cede water, the financial compensation they receive in return is approximately twice the

value of that water had it been used to irrigate relatively low-value crops.

This research highlights the dually important roles of litigation and negotiation in re-

solving water disputes: the legal validity of tribal water claims is the necessary threat, or

stick, that incentivizes negotiation, while financial compensation to IOs is a carrot that in-

centivizes reallocation to tribes and higher-value municipal and environmental water users.

The Winters Doctrine, along with successive rulings that clarify and validate Winters rights

are invaluable tools that tribes have leveraged to restore their de jure water rights. In con-

trast, where Indigenous communities, like those in Australia, are not entitled to “hard”

property rights through court rulings or statutory law, they have been less successful in

obtaining water rights (Hartwig et al., 2018, 2021).

5.3 Water Rights are not a Panacea

While tribes stand to gain a great deal from acquiring legally enforceable water rights, the

potential benefits outlined above have often been slow to materialize. Ongoing drought and

overdrawn water budgets across western states should make Winters rights an economic

windfall for tribes. This research, however, shows that post-settlement changes to tribal

water use – including agriculture, development, and off-reservation leasing – account for
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between 5 and 12 percent of total water entitlements.

Using causal inference methods, this work demonstrates that restrictions on reservation

land tenure and water marketing limit tribes’ water access to only a fraction of their deeded

water rights, relegate settlement water use to low-value agriculture, and result in over

$1.6 billion annually in lost leasing revenue. As such, restoring Indigenous water rights is

not a panacea when ownership rights to water as well as overlapping property rights are

incomplete. At a time where the exigencies of water scarcity necessitate more efficient,

equitable water use, these institutional frictions that impede settlement water use largely

preserve status quo patterns of water use across the West.

5.3.1 Land Tenure Restrictions

Findings expose the persistent inequities embedded in western water (and land) right insti-

tutions that emerged in the 1800s. Off-reservation, secure water and land rights allocated

to settlers enabled capital investments in water infrastructure, which boosted agricultural

productivity and contributed to long-term economic growth. On reservations, however,

federal allotment policies deprived tribes of land ownership rights and dispossessed them

of millions of acres of reservation land. Meanwhile, water was fully allocated to settlers

without regard for tribal water needs.

Tribal and allotted trust land – the majority of reservation land – is still subject to

federal oversight. Because trust land cannot be transferred, in most cases it cannot be used

as collateral for loans. Credit constraints inhibit tribes and individuals from investing in

productivity improvements, such as water storage and conveyance infrastructure on trust

land. Instead, tribes have had to rely on the federal government to finance infrastructure.

In the late 1800s, the Bureau of Indian Affairs (BIA) constructed large-scale irrigation

projects on 15 reservations. The projects tended to serve privately held and allotted land

leased by non-Indian farmers. None of the projects were formally completed, and while

still in operation, are in dire need of repair. Notably, where agricultural land use increases

significantly as the result of a settlement, both the total and post-settlement changes to

agricultural water use are highest on reservations with pre-existing BIA irrigation projects.

Irrigation projects have additional capacity to convey water, so settlement water is available

for immediate on-reservation use.

Yet, findings indicate that secure water rights alone do not lead to capital investments

in water infrastructure. In part, this is because reservation land held in trust by the federal

government cannot be collateralized and is subject to oversight constraints that raise trans-

action costs associated with bringing it into production. Likewise, the patchwork of land

tenure classes across reservations impedes cooperative investments in infrastructure. Conse-

quently, incomplete ownership over land rights raises costs of land use, thereby diminishing
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tribes’ abilities to assert de jure water rights.

Absent pre-existing infrastructure, tribes rely on federal funding in settlements to fi-

nance the infrastructure necessary to put settlement water to beneficial use. Yet, securing

settlement funding from Congress and then planning and constructing water projects can

take decades. Without financial capital, many tribes struggle to access and develop their

water rights for on-reservation use. Likewise, their inability to use water inhibits income

generation that could potentially fund water infrastructure.

Together, these studies highlight how western water law favors existing beneficial use:

by attaining legal titles to water, tribes do not automatically gain control of the resource.

Until they can build diversion infrastructure, they cannot beneficially use their water rights

on reservations, and existing water users maintain access to water. Meanwhile, public

and private infrastructure investments off-reservation, made over a century ago, enable

appropriative right holders to continue using water, even when that water is now owned by

tribes.

5.3.2 Barriers to Off-Reservation Water Marketing

Water marketing offers a potential path to beneficially using settlement water, as it enables

tribes to capitalize on their water rights without investing in infrastructure. They can

then reinvest revenue in reservation economies and build out infrastructure as they see fit.

However, the very credit constraints that impede on-reservation water use also handicap

tribes’ attempts to market water off-reservation. Without the infrastructure to divert and

beneficially use water, tribes have few alternatives for excluding non-tribal water users if

water marketing efforts fail. Because prior appropriation rules direct unused water to the

next right holder in the priority order, off-reservation parties have little incentive to enter

into leasing agreements when they are already using tribes’ unused water for free.

Further, leasing water off-reservation requires Congressional authorization, which is

granted on a case-by-case basis. Typically, tribes must bargain for permission to lease

water off-reservation at the same time as they are negotiating to secure their water rights.

Because water access on reservations is severely limited and insecure before adjudication,

other negotiating parties, such as cities, irrigation districts, and state and federal agencies,

have had the power to dictate the terms of tribal water marketing.

5.4 Incomplete Property Rights Impede Efficient, Equitable Water Use

While tribes never forfeit their paper water rights through nonuse, doubts remain about

whether these unexercised water rights will be enforced once off-reservation communities

come to rely on them. Without viable leasing options, tribes have an incentive to use their

full water entitlements. Over time, they have worked to expand irrigated agriculture on
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reservations as a de facto legal protection against future competition from off-reservation

water users.

Critically, capital constraints on reservations and the federal government’s historical

underinvestment in reservation water infrastructure have meant that on-reservation agri-

cultural water use is relatively inefficient. Where off-reservation farms have shifted to more

efficient sprinkler and drip irrigation systems, reservation agriculture largely relies on flood

and furrow irrigation. As a result, restricting tribes from leasing water further entrenches

water use in relatively low-efficiency agriculture and also limits tribes’ access to capital to

invest in more efficient irrigation systems.

In the Colorado River Basin, where annual water withdrawals exceed inflow by nearly

1 million AF, the potential losses associated with such water marketing restrictions are

immense. By 2012, tribes only leased only 3 percent of their collective entitlements while

between 30 to 60 percent of their water remained in uncompensated use off-reservation.

Tribes’ unused water rights amount to annual lost leasing revenues of $900 million to $1.6
million, or between $4,500 and $8,000 for every person residing on these reservations.

As tribes gradually secure settlement funding and construct water delivery infrastruc-

ture, on-reservation water use will likely increase, thus reducing the volume of their unexer-

cised water rights currently in use off-reservation. Without the ability to enter into formal

leasing agreements, tribes are limited to using water on reservation, while off-reservation

water users remain uncertain about when their water access will be curtailed. Paradoxically,

by relying on unused tribal water, off-reservation communities potentially set the scene for

conflicts akin to Winter right adjudications.

5.5 Multiple Institutional Failures Require Multiple Policy Solutions

Capital constraints on reservation trust land – a function of incomplete land and water right

ownership – severely limit how tribes can benefit from their water rights. Restrictions on

tribal water marketing violate tribal sovereignty, erode the value of their water rights, and

perpetuate inefficient and inequitable water use. Additionally, allocating federal funding

promised to tribes via settlement agreements can take years, if not decades. Addressing

restrictions that limit access to credit on reservation trust land and raise the costs of trust

land use is inherently complex and beyond the scope of this work. Yet, there are several

policy solutions related to Winters rights that could alleviate capital constraints on reserva-

tions, improve socioeconomic outcomes for tribes, and contribute to more efficient regional

water use.

First, Congress should enact universal legislation authorizing tribes to market their

water rights off-reservation. The option to lease provides tribes with more autonomy over

water use decisions, generates revenue to reinvest in agriculture if that is a priority, supports
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economic diversification, and boosts tribes’ influence in regional water policy and planning

efforts. For many, farming and food sovereignty are important water use goals, which have

been maintained and expanded even when water is marketed off-reservation.

Second, pending tribal support, settlements should include financial and administrative

support for developing water marketing platforms and customer bases. Guiding tribes and

off-reservation water users through the jurisdictional complexities associated with using

Winters rights off-reservation could lower transaction costs and thicken the market. As

water shortages west-wide necessitate more flexible and efficient water use, removing barriers

to tribal water marketing will be critical to nimbly allocating water to where it is needed

most.

The voluntary nature of water markets means that tribes who oppose leasing water can

opt out. Tribes, like appropriative right holders, should be able to opt in or out of the

market as they please. At the same time, a market is not truly voluntary if parties lack

other resource use options. As such, federal agencies must honor settlements by prioritizing

Winters settlement funding in annual budget allocations. Several tribes with settlements

enacted by Congress as recently as 2010 have yet to receive the allocations necessary to

construct basic water and sanitation infrastructure. Tribes should have sovereign authority

to use water according to their own diverse and evolving needs and priorities but should

not be coerced into marketing water for lack of other options.
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5.6 Chapter 2 Appendix

Table A2.1: Reservation-Level Summary Statistics: Mean and (Standard Deviation)

Adjudicating Non-Adjudicating Total

Number of Reservations 81 145 226

9.420 5.728 7.051
(4.331) (3.048) (3.970)
5.319 2.750 3.668
(2.251) (2.139) (2.498)
30.332 12.809 19.329
(30.552) (12.228) (22.590)
0.001 0.001 0.001
(0.001) (0.002) (0.001)
24.805 30.094 28.198
(14.794) (21.808) (19.715)
1.086 0.455 0.681
(1.200) (0.764) (0.987)
0.086 0.503 0.354
(0.283) (0.502) (0.479)
11,161 12,209 11,651
(4,176) (5,702) (4,957)

Reservation PCI 2000

Credit (2018)

Casino

POD Density (POD/mi2)

Mean April-Sept Precipitation 
(mm)

Stream Order (#)

Off-Reservation County 
Population Growth Rate (%)

ln(Prime Acres)

Notes: Standard deviation in parentheses. The sample contains 226 federally recognized
reservations in AZ, CA, CO, ID, MY, NM, NV, OR, UT, WA, and WY. Navajo Nation
counted as three separate reservations, as Winters claims are adjudicated separately in AZ,
NM, and UT. Duck Valley is counted as two separate reservations, as it adjudicated Winters
claims separately in ID and NV. Adjudicating reservations include those that have either re-
solved claims or have initiated the process of resolving claims. Non-adjudicating reservations
include those that have not initiated the adjudication process.
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Table A2.2: Adjudication-Level Summary Statistics

Mean
Standard 
Deviation n

Number of Bargaining Parties 33.5 79.018 44
Unique Party Types 3.364 1.366 44
Democratic Congressional 
majority years as a percentage 
of adjudication years

51.264 27.559 44

Percentage of negotiated 
settlements with Democratic 
Congressional majority in 
settlement resolution year

0.417 0.5 36

% County Urban Land Cover 14.894 17.08 44
Basin Precipitation Spatial 
Coefficient of Variance

0.343 0.177 44

Casino 0.0455 0.211 44
Reservation PCI 2000 10857.86 3695.07 41
Credit (number of lending 
institutions reservations have 
access to in 2018)

1.386 1.224 44
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Table A2.3: Linear Probability Model Regression Results: Net Effects of Adjudication Determi-
nants

(1) (2) (3) (4) (5) (6)
0.0339*** 0.0288** 0.0236* 0.0364*** 0.0284** 0.0244*

(0.012) (0.011) (0.014) (0.014) (0.013) (0.014)

0.0412** 0.0431*** 0.023 0.0377* 0.030 0.019

(0.016) (0.016) (0.020) (0.020) (0.019) (0.021)
0.00446*** 0.00432*** 0.00341*** 0.00384*** 0.00327*** 0.00322**

(0.001) (0.001) (0.001) (0.001) (0.001) (0.001)
0.038 0.041 0.048 0.037 0.042 0.044
(0.031) (0.028) (0.034) (0.036) (0.031) (0.034)

-0.00367*** -0.00361*** -0.00631*** -0.00448*** -0.00479*** -0.00636***
(0.001) (0.001) (0.002) (0.002) (0.001) (0.002)

0.0582*** 0.019 0.006 0.0644*** 0.006 0.001
(0.022) (0.022) (0.024) (0.024) (0.024) (0.024)

-0.294*** -0.429*** -0.416*** -0.451***
(0.055) (0.088) (0.080) (0.088)

0.0739* 0.0716*
(0.040) (0.040)

-7.17E-07 -1.31E-06
(8.44E-6) (8.70E-6)

-0.242** 0.031 0.341* 0.201 0.292* 0.408**
(0.098) (0.116) (0.198) (0.126) (0.161) (0.199)

Observations 216.0 216.0 138.0 154.0 154.0 135.0
R-squared 0.392 0.652 0.467 0.348 0.629 0.467

Constant

POD Density 
(POD/mi2)
Precipitation 
(mm)

BIA Region

Casino Prior 
to Adj. Start

Credit (2018)

Reservation 
PCI 2000

All Reservations 2010 Reservation Population ≥100

ln(Prime 
Acres)
Highest 
Stream 
Order (#)
Off-Res. Pop. 
Growth Rate

Notes: Columns 4-6 are robustness checks, based on reservation population, which is highly
correlated (.8161) with reservation land area. Restricting our sample to reservations with
populations 100 excludes most California rancherias, and smaller reservations that generally
do not practice agriculture. Columns 2, 3, 5, and 6 contain additional controls for economic
capacity: fractionated land area as a percentage of reservation area, number of lending insti-
tutions available to a reservation in 2018, and the presence of a casino prior to adjudication
start. Robust standard errors are in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01
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Table A2.4: Summary of AICc results for models relating AFY entitlement outcomes with control
variables

Model K n AICc AIC
M1 1 36 123.1589 122.3589
M2 2 36 115.5659 114.1866
M3 3 36 108.9994 106.8565
M4 4 36 110.3824 107.2713
M5 5 36 111.5581 107.2504
M6 6 36 114.4651 108.7051
M7 7 36 117.5304 110.0304
M8 8 36 121.3958 111.8306
M9 9 35 125.7855 113.7855
M10 10 35 130.6376 115.7805

Notes: K indicates the number of parameters included in each model specification, while n
indicates the number of observations. AICc is the Akaike Information Criterion corrected for
small sample size, and AIC is the Akaike Information Criterion. AIC and AICc are relative
scores. We select the model (M3) with the lowest AICc score.
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Table A2.5: Predictors Included in each AICc Model

Model Predictors
M1 logged farmed acres (1974)
M2 logged farmed acres (1974); logged reservation acres

M3
logged farmed acres (1974); logged reservation acres; mean 
basin precipitation

M4

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area

M5

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres

M6

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres; casino operation

M7

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres; casino operation; off-
reservation decadal population growth rate prior to resolution

M8

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres; casino operation; off-
reservation decadal population growth rate prior to resolution; 
stream order

M9

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres; casino operation; off-
reservation decadal population growth rate prior to resolution; 
stream order; logged reservation population prior to resolution

M10

logged farmed acres (1974); logged reservation acres; mean 
basin precipitation; percentage of adjudicated reservation area 
to state area; logged prime acres; casino operation; off-
reservation decadal population growth rate prior to resolution; 
stream order; logged reservation population prior to 
resolution; BIA region

Notes: Table specifies dependent variables included in each AICc model specification. Vari-
ables specified in model 3 (M3), which has the lowest AICc score, are included in our multi-
linear regression analysis that tests for determinants of AFY water entitlements (Table??).
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Table A2.6: Upper and lower bounds on predicted water right allocations for completed and
ongoing adjudications and actual settlement amounts, where settled

Lower 
Bound

Upper 
Bound

Lower 
Bound

Upper 
Bound

Timbi-Sha Shoshone 507 1,160 1,693 Ramona 630 895
Lummi 21,072 685 2,122 4,279 Tonto Apache 186 297
Hualapai 386 694 7,447 14,998 Bridgeport 402 579
Yavapai-Prescott 986 1,550 278 429 Yavapai-Apache 3,000 842 1,207
Las Vegas 2,000 691 998 Benton Paiute 506 721
Paiute (UT) 4,000 7,253 9,016 Yerington 4,725 388 560
Fallbrook 11,408 4,994 6,281 8,058 Lone Pine 948 477 682
Aamodt 62,517 6,467 14,600 18,044 Havasupai 1,120 3,173 5,649
Soboba 3,080 9,000 13,283 17,019 Big Pine 820 1,136
Ak-Chin 85,000 85,000 42,732 56,647 Santa Ana 17,610 17,531 20,298
Zuni 9,100 10,600 26,434 35,698 Bishop 6,575 9,377
Taos 21,000 14,058 13,141 16,389 Zia 11,795 8,988 11,658
San Luis Rey 25,373 16,000 38,951 48,997 Cahuilla 36,496 47,923
Rocky Boy's 131,400 20,000 34,000 39,960 Jemez 10,209 28,952 32,966
Nez Perce 14,556 50,000 302,475 380,971 Hopi 50,082 73,994
San Carlos 350,000 77,435 61,060 83,541 Acoma 11,239 13,832 19,326
Blackfeet 2,025,000 750,000 445,775 544,635 Navajo (AZ)1 15,000,000 290,863 457,859
Fort Apache 518,169 99,000 26,644 44,150 Navajo (UT) 56,948 83,413
Salt River 191,000 122,400 54,927 67,977 Tule River 510 2,850 4,626
Jicarilla 36,288 45,646 43,816 57,784 Laguna 15,670 15,440 22,020
Ute 225,488 437,175 531,738 Walker River 25,000 107,488 131,191
Uintah 481,078 481,035 796,976 1,001,579 Flathead 614,030 202,839 262,339
Navajo (NM) 633,532 353,764 451,458 Coeur d'Alene 84,075 180,157 216,984
Gila 1,865,470 653,500 255,100 307,768 Umatilla 126,800 161,621 198,621
Fort Hall 563,290 711,862 328,934 398,497 Agua Caliente 8,819 12,246
Fort Belknap 211,400 477,408 154,820 184,161 Total 15,937,241 1,196,905 1,616,567
Warm Springs 7,493 325,786 29,600 41,502
Pyramid Lake 4,258 520,000 80,724 104,368
Duck Valley (NV) 95,425 114,082 111,093 127,774
Duck Valley (ID) 100,800 32,062 73,670 85,086
Fort McDowell 45,000 36,350 14,366 17,266
Fallon Paiute-
Shoshone 13,612 10,588 25,767 34,300

Northern 
Cheyenne 486,500 91,330 48,077 57,252

Tohono O'odham 12,284,300 79,200 291,664 397,159

Crow 2,114,100 847,000 424,780 515,527

Fort Peck 1,050,472 1,050,472 831,944 1,060,762
Total 22,829,553 7,609,731 5,401,524 6,767,480

Adjudicated 
Agreements

Western 
States Water 

Council 

AFY 
Entitlement

Prediction (95% CI) Ongoing 
Adjudications

Western 
States Water 

Council 

Prediction (95% CI)

1Western Water Council estimate includes all of Navajo 
Nation, Hopi Reservation land under Hopi-Navajo joint 
ownership

Notes: Western States Water Council’s 1983 estimates are included for comparison (Johnson, 1983). The 95%
confidence interval is related to the point estimate of the model prediction, not an assessment of the accuracy of
the model in predicting future adjudications. We use regression coefficients from Table 5 to predict entitlement
volumes. Because our regression has a logged dependent variable, but we would like to construct confidence inter-
vals for levels, we must transform back. The expected value of the transformed lognormal distribution, from Zhou

and Gao (1997), is: p̂ = eµ̂+
1
2
σn

2
. We construct a confidence interval, from Olsson (2005), of the exponent of:

(µ̂+ 1
2
σn

2)± t

√
σ̂2
n
n

+
σ̂4
n

2(n−1)
Where t is the Student’s t-distribution test statistic with degrees of freedom, n. We

use n equal to the number of observations in each regression.
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5.7 Chapter 3 Appendix

Table A3.7: Irrigation Organizations Included in Study
Settlement Irrigation Organization Settlement Irrigation Organization

Buckeye Irrigation Company A&B Irrigation District
Buckeye Water Conservation District Aberdeen Springfield Canal Company
Harquahala Irrigation District Bell Rapids Mutual Irrigation Company
Roosevelt Water Conservation District Big Bend Irrigation District

Fort McDowell Harquahala Irrigation District Boise-Kuna Irrigation District
Buckeye Irrigation Company Burgess Canal & Irrigation Company
Buckeye Water Conservation District Burley Irrigation District
Central Arizona Irrigation & Drainage District Egin Bench Canal, Inc.
Franklin Irrigation District Enterprise Irrigation District
Gila Valley Irrigation District Falls Irrigation District
Harquahala Irrigation District Harrison Canal & Irrigation Company
Hohokam Irrigation District Lewiston Orchards Irrigation District
Maricopa-Stanfield Irrigation & Drainage Milner Irrigation District
Roosevelt Irrigation District Minidoka Irrigation District
Roosevelt Water Conservation District New York Irrigation District
San Carlos Irrigation and Drainage District North Freemont
Bloomington Canal Company North Side Canal Company
Gunlock Irrigation District People’s Canal & Irrigation District
Ivins Irrigation Company Pioneer Irrigation District
Lower Gunlock Reservoir Corporation Progressive Irrigation District
New Santa Clara Field Canal Company Settlers Irrigation District
St. George Clara Field Canal Company Snake River Valley Irrigation District
Roosevelt Irrigation District Twin Falls Canal Company
Roosevelt Water Conservation District Wilder Irrigation District
Wellton-Mohawk Irrigation District Dolores Water Conservancy District
Buckeye Irrigation Company Florida Canal
Buckeye Water Conservation District Florida Ditch
Roosevelt Water Conservation District Florida Water Conservancy District

San Luis Rey Vista Irrigation District Mancos Water Conservancy District
Lyman Water Company
St. Johns Irrigation and Ditch CompanyZuniChino Valley Irrigation DistrictYavapai-Prescott

Gila River

Paiute (UT)

Salt River

Ute

Fort Apache

Nez Perce

San Carlos
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Estimating Relative Shortage Risk: The following tables depict example of the step-
by-step process to calculate IOs’ water shortage risks relative to other IOs within a single
tribal water right negotiation.

Table A3.8: Calculating an IO’s relative risk of water shortage

IO Priority AFY 10% 20% 30% 40% 50% 60% 70% 80% 90%

A 1887 7,000 0 0 0 0 0 0 0 0 -3,000
B 1889 4,250 0 0 0 0 0 0 0 -3,250 -4,250
C 1904 3,500 0 0 0 0 0 0 -2,750 -3,500 -3,500
A 1906 4,000 0 0 0 0 0 -2,750 -4,000 -4,000 -4,000
B 1922 6,250 0 0 0 -1,000 -5,000 -6,250 -6,250 -6,250 -6,250
C 1936 4,500 0 0 -1,500 -4,500 -4,500 -4,500 -4,500 -4,500 -4,500
A 1942 3,000 0 -500 -3,000 -3,000 -3,000 -3,000 -3,000 -3,000 -3,000
B 1945 3,000 0 -3,000 -3,000 -3,000 -3,000 -3,000 -3,000 -3,000 -3,000
C 1952 4,500 -4,000 -4,500 -4,500 -4,500 -4,500 -4,500 -4,500 -4,500 -4,500

0 4,000 8,000 12,000 16,000 20,000 24,000 28,000 32,000 36,000

40,000 36,000 32,000 28,000 24,000 20,000 16,000 12,000 8,000 4,000

Percentage of Total Water Supply Reduction

Total Shortfall

A
FY

 C
ur

ta
ile

d

Water Rights

Available Supply

Notes: This table depicts the volume of an IO’s water right that would be curtailed under
water increasingly severe water shortage scenarios. As total water availability - measured as
the volume of water held collectively by IOs participating in the negotiation - decreases in
10 percent increments, appropriative water law mandates that the most junior rights are cut
first.

Table A3.9: Volume and percentage of IO water rights curtailed under increasing levels of shortage

-10% -20% -30% -40% -50% -60% -70% -80% -90%

AFY 0 -500 -3,000 -3,000 -3,000 -5,750 -7,000 -7,000 -10,000
Pct. 0% 4% 21% 21% 21% 41% 50% 50% 71%
AFY 0 -3,000 -3,000 -4,000 -8,000 -9,250 -9,250 -12,500 -13,500
Pct. 0% 22% 22% 30% 59% 69% 69% 93% 100%
AFY -4,000 -4,500 -6,000 -9,000 -9,000 -9,000 -11,750 -12,500 -12,500
Pct. 32% 36% 48% 72% 72% 72% 94% 100% 100%

ID
Total 
Right 
(AFY)

Water Supply Reduction Scenarios

For each irrigation district, i , within the settlement negotiation, s , we calculate the total AFY water right curtailment 
under each shortage scenario. An irrigation district’s “Total Right (AFY)” (col. 2) is the sum of the volume of its 
individual rights. The main body of this table shows the AFY volume, and the percentage of each IO’s total water right 
curtailed under increasing levels of water shortage. These AFY values are the sum of each IO’s water right curtailment 
under each shortage scenario. Under the 20% shortage scenario, District A does not receive 500 AFY, or 4 percent, of its 
14,000 AFY entitlement, while District B does not receive 3,000 AFY, or 22 percent of its 13,500 AFY total entitlement.

A

B

C

14,000

13,500

12,500

W
at

er
 C

ur
ta

ilm
en

t

Notes: Table depicts the volume (AFY) and percentage of water rights curtailed for each
negotiating IO under as water availability decreases in 10 percent increments.
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Figure A3.1: Relative Shortage Risk Under Prior Appropriation Rules

Notes: Graph is a visual depiction of the independent variable construction of an IO’s risk of
shortage relative to other IOs in the negotiation. The graph is constructed from Table A3.9.
The percentage of an IO’s water entitlements that are curtailed under prior appropriation
rules is on the y-axis. The percentage reduction to total water supply is on the x-axis. βrisk

is
is the linear relationship between an IO’s water curtailment as a function of diminishing water
availability. A steeper line (βrisk

is ) relative to other IOs indicates greater shortage risk.
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Table A3.10: Dirksen Center Congressional Power Index

>60% = 3 56-58% = 1 50-52% = -1
59-60% = 2 53-55% = 0 < 50% = -2

< $100,000 = -5 $400,000-$499,999 = -1 $800,000-$899,999 = 3
$100,00-$199,999 = -4 $500,000-$599,999 = 0 $900,000-$999,999 = 4
$200,000-$299,999 = -3 $600,000-$699,999 = 1 ≥$1,000,000 = 5
$300,000-$399,999 = -2 $700,000-$799,999 = 2

Speaker of the House or Majority Leader of the Senate = 5
Minority Leader or Assistant Majority Leader = 4
Majority or Minority Whip, Assistant Minority Leader = 3

1. Is of the majority party in the chamber
If “yes”, rates a 3. If a member is of the minority party, rates a -3. If Independent, score a 0.

2. Holds formally elected party membership post.

Assistant Whips, Rep./Dem. Conference Chair = 2
Rep./Dem. Conference Sec. or Policy Chair = 1

3. Chairs (or is ranking member of) a “money” committee.
Committee chair rates a 5, ranking member a 3.
House “money” committees: Appropriations, Budget, and Ways and Means
Senate “money” committees: Appropriations and Finance

4. Chairs (or is ranking member of) another committee.
Chairs rates a 4, ranking member a 2.

5. Chairs (or is ranking member of) a subcommittee.
Chair rates a 3, ranking member a 1.

6. Is a member of one of the following committees (rates a 3 for each).
House: Appropriations, Armed Services, Energy and Commerce, Rules, or Ways and Means
Senate: Appropriations, Armed Services, Budget, Finance, Judiciary

7. Seniority
0-2 terms rate a 0, then 1 point for every additional two terms

Washington Post Online Search for one week (1 point for every 4 hits with 5 points the 
maximum) OR
New York Times Online Search for one-month (1 point for every 4 hits with 5 points the 
maximum) OR
CNN.com search (cnn.com only) (1 point for every 30 hits with 5 points the maximum)

4 terms. = 1
6 terms =2, etc.

8. Margin of victory in the last election – not percentage of vote.

9. Amount of campaign funds on hand. Amounts depend on individual situation, such as 
competitiveness of the district.

10. Exposure in national press. Use ONE of the following:
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Table A3.11: Covariates

IO-Level 
Covariates Definition Data Source

Water Rights (#) Number of distinct pre-settlement water rights
State water right 
databases

Precipitation Mean 1980-2010 precipitation normal (mm) 
between Apr.-Sept. that fell within IO boundaries

PRISM

IO urbanization 
rate (%)

Decadal urbanization rate within IO boundaries 
prior to adjudication start Falcone, 2015

Cropped Land 
Cover

Percentage IO area with cropped land cover in 
decade prior to adjudication start. Falcone, 2015

Hay/Pasture 
Land Cover

Percentage IO area with hay/pasture land cover 
in decade prior to adjudication start. Falcone, 2015

1= federal water project contract
0= no federal water project contract

Settlement-Level 
Covariates Definition Data Source

Tribal Claim AFY claimed by tribe at adjudication start State court filings

Reservation 
Prime Acreage

Natural log of reservation acreage >9 on Schaetzl 
Soil Productivity Index Schaetzl, 2012

Urban Pop. 
Growth Rate

Population growth rate within boundaries of 
service areas of municipal water providers 
participating in negotiation in decade prior to 
settlement

US Census

IOs in settlement Number of IOs participating in negotiation
Settlement 
agreement

Congressional 
Power Index 
(CPI)

Index calculated according to Dirksen 
Congressional Center definition

Congressional 
Quarterly

Heterogeneous 
marginal value 
of water

Calculated as the basin-level $/AF market price 
coefficient of variance in settlement year

Water 
Transaction 
Dataset

Pre-settlement 
water duty 
(AF/acre)

Total volume of an IO's pre-settlement water 
rights divided by IO service area acreage

Constructed from 
state water right 
databases.

Federal Water 
Project USBR
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Table A3.12: Summary Statistics

Unit of 
Analysis

Variable Mean SD n

%∆ AFY -7.13 17.1 61
Settlement Funding (2020$/AFY) 467.51 738.28 28
Pre-Settlement AFY 389,050 758,020 61
Prior Appropriation Shortage Risk (%) 92.26 48.05 61
Number of Water Rights in Portfolio (#) 8.61 8.1 61
Pre-settlement water duty (AFY/acre) 8.68 7.3 61
Post-settlement water duty (AFY/acre) 8 6.46 61
Precipitation (mm) 19.76 8.16 61
IO Acreage 48,192 63,402 61
Urbanization Rate (%) 13.87 22.63 59
Hay/Pasture Land Use (%) 6.94 9.37 59
Federal Water Project = 1 0.7 0.46 61
∆AFY -8,354 78,762 523
Priority Rank (%) 49.64 32.11 523
Reservation Claim (AFY) 507,871 752,167 11
Prime Reservation Acreage (PI>9) 399,985 562,236 11
Number of negotiating IOs 5.81 6.67 11
Urban Population Growth Rate (%) 34.13 18.61 11
Congressional Power Index (CPI) 12.64 10.26 11

Irrigation 
Organization

Water Right

Settlement

Notes: Standard deviations are in parentheses.
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Table A3.13: Estimated effects of bargaining power on IO water entitlements. (State-level fixed
effects.)

(1) (2) (3) (4) (5) (6)
-0.139** -0.131** -0.152** -0.148** -0.140** -0.167**
(0.0591) (0.0562) (0.0738) (0.0605) (0.0580) (0.0767)
-0.219 -0.247 -0.306 -0.247 -0.275 -0.363
(0.528) (0.535) (0.526) (0.517) (0.526) (0.508)
0.240 0.188 0.226 0.224 0.189 0.245

(0.413) (0.398) (0.402) (0.399) (0.387) (0.391)
0.270 0.411 0.409 0.287 0.411 0.414

(0.290) (0.360) (0.387) (0.265) (0.344) (0.337)
9.59e-06 2.51e-05 1.20e-05 1.38e-05 2.76e-05 1.24e-05

(2.62e-05) (3.65e-05) (3.09e-05) (2.65e-05) (3.64e-05) (2.96e-05)
0.0893 0.0631 0.0690 0.0289

(0.0782) (0.0812) (0.0653) (0.0684)
-0.175 -0.153 -0.167 -0.143
(0.288) (0.265) (0.288) (0.267)

10.06 12.35
(13.43) (13.37)

-6.58e-08 1.69e-07 9.11e-07
(4.54e-06) (4.54e-06) (5.21e-06)

8.22e-06*** 7.73e-06** 9.84e-06**
(3.05e-06) (2.90e-06) (3.77e-06)

State FE x x x x x x
-0.237 -3.638 -8.016 -3.991 -6.497 -12.23
(9.892) (10.93) (15.44) (8.972) (10.40) (14.34)

Observations 61 59 59 61 59 59
R-squared 0.181 0.195 0.231 0.216 0.225 0.278

% ∆ Pre-Settlement Entitlement (AFY)

Prime Res. 
Acres

Constant

Shortage Risk 
(%)
Pre-Settlement 
AFY/Acre

Rights (#)

Precip. (mm)

IO Acreage

IO Urbanization 
Rate (%)

Hay/Pasture (%)

Federal 
Contract=1
Reservation 
Claim (AFY)

Notes: Specifications include state-level fixed effects and settlement-level controls as a ro-
bustness check to models specified in 3.1. Settlement-level variables presented in columns 1-3
include a) the volume of a tribe’s water right claim, as filed in court. Columns 4-6 include
prime reservation acreage as a proxy for tribal water claims, as a measure of practicably
irrigable acreage. Robust standard errors are reported in parentheses. * p < 0.1, ** p < 0.05,
*** p < 0.01.
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Table A3.14: Estimated effects of bargaining power on IO water entitlements. (Shortage risk-
squared.)

(1) (2) (3) (4) (5) (6)
-0.0650** -0.0641** -0.0647** -0.0630** -0.0398 -0.0417
(0.0297) (0.0284) (0.0294) (0.0281) (0.0324) (0.0385)
-0.0226 -0.0215 -0.0195 -0.0227 0.0133 0.0115
(0.0273) (0.0272) (0.0231) (0.0238) (0.0392) (0.0439)

0.265 0.299 0.301 0.371 0.363
(0.462) (0.471) (0.461) (0.418) (0.441)

-0.226 -0.230 -0.361 -0.391
(0.613) (0.627) (0.637) (0.674)

0.302 0.223 0.244
(0.367) (0.343) (0.384)

-1.82e-06 -3.04e-05 -2.49e-05
(2.48e-05) (2.65e-05) (3.22e-05)

19.15 18.73
(15.93) (17.20)

0.0119
(0.0862)
-0.116
(0.282)

Settlement FE x x x x x x
-0.487 -2.842 -1.042 -7.201 -18.68 -17.87
(1.821) (4.315) (7.152) (11.44) (17.97) (18.89)

Observations 61 61 61 61 61 59
R-squared 0.208 0.217 0.224 0.232 0.329 0.330

Pre-Settlement 
AFY/Acre

Precip. (mm)

% ∆ Pre-Settlement Entitlement (AFY)

Shortage Risk 
(%)
Shortage Risk2 

(%)

Rights (#)

IO Acreage

Federal 
Contract=1
IO Urbanization 
Rate (%)
Hay/Pasture 
(%)

Constant

Notes: As a robustness check, models include shortage risk as a quadratic function of dimin-
ishing water availability. As shortage risk increases, so too does the share of pre-settlement
entitlements that an IO gives up in a settlement. Robust standard errors are clustered at the
IO-level and reported in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.
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Figure A3.2: Volume of Water Entitlements Ceded in Negotiation, by Priority Rank (%)

Notes: Figure A3.2 depicts the number of individual water rights that were relinquished or
diminished in a settlement by their priority date relative to other water rights owned/claimed
by the IO.

Figure A3.3: Pre and Post-Settlement Water Entitlement Volumes, by Priority Rank (%)

Notes: Figure A3.3 depicts the volume of pre- and post-settlement water entitlements as a
function of their priority date relative to other water rights owned/claimed by the IO.
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Table A3.15: Relative Priority of Water Rights Ceded in a Negotiation

(1) (2) (3) (4) (5)
-0.0458 -0.000693 0.0158 0.0228 -0.217
(0.112) (0.106) (0.112) (0.118) (0.154)

-13.13*** -13.91*** -14.24*** -17.44***
(3.410) (4.065) (3.948) (4.289)
13.10 16.18 19.44* 22.05**

(8.940) (9.974) (10.65) (9.506)
-0.206* -0.267**
(0.104) (0.113)

-3.21e-05
(4.45e-05)

-2.856**
(1.270)

-0.000188 -0.00275 -0.00263
(0.00641) (0.00653) (0.00642)

62.34*** 193.8*** 197.4*** 202.0*** 318.3***
(11.77) (40.99) (47.15) (45.68) (73.21)

State FE x x x x x
Observations 53 53 52 52 52
R-squared 0.141 0.282 0.286 0.307 0.367

Precip. (mm)

Constant

y=Priority Rank (%)

$/AFY (2020 adj.)

Relative Shortage Risk (%)

ln(Winters AFY)

Federal Contract=1

IO Urbanization Rate (%)

ID acreage

Notes: Table depicts the relationship between various measures of IO bargaining power and
the relative seniority of the water right relinquished/diminished in a settlement, as estimated
by Equation 3.8. Prime reservation acreage, as a measure of a tribal water claim, is replaced
with the volume of the tribe’s actual AFY entitlement secured in the settlement. The de-
pendent variable is the percentile rank of an IO’s, i, individual water right priority, WR,
(relative to other water rights in its portfolio) that changed as the result of the settlement,
s. The relative priority of the water right, WRis is increasing with its seniority. A negative
coefficient on β̂n indicates correlation with the cession of a relatively junior right. Standard
errors clustered at the IO-level are reported in parentheses. * p < 0.1, ** p < 0.05, ***
p < 0.01.
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Table A3.16: Relative Priority of Water Rights Ceded in a Negotiation

(1) (2) (3) (4)
-0.0913* -0.0716 -0.0792 -0.0852
(0.0485) (0.0546) (0.0503) (0.0510)
-0.0762 -0.0623 -0.0754 -0.0778
(0.0469) (0.0489) (0.0452) (0.0563)

-3.360* -3.423* -3.641*
(1.850) (1.850) (2.041)
13.21 16.05 15.04

(12.53) (12.15) (12.55)
-0.210* -0.208*
(0.105) (0.107)

1.83e-05
(7.33e-05)

-0.513
(1.317)

65.69*** 94.33*** 96.33*** 109.3**
(5.406) (20.92) (21.00) (42.92)

State FE x x x x
Observations 53 53 53 53
R-squared 0.160 0.185 0.209 0.218

Precip. (mm)

Constant

ln(Prime Res. Acres)

y=Priority Rank (%)

Relative Shortage Risk (%)

Relative Shortage Risk Squared (%)

Federal Contract=1

IO Urbanization Rate (%)

ID acreage

Notes: Table depicts the relationship between various measures of IO bargaining power and
the relative seniority of the water right relinquished/diminished in a settlement, as estimated
by Equation 3.8. The quadratic function of an IO’s relative shortage risk is included as a
robustness check. The dependent variable is the percentile rank of an IO’s, i, individual water
right priority, WR, (relative to other water rights in its portfolio) that changed as the result
of the settlement, s. The relative priority of the water right, WRis is increasing with its
seniority. A negative coefficient on β̂n indicates correlation with the cession of a relatively
junior right. Standard errors clustered at the IO-level are reported in parentheses. * p < 0.1,
** p < 0.05, *** p < 0.01.
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Table A3.17: MLR Estimates of Funding Outcomes Using Backwards Elimination Process

(1) (2) (3) (4) (5) (6)
65.12** 66.50** 65.16** 56.04*** 47.34*** 52.09***
(25.04) (25.00) (24.92) (17.72) (14.01) (15.28)
-5.264 -5.220 -5.812* -6.333* -7.893*** -6.932***
(3.870) (3.681) (3.278) (3.270) (2.586) (2.295)
-89.44 -90.82 -99.70* -81.66* -54.42* -70.09**
(57.06) (57.75) (53.03) (44.80) (31.50) (29.97)

-0.000945 -0.000940 -0.00122 -0.00101 -0.00166
(0.000869) (0.000831) (0.000828) (0.000633) (0.00106)

-15.80 -15.42 -13.99 -15.13
(13.78) (12.97) (12.28) (12.70)
11.78 12.05 12.21

(14.42) (14.64) (14.63)
-211.6 -205.5
(268.0) (258.6)
0.374

(2.374)
1,246 1,257 1,195 1,250 616.3 590.7

(781.9) (770.6) (736.6) (754.8) (366.4) (345.7)
Observations 28 28 28 28 28 28
R-squared 0.555 0.554 0.547 0.539 0.454 0.425

IO acreage

IO Urbanization 
Rate (%)

Y = $/AFY (adj. 2020)

Shortage Risk 
(%)

Constant

Congressional 
Power Index

Federal 
Contract=1

ln(Prime Res 
Acres)

Hay/Pasture (%)

Municipal Pop 
Growth Rate (%)

Notes: Table presents MLR estimates of funding outcomes as explanatory variables are
dropped from the model using a backwards elimination procedure. Column 1 includes the
full model. Progressing from columns 2-5, each successive model omits the variable from
the prior model that reduces R2 the least. Column 6 specifies explanatory variables to be
included in the primary regression results presented in Table 3.3. Robust standard errors are
in parentheses. * p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A3.18: Estimated effects of bargaining power on per acre-foot funding (Robustness check)

(1) (2) (3) (4) (5)
37.69** 57.90* 29.20* 39.99** 38.68***
(13.62) (32.39) (15.31) (18.16) (13.56)
-13.29 -13.60 -12.71 -11.30 -12.67
(16.06) (16.11) (15.45) (15.23) (15.32)

-64.71
(77.29)

-7.642*
(4.022)

-0.298
(0.248)

20.30
(16.61)

State FE x x x x x
326.5 785.5 570.8 423.3 136.2

(647.2) (837.2) (654.9) (691.3) (573.8)
Observations 28 28 28 28 28
R-squared 0.494 0.510 0.496 0.536 0.513

Hay/Pasture (%)

Constant

Y = $/AFY (adj. 2020)

Congressional 
Power Index
Municipal Pop 
Growth Rate (%)
ln(Prime Res 
Acres)
IO Urbanization 
Rate (%)
Mkt. Price 
(2020$/AF)

Notes: The sample is restricted to IOs that ceded water in a negotiation. Model specifi-
cations replace measures of IOs’ legal risks (as depicted in Table 3.3) with variables that
measure economic determinants of settlement funding. Hay/pasture land cover – a mea-
sure of relatively low-value – represents relatively low-value water use. Municipal population
growth rate and the market price of water ($/AF adj. 2020) are measures of competing water
demand from cities. All specifications include state-level fixed effects, as the willingness and
capacity to fund settlements likely varies by state. Robust standard errors are in parentheses.
* p < 0.1, ** p < 0.05, *** p < 0.01.
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5.8 Chapter 4 Appendix

Table A4.1: Pre-Settlement Parcel Summary Statistics (1974)

(1) (2) (3)
Untreated Group Settlement Parcels Settlement - Untreated

% Agriculture 4.470 10.631 6.160***
(18.716) (27.690) (0.904)

% Development 1.429 0.704 -0.724**
(10.181) (6.053) (0.351)

Avg. Soil PI 6.568 8.046 1.479***
(4.566) (4.369) (0.190)

Avg. Elevation 1,579.532 1,539.476 -40.055
(440.810) (697.382) (27.057)

Ruggedness 12.526 13.952 1.427***
(18.584) (18.491) (0.535)

Distance to Stream 14,903.496 9,472.705 -5,430.791***
(14,023.704) (12,244.000) (627.587)

Fee Simple 0.091 0.153 0.062***
(0.288) (0.360) (0.010)

Allotted Trust 0.068 0.136 0.068***
(0.252) (0.343) (0.009)

Tribal Trust 0.717 0.599 -0.118***
(0.451) (0.490) (0.018)

BIA Project 0.042 0.599 0.557***
(0.200) (0.490) (0.018)

Observations 130,221 151,816 282,037
Notes: This table presents baseline (1974) summary statistics for parcels that are always
untreated (column 1), or eventually treated (column 2), and the difference between the two
(column 3). Standard errors are clustered by township and reported in parentheses * p < 0.1,
** p < 0.05, *** p < 0.01.

Chapter 5



124

Figure A4.1: Reservations in Sample

Notes: This figure depicts our sample of reservations across western states. Treatment
parcels are located on reservations that achieved water settlements by 2012 (blue on the
map), while untreated parcels are located on reservations with ongoing adjudications
(orange on the map).

Figure A4.2: The Public Land Survey System

Notes: This figure depicts an example of a Public Land Survey System township unit and
the section and quarter section units within each township. Each 36-square mile township
can be divided into thirty-six 1-square mile sections. Each section is then divided into
160-acre quarter sections, which match the standard allotment assigned to Native American
households under the Dawes Act over 1987–1934 (Carlson, 1981; Leonard et al., 2020; Dippel
et al., 2020).
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Figure A4.3: Agricultural Land Use Event Study — Alternative Specifications

(a) Off-Res. Pop. Control (b) Casino Control

(c) Credit Control (d) All Controls

Notes: This figure depicts alternative versions of the event study estimates depicted in Figure 4.3
using the estimator developed by de Chaisemartin and d’Haultfoeuille (2020), implemented with the
did multiplegt package in Stata. The specifications in Panels (a) through (d) of the figure correspond
to columns 2 through 5 of in Panel A of Table 4.1. The difference between treated and untreated groups
is normalized to zero in period t− 1, the final period before treatment. Period 0 denotes the first period
in which parcels are exposed to treatment.
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Table A4.2: Time-Varying Summary Statistics

(1) (2) (3) (4)
Unteated Group Settlement Parcels

1974 1(Post Settlement) 0.000 0.000 0.000 0.000
(0.000) (0.000) (0.000) (0.000)

Off-Res. Pop. 135263.359 312103.531 176840.156*** 289751.219***
(146437.703) (362690.125) (13,125.346) (17,020.389)

1(Has Casino) 0.000 0.000 0.000 0.000
(0.000) (0.000) (0.000) (0.000)

1(Tribal Lending Institution) 0.498 0.266 -0.232*** -0.066***
(0.500) (0.442) (0.024) (0.025)

1982 1(Post Settlement) 0.000 0.001 0.001* 0.003*
(0.000) (0.037) (0.001) (0.001)

Off-Res. Pop. 161187.484 447799.125 286611.625*** 451829.156***
(201334.250) (553890.562) (19,593.615) (26,537.297)

1(Has Casino) 0.000 0.000 0.000 0.000
(0.000) (0.000) (0.000) (0.000)

1(Tribal Lending Institution) 0.581 0.266 -0.315*** -0.178***
(0.493) (0.442) (0.023) (0.026)

1992 1(Post Settlement) 0.000 0.197 0.197*** 0.191***
(0.000) (0.398) (0.014) (0.015)

Off-Res. Pop. 192360.422 564141.750 371781.312*** 613581.000***
(271260.469) (771019.688) (27,202.996) (36,851.465)

1(Has Casino) 0.030 0.187 0.157*** 0.128***
(0.171) (0.390) (0.015) (0.016)

1(Tribal Lending Institution) 0.682 0.310 -0.372*** -0.278***
(0.466) (0.463) (0.023) (0.026)

2002 1(Post Settlement) 0.000 0.675 0.675*** 0.610***
(0.000) (0.469) (0.016) (0.019)

Off-Res. Pop. 233258.828 756565.812 523306.969*** 869115.062***
(316746.750) (1.098e+06) (37,643.793) (52,895.324)

1(Has Casino) 0.208 0.486 0.278*** 0.395***
(0.406) (0.500) (0.023) (0.023)

1(Tribal Lending Institution) 0.724 0.432 -0.292*** -0.192***
(0.447) (0.495) (0.024) (0.022)

2012 1(Post Settlement) 0.000 1.000 1.000 1.000
(0.000) (0.000) (0.000) (0.000)

Off-Res. Pop. 270889.719 954301.562 683411.812*** 1.124e+06***
(374084.844) (1.392e+06) (47,353.766) (67,011.602)

1(Has Casino) 0.331 0.732 0.401*** 0.418***
(0.471) (0.443) (0.023) (0.018)

1(Tribal Lending Institution) 0.875 0.656 -0.220*** -0.073***
(0.330) (0.475) (0.021) (0.014)

Observations 112,254 144,933 257,187 257,187
State FE  ü

Settlement - Untreated

Notes: This table presents year-specific summary statistics of time-varying reservation-level variables
for parcels that are always untreated (column 1), or eventually treated (column 2), and the difference
between the two (column 3). Standard errors are clustered by township and reported in parentheses *
p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.3: Weights Associated with TWFE

% Agriculture % Developed

Number of positive weights 298,826 298,826

Number of negative weights 206 206

Sum of negative weights -0.0003 -0.0003

Std. Dev. (Weights) 0.773 0.059

Notes: This tables presents summaries of the weights associated with the TWFE esti-
mator described in Equation 4.1. Weights were obtained using the twowayfeweights
package in Stata, developed by de Chaisemartin and d’Haultfoeuille.

Table A4.4: The Impact of Winters Settlements on Pr(Agricultural Land Use)

(1) (2) (3) (4) (5)

Panel A:

Post Settlement 0.018*** 0.018*** 0.020*** 0.018*** 0.019***
(0.002) (0.002) (0.001) (0.002) (0.002)

Panel B:

Post Settlement 0.008*** 0.008*** 0.008*** 0.009*** 0.010***
(0.001) (0.002) (0.001) (0.002) (0.003)

Panel C:

Post Settlement 0.006*** 0.007*** 0.009*** 0.006*** 0.009***
(0.001) (0.001) (0.001) (0.001) (0.003)

Observations 1,489,425 1,489,425 1,489,425 1,489,425 1,489,425
Adjusted R-squared (TWFE) 0.947 0.947 0.947 0.947 0.947
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Pr(Agriculture)

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Two-Way Fixed Effects

Notes: This table presents difference-in-difference estimates for the effect of Winters settle-
ments based on the model in Equation 4.1 using several estimators. Panel A uses the estimator
proposed by de Chaisemartin and d’Haultfoeuille and implemented with the did multiplegt
Stata package with two leads and two lags of treatment. Panel B uses the estimator proposed
by Callaway and Sant’Anna and implemented with the csdid package in Stata. Panel C
presents traditional TWFE estimates obtained via OLS. Panels A and C include state-by-
year fixed effects, whereas Panel B uses pooled year fixed effects due to limitations of the
csdid package. Here, the dependent variable is a dummy variable equal to one if a parcel
has any agriculture. Standard errors are clustered by PLSS township (a 6×6-mile square
containing 144 parcels) and reported in parentheses * p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.5: The Impact of Winters Settlements on Cultivated Crops

(1) (2) (3) (4) (5)

Panel A:

Post Settlement 0.230*** 0.217*** 0.190*** 0.239*** 0.210***
(0.039) (0.039) (0.042) (0.042) (0.036)

Panel B:

Post Settlement 0.079 -0.044 0.100** -0.042 -0.079
(0.049) (0.144) (0.048) (0.077) (0.148)

Panel C:

Post Settlement 0.237*** 0.325*** 0.312*** 0.231*** 0.357***
(0.066) (0.070) (0.064) (0.064) (0.066)

Observations 1,489,357 1,489,357 1,489,357 1,489,357 1,489,357
Adjusted R-squared (TWFE) 0.979 0.979 0.979 0.979 0.979
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Cultivated Crops

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Two-Way Fixed Effects

Notes: This table presents difference-in-difference estimates for the effect of Winters settle-
ments based on the model in Equation 4.1 using several estimators. Panel A uses the
estimator proposed by de Chaisemartin and d’Haultfoeuille and implemented with the
did multiplegt Stata package with two leads and two lags of treatment. Panel B uses the
estimator proposed by Callaway and Sant’Anna and implemented with the csdid package
in Stata. Panel C presents traditional TWFE estimates obtained via OLS. Panels A and
C include state-by-year fixed effects, whereas Panel B uses pooled year fixed effects due to
limitations of the csdid package. Here, the dependent variable focuses only on cultivated
crops, whereas the dependent variable in Table 4.1 also includes hay/pasture. Standard
errors are clustered by PLSS township (a 6×6-mile square containing 144 parcels) and re-
ported in parentheses * p < 0.1, ** p < 0.05, *** p < 0.01.
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Figure A4.4: Developed Land Use Event Study

Notes: This figure depicts event study estimates using the estimator developed by
de Chaisemartin and d’Haultfoeuille, implemented with the did multiplegt package
in Stata. The model corresponds to the specification in column 1 of Panel A of Table 4.2,
which includes parcel fixed effects and state-by-year fixed effects. The difference between
treated and untreated groups is normalized to zero in period t−1, the final period before
treatment. Period 0 denotes the first period in which parcels are exposed to treatment.
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Figure A4.5: Developed Land Use Event Study — Alternative Specifications

(a) Off-Res. Pop. Control (b) Casino Control

(c) Credit Control (d) All Controls

Notes: This figure depicts alternative versions of the event study estimates depicted in Figure A4.4
using the estimator developed by de Chaisemartin and d’Haultfoeuille (2020), implemented with the
did multiplegt package in Stata. The specifications in Panels (a) through (d) of the figure correspond
to columns 2 through 5 of in Panel A of Table 4.2. The difference between treated and untreated groups
is normalized to zero in period t− 1, the final period before treatment. Period 0 denotes the first period
in which parcels are exposed to treatment.
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Figure A4.6: Predicted Change in Water Use due to Settlements

Notes: This figure depicts predicted changes in 2012 water use as the result of a water settlement based
on Equation 4.2. Estimates presented here assume varying levels of water use for agriculture and .25
AF/acre for domestic land use. For each reservation, water use estimates depicted by each bar, from left
to right, assume agricultural water use estimates of 2, 3, 4, and 5 AF/acre.

Figure A4.7: Additional Predicted Change in Water Use due to Settlements with No Land Tenure
Constraints

Notes: This figure depicts additional, counterfactual predicted changes in 2012 water use as the result of a
water settlement in the absence of restrictions on allotted trust and tribal trust land based on Equation 4.5.
Estimates presented here assume varying levels of water use for agriculture and .25 AF/acre for domestic
land use. For each reservation, water use estimates depicted by each bar, from left to right, assume
agricultural water use estimates of 2, 3, 4, and 5 AF/acre.
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Figure A4.8: Distribution of 1974 Agricultural Land Use
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Notes: This figure depicts the distribution of 1974 agricultural land use by reservation. Each bin repre-
sents 5 percentage points (i.e., 5% agricultural land use).
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Table A4.6: DiD Estimates by 1974 Land Use

(1) (2) (3) (4) (5)

Panel A:

Post Settlement 0.160***  0.429***  0.348*** 0.168*** 0.366***
(0.057) (0.069) (0.064) (0.059) (0.071)

Post Settlement X (Reservation Ag 1974 > 5%) 0.135 0.112 0.0004 0.093 -0.015
(0.146) (0.148) (0.152) (0.161) (0.165)

Adjusted R-squared 0.979 0.979 0.979 0.979 0.979
Panel B:

Post Settlement 0.180***  0.264***  0.348*** 0.367*** 0.366***
(0.056) (0.064) (0.059) (0.059) (0.066)

Post Settlement X (Reservation Ag 1974 > 10%) 0.106 0.098 -0.001 0.039 -0.024
(0.169) (0.167) (0.174) (0.201) (0.198)

Adjusted R-squared 0.979 0.979 0.979 0.979 0.979
Panel C:

Post Settlement 0.157***  0.250***  0.320*** 0.163*** 0.341***
(0.060) (0.067) (0.062) (0.062) (0.067)

Post Settlement X (Reservation Ag 1974 > 20%) 0.229 0.163 0.109 0.178 0.082
(0.210) (0.217) (0.215) (0.239) (0.241)

Adjusted R-squared 0.979 0.979 0.979 0.979 0.979
Observations 1,504,140 1,504,140 1,504,140 1,504,140 1,504,140
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

Notes: This table presents estimates of the differential change in agricultural land use on
reservations with differing levels of pre-settlement agriculture in 1974. Panel A includes
an interaction term for reservations with greater than 5% of their total area devoted to
agriculture in 1974–the baseline effect in Panel A is therefore the increase in agricultural
land use on reservations with less than 5% agricultural land use in 1974. Panel B uses a
10% cutoff for the interaction term, whereas Panel C uses a 20% cutoff. Standard errors are
clustered by township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.7: Robust DiD Estimates by Tenure Class: Agriculture

(1) (2) (3) (4) (5)

Panel A:

Post Settlement (Fee Simple) 0.703*** 0.705*** 0.621*** 0.681*** 0.594***
(0.141) (0.140) (0.141) (0.139) (0.136)

Post Settlement (Allotted) 0.238** 0.242** 0.211* 0.237** 0.207*
(0.119) (0.115) (0.121) (0.119) (0.119)

Post Settlement (Tribal) -0.161*** -0.060 -0.047 -0.152*** 0.013
(0.054) (0.071) (0.048) (0.055) (0.071)

Panel B:

Post Settlement (Fee Simple) 0.907*** 0.861*** 0.651*** 0.895*** 0.617***
(0.129) (0.128 (0.142) (0.128) (0.141

Post Settlement (Allotted) 0.283** 0.048 0.159 0.263** 0.081
(0.116) (0.111) (0.113) (0.112) (0.08)

Post Settlement (Tribal) -0.162*** -0.946 -0.131*** -0.318*** -0.138
(0.046) (0.111) (0.045) (0.069) (0.117

Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Notes: This table presents DiD estimates separately for each land tenure class using the
methods proposed by de Chaisemartin and d’Haultfoeuille (2020) in Panel A and Callaway
and Sant’Anna (2020) in Panel B, which cannot be used directly to estimate a the difference-
in-difference-in-difference model specified in Equation 4.4. Standard errors are clustered by
township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.8: Differential Impacts by Land Tenure Class: Development

(1) (2) (3) (4) (5)

Post Settlement (Fee Simple) -0.0255 -0.0617 -0.0239 0.0524 0.0292
(0.1269 (0.132) (0.112) (0.109) (0.098)

Post Settlement X Allotted -0.134 -0.132 -0.133 -0.202 -0.19
(0.112) (0.111) (0.104) (0.129) (0.123)

Post Settlement X Tribal -0.0538 -0.088 -0.0499 -0.129 -0.126
(0.089) (0.092) (0.058) (0.118) (0.084)

Observations 1,244,282 1,244,282 1,244,282 1,244,282 1,244,282
Adjusted R-squared 0.89 0.89 0.89 0.89 0.89
p-value (Fee + Allotted) 0.433 0.330 0.365 0.450 0.335
p-value (Fee + Tribal) 0.691 0.465 0.591 0.697 0.506
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Development

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.4 using TWFE. The omitted category for the baseline difference is fee
simple land tenure. Table A4.9 presents alternative DiD estimates for each group separately
using the methods proposed by de Chaisemartin and d’Haultfoeuille (2020) and Callaway and
Sant’Anna (2020), which cannot be used directly to estimate a DDD model. Standard errors
are clustered by township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.9: Robust DiD Estimates by Tenure Class: Agriculture

(1) (2) (3) (4) (5)

Panel A:

Post Settlement (Fee Simple) 0.003 -0.0001 0.004 0.011 -0.002
(0.037) (0.037) (0.040) (0.038) (0.039)

Post Settlement (Allotted) -0.065 -0.073 -0.065 -0.065 -0.075
(0.159) (0.154) (0.162) (0.159) (0.156)

Post Settlement (Tribal) 0.009 -0.119** 0.005 0.004 -0.119**
(0.067) (0.061) (0.049) (0.066) (0.059)

Panel B:

Post Settlement (Fee Simple) -0.119 -0.108 -0.132 -0.126 -0.141
(0.073) (0.086) (0.064) (0.077) (0.081)

Post Settlement (Allotted) -0.080 -0.073 -0.094 -0.105 -0.145
(0.092) (0.088) (0.089) (0.107) (0.110)

Post Settlement (Tribal) 0.210 0.057 0.210 0.206 0.061
(0.223) (0.227) (0.223) (0.224) (0.229)

Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Development

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Notes: This table presents DiD estimates separately for each land tenure class using the
methods proposed by de Chaisemartin and d’Haultfoeuille (2020) in Panel A and Callaway
and Sant’Anna (2020) in Panel B, which cannot be used directly to estimate a the difference-
in-difference-in-difference model specified in Equation 4.4. Standard errors are clustered by
township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.10: Robust DiD Estimates of Differential Impacts by BIA Project: Agriculture

(1) (2) (3) (4) (5)

Panel A:

Post Settlement (No BIA Project) -0.036 0.072 0.196*** -0.041 0.220**
(0.050) (0.078) (0.047) (0.056) (0.083)

Post-Settlement (BIA Project) 0.922*** 0.907*** 0.884*** 0.925*** 0.857***
(0.069) (0.067) (0.078) (0.075) (0.085)

Panel B:

Post Settlement (No BIA Project) -0.080 -0.279 -0.082 -0.177 -0.381
(0.067) (0.267) (0.067) (0.095) (0.296)

Post-Settlement (BIA Project) 0.598*** 0.568*** 0.635*** 0.524*** 0.532***
(0.086) (0.095) (0.084) (0.107) (0.107)

Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Agriculture

de Chaisemartin & D'Haultfoeuille (2020)

Callaway & Sant'Anna (2020)

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.6 using DiD estimates proposed by de Chaisemartin and d’Haultfoeuille in
Panel A and TWFE estimates in Panel B. All DiD estimates are relative to the control group of
untreated parcels. The omitted category for the TWFE baseline difference is post-settlement
land use on reservations that do not lease water off-reservation. Thus, the TWFE coefficients,
Post×BIA can be interpreted as relative to a post-settlement parcels on reservations without
a BIA project. Table 4.4 presents similar estimates on post-settlement agricultural land use.
Standard errors are clustered by township and reported in parentheses* p < 0.1, ** p < 0.05,
*** p < 0.01.
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Table A4.11: TWFE Estimates of Differential Impacts by BIA Project: Development

(1) (2) (3) (4) (5)

Panel A:

Post Settlement (No BIA Project) 0.071 -0.059 0.093 0.064 -0.042
(0.191 (0.174) (0.156) (0.191) (0.158)

Post-Settlement x BIA Project -0.048 -0.102** -0.051 -0.044 -0.105*
(0.051) (0.050) (0.059) (0.053) (0.062)

Panel B:

Post Settlement (No BIA Project) -0.032 -0.114 -0.044 -0.035 -0.074
(0.235) (0.236) (0.187) (0.234) (0.180)

Post-Settlement x BIA Project -0.057 -0.025 -0.046 -0.021 0.017
(0.187) (0.188) (0.148) (0.212) (0.165)

Observations 1,489,360 1,489,360 1,489,360 1,489,360 1,489,360
Adjusted R-squared (TWFE) 0.888 0.888 0.888 0.888 0.888
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Development

de Chaisemartin & D'Haultfoeuille (2020)

Two-Way Fixed Effects

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.6 using TWFE estimates. Table 4.4 presents similar estimates on
post-settlement agricultural land use. Standard errors are clustered by township and reported
in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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Table A4.12: DiD Estimates by Leasing Status: Development

(1) (2) (3) (4) (5)

Panel A:

Post Settlement (No Lease) -0.006 -0.063** -0.004 -0.002 -0.059**
(0.023) (0.026) (0.019) (0.026) (0.027)

Post-Settlement x Lease -0.081 -0.112 -0.064 -0.089 -0.099
(0.491) (0.469) (0.457) (0.488) (0.441)

Panel B:

Post Settlement -0.171 -0.246 -0.173 0.125 -0.176*
(0.149) (0.149) (0.111) (0.130) (0.100)

Post-Settlement x Lease 0.484** 0.495** 0.483** 0.396* 0.431*
(0.231) (0.231) (0.228) (0.233) (0.232)

Observations 1,489,360 1,489,360 1,489,360 1,489,360 1,489,360
Adjusted R-squared (TWFE) 0.978 0.978 0.978 0.978 0.978
Parcel Fixed Effects  ü  ü  ü  ü  ü
Off-Reservation Population  ü  ü
1(Casino)  ü  ü
1(Tribal Lending Institution)  ü  ü

Y = % Development

de Chaisemartin & D'Haultfoeuille (2020)

Two-Way Fixed Effects

Notes: This table presents estimates of the difference-in-difference-in-difference model pre-
sented in Equation 4.7 using DiD estimates proposed by de Chaisemartin and d’Haultfoeuille
in Panel A and TWFE estimates in Panel B. DiD estimates are relative to the control group
of not-yet-treated parcels, while TWFE estimate are relative to a control group of untreated
parcels. The omitted category for the baseline difference is post-settlement land use on
reservations that do not lease water off-reservation. Table 4.5 presents similar estimates for
the effect of post-settlement leasing agricultural land use. Standard errors are clustered by
township and reported in parentheses* p < 0.1, ** p < 0.05, *** p < 0.01.
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