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Complex water-stressed basins like the Colorado River in North America have multiple institutional levels of water management. Each institutional level is characterized by rules, organizations, and spatial jurisdictions that developed over decades to centuries to shape a dynamic multi-level system. After introducing the concept of institutional levels, and its relationship to geographic scales, this paper employs systematic bibliographic search methods to review their development in the Colorado River basin region. Results begin with the community level of water management from prehistoric Indian water cultures to early Hispanic water communities, 19th century water communities, and 20th century water organizations. Conflict among water communities shaped the state level of constitutional authority over water rights administration during the 19th century. Competition among states led in the 20th century to the interstate level of apportionment that often paralleled federal and tribal level water development policies, eventually leading to the international level of treaty relations between the U.S. and Mexico. This macro-historical geographic progression from institutions that were relatively small in size and early in time to those at higher levels and more recent in time offers insights into the multi-level institutional logic of the “law of the river” in the Colorado River basin region.
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1. Introduction

Complex river basins have centuries of institutional development that are often challenging to understand (White, 1977; Wescoat et al., 2018). The Colorado River basin region of North America provides a good example (Figure 1). It encompasses parts of seven states in the western United States plus two states in Mexico that drain from the headwaters of the intermountain region into the Colorado River delta and Sea of Cortez. Water transfers extend beyond basin boundaries to the South Platte and Arkansas River basins in eastern Colorado, the Rio Grande basin of New Mexico, the Great Salt Lake basin of Utah, and the Salton Sea basin and coastal cities of southern California (Schmidt, 2022). The Colorado River's complexity arises in part from its centuries-old mosaic of water communities, which was reframed by state water laws in the second half of the 19th century, followed by interstate compacts, river basin plans, extra-basin transfers, and international treaties through the 20th century (Hundley, 1966, 2009; Meyers, 1966; U.S. Bureau of Reclamation, 2010; Robison, 2017). Many readers may be familiar with the distinctive system of prior appropriation doctrine water rights in the western United States. It originated in mining camps and early irrigation systems where seniority of water use rather than place of water use established the basis of a right (Schorr, 2012). This paper shows how those water rights, defined at the state level, fit within longer histories and multiple institutional levels of water management (Benson et al., 2021; Zellmer and Amos, 2021).
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FIGURE 1
 Map of the Colorado River basin region (Courtesy of: J.C. Schmidt, Center for Colorado River Studies, Utah State University, 2022).


The Colorado River basin has a long history of water problems—conflict, competition, salinity, scarcity, and others – no more so than in the current crises of drought and overappropriation that have jointly led to the lowest main stem reservoir levels and largest cutbacks in history (U.S. Bureau of Reclamation, 2012; Kuhn and Fleck, 2019; Salehabadi et al., 2020; Robison et al., 2021; Congressional Research Service, 2022; U.S. Department of Interior, 2022; Wheeler et al., 2022). Each water problem, large and small, has been shaped by the basin's elaborate water institutions, i.e., its norms, laws, policies, and organizations that enable, constrain, and regulate alternative courses of action (National Research Council, 1968; Ingram et al., 1984; Ostrom, 2008; Easter and McCann, 2010).


1.1. A brief historiography of research on water institutions

Research on water institutions belongs to the broader scope of research on the political economy of water governance. That scope is enormous and growing, as surveyed in recent volumes by Burnett et al. (2014), Conca and Weinthal (2018), Harris et al. (2019), Bogardi et al. (2021), and others. The historiographical perspective offered here thus focuses directly on institutions, and considers related lines of water politics as they arise.

The word institution has ancient origins, stemming from the Latin institutio (“set up”), and has early English usage in Thomas More's Utopia, translated in 1551, where it refers to regulative social norms and laws. Research on water institutions that influenced the United States dates to mid-19th century studies of irrigation systems in the Andalusian region of Spain. Those historic systems developed community water rights and tribunals to adjudicate disputes among water rights holders that date back to medieval times (Glick, 1970). They were studied as successful irrigation precedents by British colonial engineers in India (Garrido, 2014), and Californian engineers and lawyers who compiled surveys of irrigation laws from around the world (e.g., Hall, 1886). A century later a political scientist and economist, Maass and Anderson (1978), compared the economic efficiency and equity of three of these Spanish systems with three irrigation systems in the western U.S. While some eastern U.S. politician-scholars like George Perkins Marsh criticized the social and environmental effects of irrigation, western engineers like Mead (1903) believed irrigation institutions would enable the progressive reclamation of arid lands for small farmers. A smaller body of scholarship at that time wrote of health spas and bath facilities, i.e., organizations, as “water institutions.” By the turn of the last century, the term institutions thus denoted water rights, reclamation policies, and a wide range of water organizations.

The mid-20th century witnessed a wave of critical political scientific research on water institutions, especially those of federal river engineering and basin development (Wengert, 1957). Early case studies featured the unique federal corporation known as the Tennessee Valley Authority (Selznick, 1949). Maass (1951) wrote a deeply critical account of Muddy Waters: The Army Corps of Engineers and the Nation's Rivers. Outside the U.S., Wittfogel (1957) directed stronger criticisms of centralized irrigation regimes that he described as Oriental Despotism – from antiquity to the present—though oddly omitting U.S. case studies (cf. Worster, 1992; Wescoat, 2000).

Early research on water politics in the western U.S. included Dean Mann's (1963) study of state water policy in Arizona. Political scientist Ostrom (1953) analyzed the politics of metropolitan water systems, which he characterized as polycentric rather than as centralized (Ostrom et al., 1961). Ostrom (1990, 2005, 2010) carried forward that line of research on polycentric dimensions of political economy and related concepts of institutional diversity.

Although studies of water institutions became mainstream in the decades that followed [Smith, 1960; Federal Council for Science and Technology (U.S.), 1969; Fox, 1976], there were growing concerns about both the subfield and the problems it needed to address. Ingram et al. (1984) described institutional studies as more descriptive than analytical. Institutional problems ranged from fragmentation across water sectors to rigid hierarchical structures of control, intractable stakeholder conflicts, and persistent constraints on social change (Ingram and Ullery, 1980). These criticisms helped spur an international literature on strategies for institutional reform (e.g., Gopalakrishnan et al., 2005; Saleth and Dinar, 2005; Crase and Gandhi, 2009).

On the broader plane of institutional economics, advances were made in linking research on economic history and political economic change (North, 1990, 1991), which included many applications to property rights, common property regimes, and environmental policy evaluation (Saleth and Dinar, 2004). Anthropologist Douglas (1986) critiqued rational choice models of institutions, arguing that societies construct institutions to support cooperation. In between these views, political scientists Elinor and Victor Ostrom developed a framework of Institutional Analysis and Design (IAD) that focuses on institutions as informal rules-in-use rather than as formal written documents. An important application of that framework involved the crafting of institutions for self-governing irrigation systems (Ostrom, 1992), which built upon earlier comparisons of bottom-up community water systems and top-down bureaucratically managed systems (e.g., Coward, 1980). Cole (2017) argues for including formal laws within the IAD framework. Recent research treats these institutional hierarchies as multi-level systems, which has special relevance for the Colorado River basin region (e.g., Moss and Newig, 2010; and for the Colorado see York, 2021).

Most recently, theorists have generated research on the dynamic social and political nature of institutions (e.g., Guala, 2016; Philosophy of the Social Sciences, 2018; Jupille and Caporaso, 2022). Recent water resources research does not appear to cite these works yet, which may reflect a shift from institutions toward the expansive theme of governance (Woodhouse and Muller, 2017). However, a focus on institutional levels of water management promises insights into their origins, logic, and interactions. The historical geographic approach taken here shows how institutional levels of water management in the Colorado River basin region—from the community to international level – co-evolved with changing ideas about the enabling and constraining, regulative and reforming, dimensions of water institutions. An important step in the context of this journal issue on scale is to consider the relationships among institutional levels and geographic scales of water inquiry.



1.2. Relationships among institutional levels and geographic scales of water management

A core argument in this paper is that water management institutions develop at different socially-defined levels, from communities to states and nation states. It is important to consider how these institutional levels are related to geographical scales of water inquiry (for related but somewhat different perspectives on levels and scales see Sheppard and McMaster, 2004; Neumann, 2009; Islam and Susskind, 2013, p. 46–51, 71–79; York, 2021). Institutional levels are socially-defined jurisdictions with distinctive rules and organizations that guide water management. They include community water norms, state water rights, interstate river compacts, tribal water laws, federal water policies, and international water treaties. Complex river basins, like the Colorado, have all of these multiple levels of water management (Wheeler et al., 2018; York et al., 2019). Although often described hierarchically, whereby international treaty agreements take precedence over federal policies, which take precedence over state and local policies, local actors retain significant authority and agency in river basin deliberations. Over time, each level shapes and is shaped by all of the others, while retaining and adapting its own distinctive rules and organizational structures.

It will be shown that community (including tribal) levels arose first, followed by state, interstate, federal, and international levels in successively larger geographical areas. This progression calls for consideration of relationships between institutional levels and geographic scales. For example, the state level of water laws applies to geographical configurations of water use and hydrologic processes within the jurisdiction of a state. However, those water patterns and processes can be examined at multiple geographical scales that do not correspond or fall within institutional boundaries. Hydrologists analyze variations within and across scales in quantitative ways (e.g., Sposito, 1998). Social scientists, by comparison, have focused recently on the politics of scale (Norman et al., 2012, 2015; Perramond, 2012, 2015); political dynamics across scales (Mumme and Leigh Taylor, 2014); and political ecologies that encompass multiple spatial and temporal scales (Ward, 2003; Buechler and Hanson, 2015). These political approaches challenge the “fixity” of scale (Martin, 1999) and “stationarity” of water rights and compacts (Perramond, 2020). At the same time, they tend to conflate institutional levels and geographical scales of water inquiry.

Sometimes efforts are made to align levels and scales, as for example when a state water agency uses river basins, watersheds, or economic regions to administer water rights or water policies in those areas. As water users compete with one another over transboundary streams and aquifers, states develop higher-level interstate institutions to address those larger geographical issues. In the Colorado River basin context, its multi-level system of institutions is collectively known as the “law of the river” (MacDonnell et al., 1995).



1.3. Approaches to the study of institutional levels of water management

The argument in this paper is that a systematic review of levels of water management helps understand the institutional logic at each level. Understanding the multiple levels of institutions that develop in the historical geography of a river basin region sheds light on basin challenges and opportunities. There are several ways to construct a multi-level review (e.g., see York, 2021). Many studies start with a pressing water problem, and review its institutional context starting at the international treaty level and proceeding to the federal policies, interstate compacts, state laws, and local organizations that define the problem (e.g., Wescoat, 1984, 25–58 on oil shale development; and Wescoat, 1986 on salinity). This top-down progression from relatively recent international water institutions to lower level institutions that have earlier histories cuts against the grain of history.

A second approach in river basin histories thus proceeds in the opposite direction. It may begin with a current situation or problem in the basin, but it strives to reconstruct the origins and development of relevant water management institutions over time. Historians have offered rich accounts of western water management from early records of Hispanic and 19th century colonization, followed by 20th century river basin development (e.g., Meyer, 1984; Worster, 1992). This historical approach tends to either proceed from local water communities to changing state, federal, and international policies; or, more commonly, it retraces the dynamic interactions across multiple levels of water management over time. Historians often focus in depth on institutional changes over relatively limited time periods, e.g., negotiations over the Colorado River compact in the early 20th century (Hundley, 2009). Their longue durée rarely extends to the archaeological record of prehistoric water management that is important in the Colorado River basin.

A third approach comes from water lawyers in the western U.S. who recount the institutional history and trajectory of the “law of the river,” often beginning with basin state water laws, followed by documents that shaped the Colorado River Compact in 1922, and subsequent laws and policies up to the present (e.g., MacDonnell, 2021). Some legal histories mention prehistoric and early Hispanic communities (Meyer, 1984; Ragsdale, 1998), but most begin with late-19th century water laws. Water law casebooks are often organized by these state, interstate, federal, and international levels (e.g., Benson et al., 2021; Zellmer and Amos, 2021).

This paper builds upon these three approaches, especially the “law of the river” tradition, by presenting a systematic review of levels of water management in the Colorado River basin region. It shows how rules and organizations at each level differ from, and relate to, those above and below. It extends the law of the river approach by adopting a macro-historical geographic approach that proceeds from community water institutions that are early in time and small in size to institutional levels that are larger in size and more recent in time. Within the constraints of a journal article, it is only possible to offer a brief review of research conducted on each institutional level of water management. The paper used bibliographic search methods described in the next section to identify sources for each level that are summarized in the results section. The discussion reflects on interactions among levels and the conclusion on insights from this review.




2. Methods

This review adapted systematic bibliographic search methods [cf. Gough et al., 2012; Collaboration for Environmental Evidence (CEE), 2013; Fischer et al., 2021, ch. 7]. They were initially developed to identify potential environmental impacts of FAO Investment Center projects (Wescoat, 1997). They were subsequently used to survey ex-post evaluations of water projects globally (Halvorson and Wescoat, 2002). Legal materials search methods were added to trace the diffusion of public trust doctrine cases in the U.S. and South Asia (Wescoat, 2009). A search for rural and urban water conservation research in the U.S. and India identified gaps and linkages between those fields and regions (Wescoat, 2005, 2014), as did a review of intersections between research on political ecology and natural hazards (Wescoat, 2015). Extension of these methods to the Colorado River basin began by identifying the following levels of water management:

• Community water management

• State water laws and policies

• Interstate water apportionment

• Indian tribal water law and policies

• Federal water policies

• International treaty relations

A common set of bibliographic indexes was used to give consistent treatment to each level:

• WorldCat—for books.

• Web of Science—for journal articles in all fields.

• Compendex—for water engineering articles.

• LexisNexis Uni—for laws and law reviews.

• Water Resources Abstracts—for water publications and reports.

• Proquest Dissertations—for full text doctoral dissertations.

• America History and Life—for community levels.

Keywords varied somewhat for each level, so search results were used to identify major studies and not to conduct quantitative bibliometric analysis across levels (cf. Fischer et al., 2021). Pairs of search terms were entered as keywords or equivalent. When hits exceeded 50, one or more search terms were treated as title words. If still large, results were limited to the past 10 years. Raw hits were reviewed for their relevance and, if relevant, for their breadth and depth of coverage. Top hits are cited in the review. These methods are demonstrated below with results from an initial search for the key concepts of “levels,” “scales,” “institutions,” and related concepts in Colorado River basin research (see Supplementary Table 1). We included “scale” as a search term as it often encompasses levels as defined here.


2.1. Levels

Many studies have dealt in colloquial terms with levels of water management in the Colorado River basin (e.g., local level, village level, state level, and so on), but few treat the concept of levels systematically. An early study by Larson et al. (1979) shows how levels of decision making in the Uintah basin and Colorado River basin dealt with 20 obstacles to conflict resolution in water resources planning. Moore (2017) examines how interactions at the subnational level of state and non-state actors affect collaboration in federal river basins like the Colorado. Several studies employ concepts of multi-level water management. York et al. (2019) consider the concept of a nested hierarchy as one of three lenses for understanding the socio-hydrology of Arizona water resources. Evans et al. (1982) developed an early multi-level model for salinity control in the Upper Colorado Basin. Aghnami and Hogue (2005) discuss computational strategies for model calibration in multi-level watershed hydrology. Wheeler et al. (2018) compare methods of multi-level modeling with applications to the Colorado and Murray-Darling River basins. Suykens (2018) explicitly frames the “law of the river” as a multi-level system. Several studies examine decision-making processes at multiple levels in relation to sustainability criteria (Berggren J., 2018; Iribarnegaray et al., 2021; York, 2021).



2.2. Scales

As mentioned above, institutional levels are often conflated with concepts of scale in water resources research. This bibliographic search yielded larger numbers of keyword and title hits for scale than for levels. Many of those hits describe research of a specific size, e.g., small-scale, large-scale, landscape scale, and so on (e.g., Huenneke et al., 2015). The largest group of studies involve scale in hydrological and ecological vis-à-vis management terms. Some focus on downscaling climate models to generate hydroclimatic scenarios (Freeman, 1993; Kim et al., 2006; Mendoza, 2015; Foster, 2018). Others analyze temporal and spatial scales of streamflow, peak flow, stream networks, and watershed hydrology (Peckham, 1995; Veitzer, 1999; Mantilla, 2007; Nowak, 2011; Ficklin et al., 2013). Studies of ecological scale examine riparian and aquatic species and community dynamics (Lammers, 1998; Shafroth et al., 2017), and ecosystem threats (Paukert et al., 2011; Comte et al., 2022). An interesting law review article assesses what water lawyers can learn from large-scale ecological research (Bosselman, 2002).

Another significant group of studies deal with scales of water management in the Colorado River basin. Page and Dilling (2019) ask how “communities of practice” can help scale-up the use of climate information in water management. Several studies examine multi-scalar dynamics of water quantity and quality issues along the U.S.-Mexico border (e.g., Mumme, 2008; Mumme and Leigh Taylor, 2014). Fischhendler and Feitelson (2003) underscore how U.S.-Mexico negotiations on Colorado flows were linked to the larger border region that includes the Rio Grande and Tijuana River basins. Fraley (2012/2013) reviews challenges of “scaled legislation” that has promoted regional development in the Colorado River basin from the New Deal era to the present. A recent study re-reads 19th century natural surveys of the Colorado River “from source to sea” through the politics of scale (Kroepsch et al., 2021).



2.3. Institutions

The most common approach to levels of water management in the Colorado River basin involves various types of policy analysis that situate urban, regional and subsectoral water policies within broader sociopolitical contexts (e.g., Al-Sabbry, 1998; Gerlak, 2017; Karambelkar, 2020). Colorado River Simulation System (CRSS) models using the Riverware platform incorporate institutional rules for reservoir operations to simulate the effects of hydroclimatic and policy scenarios (Fulp et al., 1999; Zagona et al., 2001; Gilmore et al., 2004; Gastélum and Cullom, 2013; and a critique by Wheeler et al., 2019). Hadjimichael et al. (2020) model the distributional effects of institutional variables within the basin.

Institutional analysis has been employed to characterize water laws and policies in the basin (e.g., Kenney, 1995; Lord et al., 1995; Kenney et al., 2011). This is the principal approach used in research on the law of the river, which involves structured analyses of Colorado River laws, compacts, and treaties (Fahmy et al., 1983; MacDonnell et al., 1995; Anderson, 2004; Harkins and Snow, 2004; CLE International, 2013; Robison, 2017, 2022). State and federal agencies have produced compilations of the law of the river documents (e.g., Arizona Department of Water Resources, 2000; U.S. Bureau of Reclamation, 2010). In addition to descriptive and analytical studies, some law of the river research advances normative proposals for river basin management (e.g., Quesada, 2016; McKenzie, 2021, on the neighboring middle Rio Grande). MacDonnell (2021) offers an upper basin perspective on concerns about institutional uncertainties in the law of the river (also Carrico, 2014).



2.4. Governance and related concepts

Institutional research is increasingly framed within the broader socio-political context of water governance (e.g., Getches, 1997; Koebele, 2017; Berggren J. G., 2018; Singh et al., 2019; Juricich, 2020). Governance research in Arizona, for example, has focused on pressing issues of groundwater and transboundary water management (e.g., Wilder, 2020; Albrecht, 2021). Burnham (2022) employs discourse analysis in a study of the Central Arizona Project. Several studies employ a political ecological framework to examine power relations across boundaries in the lower Colorado (Ward, 2003; Butler, 2015; Scarrow, 2016). A significant body of governance research addresses transboundary relationships (e.g., Sternlieb, 2014; Mead, 2017; Tapia Villaseñor, 2020). Institutional levels of water management are incorporated in most of this governance research.

With this demonstration of bibliographic search methods applied to levels, scales, institutions, and governance of the Colorado River basin region—and the rationale for focusing on institutional levels—we proceed to substantive results and review. Given the breadth of review, the results are necessarily limited to major institutional structures and references.




3. Results


3.1. Community levels of water management

Communities constitute the earliest and most local level of water management from prehistoric times to the present. The community level includes four major historical periods and culture groups in the Colorado River basin region—from prehistoric times to the present – each of which has distinctive institutions and continuities that have shaped subsequent multi-level systems of water management.


3.1.1. Prehistoric water communities

Prehistoric hunter-gatherers sought campsites with proximity to favorable water, vegetation, fish, and game conditions, and protection from winter winds and summer heat (Soule, 1981; Bozovich, 1987; Lubinski, 2000; Schneider, 2002; Yansa, 2007; Adams, 2010). This bibliographic search concentrated on later prehistoric cultures engaged in water management, using search terms such as, “Hohokam” for canal irrigating tribes in central Arizona; “Anasazi” for check-dam building tribes in the Colorado Plateau region; and “Mogollon” for tribes in the middle Rio Grande basin (Supplementary Table 2A; Figure 2). Research on prehistoric water communities involves archaeological studies of material culture with input from ethnohistorians (e.g., Toll, 1995). In these prehistoric contexts informal institutions are inferred from their material and geographical contexts. Search results are thus categorized by water management technologies, settlement patterns, and hydrologic contexts, from flood-farming to canal irrigation.


[image: Figure 2]
FIGURE 2
 Hohokam, Ancestral Pueblo, and Mogollon cultures circa 1350 CE (Source: Wikimedia Commons, 2015, https://commons.wikimedia.org/wiki/File:Hohokam,_Ancestral_Pueblo,_and_Mogollon_cultures_circa_1350_CE.png, modified by Yuchitown. Creative Commons Attribution-Share Alike 4.0 International).



3.1.1.1. Flood farming communities

Flood farming communities lived along large perennial rivers like the Rio Grande and lower Colorado that were too large for those groups to physically control. Bryan (1929) documented flood-water farming methods that ranged from simple plant gathering to encouragement of preferred species. At a more advanced level, farmers planted seed in moist floodplain soils (Wellman and Ahlstrom, 2008). Some lower Colorado River tribes continue to harvest floodplain vegetation, though mobile flood farming has largely been replaced with irrigation systems (Smith, 2010).



3.1.1.2. Check dam, cistern, and well water communities

Small, intensively managed, water works were developed along intermittent stream channels in semi-arid upland environments by Anasazi (Ancestral Puebloan) cultures of the Colorado Plateau (Kirkpatrick, 1986; Doolittle et al., 1993), and some Hohokam settlements (Logan, 1999). Wells, check dams, and cisterns supported architecturally sophisticated defensive settlements in the Mesa Verde cliff-face settlement (Wright, 2003, 2004; Reese, 2020). Check dams impounded sediments to create favorable planting beds and control erosion (Doolittle, 1985). They sometimes directed water to small square basins, later called “waffle gardens” (White et al., 1998). Ragsdale (1998) has sought to infer a “jurisprudence,” i.e., institutions, from these prehistoric Anasazi community systems.

At the larger scale of soil moisture management (Dominguez and Kolm, 2005), runoff diversion works directed water to gridded (Dominguez, 2002) and pebble-mulched fields (Lightfoot and Eddy, 1995). Some impoundments created water reservoirs (Wilshusen et al., 1997). One diversion canal has been interpreted as a flood control structure in Chaco Canyon (Wills et al., 2016), which developed numerous water sources and structures (Scarborough et al., 2018). Further south in the Sonoran borderlands, Mogollon settlements developed dynamic spatially-aggregated settlements in areas with favorable water conditions (Nisengard, 2006; Frost, 2021). Water-sensitive settlements in these arid regions adjusted their locations and subsistence strategies in relation to climate variability (Bensen et al., 2007; Smith, 2010).



3.1.1.3. Hohokam canal irrigation communities

The largest body of prehistoric water research has focused on canal builders in what is now central Arizona (Bahr, 1994; Henderson and Banerjee, 2004; Fish and Fish, 2008, 2012; Mills et al., 2017; Hill, 2019). Hohokam canals diverted water from the Salt, Gila and Santa Cruz rivers, which are among the few medium-size perennial rivers in the region subject to human control (Figure 3). Excavation at the Snaketown, Arizona site identified brush diversion weirs, changing canal alignments, and cross-sections (Haury, 2016). Recent excavations include morphological analysis of canal alignments, channel sediments (Purdue et al., 2010), and associated wells (Wright et al., 2013). Water management in adjacent areas of the Sonora desert by Tohono O'odham (Papago) (Bryan, 1925) relied on mixed strategies of cultivation, gathering, and hunting (Nabhan, 1983; Darling et al., 2004; Raab, 2009; Loendorf, 2010; Loendorf and Lewis, 2017).


[image: Figure 3]
FIGURE 3
 Map of Hohokam prehistoric irrigation canals [Turney, 1929; https://repository.arizona.edu/bitstream/handle/10150/623395/azu_h9791_a72_h6_02_02_art2_w.pdf?sequence=1andisAllowed=y (accessed December 16, 2022)].


Hohokam canal irrigation had remarkable longevity (c. 600-1450 CE) (Caseldine, 2020), which Fish and Fish (2008) describe as the Hohokam millennium. Its settlements shifted from relatively undifferentiated building types in the pioneer period to socially stratified patterns in the classic period that some regard as a factor contributing to socio-environmental vulnerability, though interpretations of settlement abandonment vary (Ackerly, 1982; Rice, 1998; Clark, 2001; Fish and Fish, 2012; Howard, 2014; Woodson, 2016). Murphy (2009) has conducted simulation modeling of Hohokam expansion and contraction. Simon (2002) reviews the conservation of Hohokam canal heritage in modern urban environmental design.



3.1.1.4. Summary

Prehistoric water communities adapted to varied sociohydrologic conditions with a range of institutional practices inferred from their material cultures. However, they underwent dramatic regional reorganization in the mid-14th to mid-15th centuries that involved community dispersal and resettlement associated with combinations of climatic and socio-cultural stresses. Their significance for modern water management lies in part in: (1) assessment of hydroclimatic impacts and adjustments; (2) revival of early canal irrigation systems in Phoenix, Arizona, where Pima Indian tribes renewed some canals, followed by Anglo irrigators, and later urban developers; and (3) continuing technical refinement and government support for check dams and related soil and water conservation practices.




3.1.2. Hispanic water communities in the 16th−19th centuries

The 16th century witnessed several trajectories of Hispanic in-migration and water management in the region, notably in the middle Rio Grande and Santa Cruz River valleys (Meyer, 1984, 1989). This bibliographic search used keywords such as, “acequia,” “pueblo,” “mission,” and “Hispanic water,” (see Supplementary Table 2B). Some of the earliest Hispanic settlements developed around military forts (presidios) that needed strategic access to water for domestic use, cavalry animals, and defensive purposes. Once secured, areas were developed by large rancho land grants for grazing and related agrarian purposes. Missions were religious colonizing communities led by priests with conscripted Indian converts and laborers who irrigated nearby lands for local consumption and trade (Ressler, 1966; Waters, 2005). Larger town settlements (pueblos) developed drinking water and urban irrigation systems, e.g., at Nogales and Tucson in the Colorado River basin.

It is important to distinguish pueblo Indian communities in the Rio Grande valley (Hughes, 2017; Ebright and Hendricks, 2019) from Hispanic town pueblos. The latter were guided in part by a 17th century legal code known as the Recopilación de las leyes de los reynos de las Indias, which included principles for siting towns in proximity to good water and drainage (Briggs and Van Ness, 1987). Towns had customary practices of water sharing during drought (Tyler, 1995) that carried forward into later historical periods (Reich, 1994; Tyler, 1995).

Hispanic settlers developed several enduring institutions for community water management, notably acequia irrigation organizations (Lopez et al., 2018). Irrigators contribute labor to acequia maintenance, sharing seasonal surpluses and shortages of water, and making collective decisions about ditch operations (Hicks and Pena, 2010; Baker, 2013, 2018; Trott, 2017; Montoya, 2020; Romero, 2021; Conrad, 2022). Rivera (1998) retraces their historical development in the southwest, as well as their current status, challenges, and prospects. Rodríguez (2006) stresses intercultural affective relationships in acequia water management (cf. Romero, 2021). That is not to say that acequia communities have not had internal and external conflicts (Reichard, 1996; Ebright, 2001; Sanchez, 2011). Crawford (1988) offers a first-hand account of cooperative and conflict management experience as a ditchmaster (mayordomo) in New Mexico. However, acequias are under increasing pressure to measure and adjudicate their community held rights within the larger and more individualistic context of state water rights administration (Levine, 1990; KleinRobbenhaar, 1996; Rango et al., 2013; Fernald et al., 2015; Perramond, 2015; Raheem, 2015). Wise and Crooks (2012) conduct agent-based modeling of acequia sustainability (cf. Raheem et al., 2015). Some cities with Hispanic origins claimed pueblo water rights dating to the time of their original settlement, which they argued should expand as the city grew. While creative as legal arguments, they have been rejected both by courts and legal historians (Tyler, 1990; Mulvany, 2005; Reich, 2018). Pueblo Indian communities, by contrast, have different water management and settlement systems (Vlasich, 1980; DuMars et al., 1984; Quintana, 1990; Anschuetz, 1998; Wood, 2008; Hughes, 2017). Most pueblo tribes are located in the Rio Grande basin, though some like Zuni are in headwaters of the Colorado River basin. Some such as Taos practice acequia irrigation methods that exemplify community-based approaches to water management (Cox and Ross, 2011; Cox, 2014; Flint, 2021).



3.1.3. 19th century water communities

Colonization from the eastern United States brought Euro-American communities into the region that had complex interactions with Indian and Hispanic communities (see Supplementary Table 2C). Some were Gold Rush miners (Kanazawa, 2006), others Mormon irrigators (Arrington and May, 1975), and still others tried to form utopian irrigation “colonies” (Clark and Clark, 2005). Among the latter, New York City publisher Horace Greeley supported the Union Colony in northeastern Colorado (Pabor, 1871). That communal experiment was soon engulfed by larger-scale processes of immigration and irrigation development. An African-American farming community in Dearfield, Colorado was located nearby but declined during the Depression and drought of the 1930s (Waddell, 1988).

Mormon settlers fled persecution in the eastern and midwestern states arriving in the Utah Valley in 1847. They adapted rapidly to the landscape of mountain streams and desert plains, establishing some of the most enduring irrigation communities of the 19th century (Dyal, 1980; Alexander, 2002; Wheeler, 2011). Their towns emulated Joseph Smith's visionary Zion Plan, which featured broad streets flanked by ditches for homestead garden irrigation, and larger ditches for outlying fields (Jackson, 1994). Mormon communities had successful institutional combinations of hierarchical decision-making coupled with egalitarian sharing of surplus and scarcity that enabled them to weather various stresses and establish new colonies across Utah and the wider southwest (e.g., Toelken, 1991; Lavoie and Sleipness, 2018). Several studies have focused on Mormon collaboration and conflict with Native American communities, e.g., in the Uintah Valley of Utah (Endter, 1988) and Tuba City on the Navaho Indian reservation in Arizona (Smallcanyon, 2010).

Colonization processes displaced tribal communities onto regressively sited and scaled reservations with limited access to water. Initially, Pima (Akamel O'odham) and Ak Chin O'odham tribes revived old Hohokam irrigation canals in central Arizona and thrived by supplying early miners and others (Hudanick, 1983; Heslop, 2012). Later colonization displaced these tribes onto reservation lands resulting in impoverishment of many (Ezell and Fontana, 1994; Frantz, 2012; cf. Glaser, 1996). The nearby Tohono O'odham (Papago) tribe who occupied arid lands of the Sonoran Desert that have limited surface and groundwater water resources developed mixed livelihood strategies (Bryan, 1925; Nabhan, 1983). Analogous processes of displacement and adaptation occurred along the lower Colorado main stem (Blossom, 1979; Caylor, 1996; Sudol, 2019).



3.1.4. 20th century and contemporary water communities and organizations

Continuing immigration in the late-19th and early-20th centuries involved diverse ethnicities, including various European groups, Hispanic communities, and small but significant Asian groups (e.g., Chinese, Japanese, and Punjabi Indians) (see Supplementary Table 2D). The latter faced systematic social and legal exclusion, discrimination, and conflict (e.g., Leonard, 1992; Walz, 1998; Ho, 2003; Metraux, 2019; Lau-Ozawa, 2021). While Native American Indian reservation communities had an early water rights victory in the Winters v. United States (207 U.S. 564, 1908) case, that rarely translated into viable reservation water supplies (i.e., “wet water”) for much of the 20th century.

Relationships among 20th century water communities and their organizations developed in dynamic ways. By the late 19th century, local irrigators established mutual ditch companies (quasi-private not-for-profit organizations) to secure water rights, finance irrigation works, and maintain those systems (Taylor et al., 2019). Maass and Anderson (1978) compare the socio-economic performance of six Spanish and western US irrigation communities, stressing the importance of water rights markets and local community vis-à-vis governmental control. As ditch companies expanded in size they organized larger irrigation districts with the power to levy taxes (e.g., Crider, 2018 in California, and the Grand Valley of Colorado, Struthers, R. E., and United States Bureau of Reclamation, 1963; Raley, 2001). Water User Associations encompassed a still wider range of water uses (e.g., Yuma County Water Users' Association., 1987), as did water conservancy districts and municipal water utilities (Wescoat, 1984, 161–82; Sherow, 1989; Schorr, 2006; Lieberman, 2011). These organizations have ranged in geographical scope from individual ditches to regional water systems. Most of them combine elements of private and public control, and thus link community and commodity values in water (cf. Mumme and Ingram, 1985; Brown and Ingram, 1987). Research on modern tribal irrigation communities underscores the importance of local control (Leeper, 1989). Weber (1991) showed that water access is a necessary but insufficient condition for community economic viability in southern Colorado. Social research on modern irrigation communities includes surveys designed to inform economic development (Abruzzi, 1985; Borden et al., 2005, 2006).

Recent research has highlighted the emergence of environmental communities concerned with riparian and aquatic species protection and watershed conservation (Propst and Culp, 2000; Benson, 2007; Long, 2010; Osenga et al., 2021). Hubbard et al. (2018) describe a community test-bed for watershed science in the upper basin of western Colorado (cf. Kakalia et al., 2021). Credo (2022) discusses the cultural sensitivity and practices required when working with Colorado River tribes on environmental quality concerns. Flores and Briggs (2003) emphasize community level environmental restoration of the Colorado River delta (cf. Muehlmann, 2013). Non-governmental organizations are rapidly broadening the scope of community level institutions for water management.


3.1.4.1. Summary

This review of community level institutions found that they have had: (1) over a millennium of prehistoric and historical developments; (2) enormous diversity of community forms, organizations, contexts, and cultures; (3) dynamic processes of community interaction, exchange, conflict, and development; and (4) emergent community movements and organizations in the late 20th and early 21st centuries (De Borhegyi-Forrest, 1998; Wood, 2008). An influential volume on Values and Choices in the Colorado River Basin included a chapter on community development by Mann (1978), who emphasized the contingent nature of local community control in the region (cf. also Adler, 2020, on communitarianism in the western US). While community institutions have had some measure of local autonomy, they have been subject to expanding formal institutions at higher levels of governance. Competition and conflict among communities leads us to consider state level institutions established in part to deal with such conflicts as well as broader aims of economic development, public welfare, and territorial control (Formisano, 2012; Robison et al., 2021).




3.2. State level water rights and policies

Constitutionally, water is a state subject in federal governments like the United States and Mexico, which means that states have primary jurisdiction over water matters within their boundaries. Portions of seven states lie within the Colorado River basin in the United States and two in Mexico. It is fascinating to compare these state and basin boundaries (Figure 1). Southwestern Wyoming has a relatively small sparsely populated grazing and mining area of the basin's headwaters. The western half of Colorado has the headwaters of four regional river basins that support irrigation agriculture, energy, and recreational uses. It also exports water across the Rocky Mountains to irrigated and rapidly urbanizing basins in eastern Colorado. New Mexico has the San Juan River basin in its northwest corner and arid headwaters along its western border. It exports water from the San Juan River basin into the Chama tributary of the Rio Grande valley. Utah receives headwater flows from Colorado, Wyoming, and New Mexico. It exports water from the Colorado River across the Wasatch Mountains into the intensively irrigated interior drainage of the Great Salt Lake Basin. Each of these states has promoted transbasin exports within state boundaries to maximize its use of Colorado River basin waters.

The three lower basin states include hydrologically small contributions from Nevada and California, though those states have politically powerful water users. The extrabasin region of southern California receives massive water transfers via the Colorado River Aqueduct and All-American Canal. Arizona is the one state that lies almost entirely within the basin. It receives a long-distance water transfer from the main stem of the Colorado through the Central Arizona Project canal. A small area of Sonora state in Mexico drains into the Santa Cruz watershed at Nogales, Arizona (Ingram et al., 1995). A small area of northern Baja California state drains into the New River and Salton Sea from the Mexicali area (Dicochea, 2010), and also into the shared Tijuana River that discharges into the Pacific Ocean. Sonora and Baja California share the lowest reach of the Colorado River before it discharges into the depleted and degraded Colorado River delta and Sea of Cortez (Ward, 2003).

With the exception of California's early statehood in 1850, basin states were initially established as territories that were nevertheless empowered to pass water statutes and decide legal cases. They became states between 1864 (Nevada) and 1912 (Arizona and New Mexico) (Supplementary Table 3). The bibliographic search at this level, and those that follow, gave more attention to Lexis/Nexis legal databases that include law reviews, cases, and statutes. The America History and Life and Web of Science databases were omitted as less focused on water policy at these levels. Search terms included the seven basin state names and “water law” or “water policy” (see Supplementary Table 4).

Each state has guides to its water laws for professional and public use [e.g., CLE International, 2013; Howard and Alstead, 2009 (Nevada); MacDonnell, 2014 (Wyoming); Hobbs and Colorado Foundation for Water Education, 2018 (Colorado); Liebert, 2019 (California)]. Given the importance of legal precedents in state water law, histories of those laws have been compiled in legal treatises, books, and reviews [e.g., Reich, 1995 (Arizona); Kanazawa, 1998, 2015 (California); Harrison, 2001 (Nevada); Olds, 2004 (Utah); MacKinnon, 2006 (Wyoming); Hall, 2008 (New Mexico); Walston, 2008 (California); Schorr, 2012 (Colorado); Bennion, 2014; Hundley, 2020 (California)].

The prior appropriation doctrine became an important principle in state water laws that defined water rights institutions in the latter part of the 19th century. Colloquially termed “first in time, first in right,” it stipulates that in the event of scarcity water rights holders must divert water in the order of their “seniority” (i.e., the date when they put water to a “beneficial use”). Prior appropriation had its origins in mining camps where miners diverted water from stream channels to their mineral claims. Early users had priority over later ones, which was adopted as a legal precedent in Irwin v. Phillips (5 Cal. 140, 1855) on federal lands in California, and in mining districts of Colorado (Schorr, 2012, ch. 1). Colorado courts extended the prior appropriation rule to irrigation water rights, rejecting the riparian rule of reasonable use among streamside land owners, which governed in the eastern United States. The Colorado case of Coffin v. Left Hand Ditch (6 Colo. 443) ruled that the historical time of use established the basis of a water right, rather than the riparian place of use, even when senior uses lay outside the basin of origin but within state boundaries. The Colorado Doctrine (Schorr, 2012), as it was called, was adapted in all of the other basin states, except California. The California case of Lux v. Haggin (69 Cal. 255, 1886) ruled that prior appropriation must allow for some reasonable use by downstream riparian claimants, which led to a hybrid system of surface water laws. That hybrid arrangement was adopted by other Pacific coast and Great Plains states.

Colorado also stood out for water articles in its 1876 State Constitution that declared:

The water of every natural stream, not heretofore appropriated, within the state of Colorado, is hereby declared to be the property of the public….the right to divert the unappropriated waters of any natural stream to beneficial uses shall never be denied. Priority of appropriation shall give the better right as between those using the water for the same purpose. (Art. 16, 5-6, 1876; emphasis added)

Not surprisingly, this constitutional right to divert all waters of natural streams in the state led to overappropriation. Wyoming adopted similar language in 1889 with the more flexible provision that, “No appropriation shall be denied except when such denial is demanded by the public interests” (Art's. I, 31 & VIII, 1, 3). Over the past century, state water laws have addressed whether a “diversion” is required to establish a water right, what constitutes a “beneficial use,” and how to limit “waste.” They differ as to whether and how appropriations can be made for instream flows for environmental, aesthetic, and recreational uses; and for on-site use of diffuse surface flows [Elliott, 2011; Connell, 2019 (Wyoming); Hobbs, 2019 (Colorado); Matheson, 2004 (Utah)]. The states have refined methods for estimating water use efficiency, conservation, and waste [Glennon, 2018 (Arizona); Zisch, 2014 (Wyoming)]. Transbasin “developed water”, for example, can be reused and recycled within the state, provided its water right is in priority in its basin of origin [City and County of Denver v. Fulton Irrigation Ditch Co., 179 Colo. 47, 506 P.2d 144 (1972) (cf. Fuller, 2014 (Wyoming)].

States vary in their procedure for establishing a water right, which generally begins with an expression of intent to appropriate, followed by diligence in developing the right, putting the water to a beneficial use, and fulfilling any recording steps that may be required. Once developed, a right must be put to continuing beneficial use, the standards of which can evolve with increased competition and standards (Clegg, 2005; Hobbs, 2013; MacDonnell, 2015). Some states permit filings of conditional water rights, especially by cities, in anticipation of increased future water demand. For those rights the priority dates back to the time of filing rather than the later time of beneficial use [e.g., City & County of Denver v. Sheriff, 96 P.2d 836, 839 (Colo. 1939)]. This controversial policy can contribute to water rights uncertainty and overappropriation. When a senior water right does not receive its full amount, a “call” is placed on the river that requires all users to divert only their decreed amounts, at which point the most junior users are shut off until more senior uses are fully served.

States allow changes of water rights to meet new demands subject to two rules. First, changes are limited to the “historical beneficial use” of the right – any claim beyond that amount reverts to the water rights priority queue or the stream. Second, the proposed change must cause “no-injury” to any other water right holder in the system, junior or senior, whether by changes in withdrawals, place of use, or return flows (Banks and Nichols, 2015). Wyoming initially forbade water transfers as speculative but later allowed them (MacKinnon, 2006; on anti-speculation see Cannon, 2009; Schorr, 2012; Hobbs, 2013). These rules and procedures for changing a water right can have substantial transaction costs, particularly in states like Colorado where changes are reviewed in special water courts, as compared to states where the state engineer's office evaluates proposed changes (National Research Council, 1992; Womble and Hanemann, 2020). States differ on how one can lose a water right, e.g., through cancellation, forfeiture, or abandonment, though they have been reticent to implement those provisions in areas of the Colorado River basin seeking to develop a state's share of the river (Zellmer and Amos, 2021, p. 165–70).

Where states differ most is in their groundwater laws and their approaches to conjunctive management of surface and groundwater resources (DuMars, 1985; Meyer, 1989; Avery et al., 2007; Ruple, 2011; Meldrum, 2013). California developed a concept of correlative groundwater rights whereby rights are proportionate to one's land ownership above the aquifer [Katz v. Walkinshaw, 74 P. 766, 772 (Cal. 1903)] and historical levels of pumping. Colorado adapted prior appropriation for groundwater deemed tributary to streamflow; and state permitting of “non-tributary groundwater” [State Dep't of Natural Res. v. Southwestern Colorado Water Conservation Dist., 671 P.2d 1294 (Colo. 1983)]. Most states have developed some form of pumping permits, with historical exceptions for domestic wells (Zellmer and Amos, 2021, p. 242–6). Groundwater use for energy development (e.g., shale oil or fracking) have posed new legal as well as environmental issues that include groundwater contamination, overdraft, subsidence, and air pollution [cf. Ariz. Rev. Stat. Ann. §45–401, 596(I); and Colo. Rev. Stat. §37–91–110; Ruple and Keiter, 2010; Ritchie, 2014; Whitney-Williams and Hoffmann, 2015].

All of the basin states initially relied on a State Engineer to administer water rights, i.e., to record perfected rights and physically turn off junior rights in times of scarcity. By the mid-20th century, however, growing water competition and environmental conflict led some basin states to create broader departments or divisions of water resources management. As noted above, Colorado stands out for its heavy reliance on water courts in its seven regional water divisions, four of which are headwaters basins of the Colorado River (i.e., the Yampa, Colorado, Gunnison, and Animas-La Plata headwaters). Not surprisingly, Colorado has the largest body of water rights case law (Supplementary Table 2D), as well as high transaction costs associated with water rights changes and transfers (National Research Council, 1992; Womble and Hanemann, 2020).

Notwithstanding the variations noted above, the prior appropriation doctrine distinguishes the state level of water management from institutions at other levels in the basin. State water laws have evolved to address myriad issues within their boundaries. States engage in intense internal debates about property rights in water (Benson, 2012; MacDonnell, 2015), but passionately defend those property rights institutions against encroachment by other states or federal organizations (Schorr, 2012). When states come into conflict with one another over transboundary waters, they turn to the interstate level of water management.



3.3. Interstate level water institutions

Interstate relations constitute the next higher institutional level of water management. They have their own institutional logic and organizations distinct from those of the participating states. Three types of interstate apportionment have developed in the Colorado River basin: (1) interstate litigation; (2) interstate compacts; and (3) Congressional apportionment. In each case, the US. Constitution stipulates involvement of the federal government. Bibliographic search terms for this level were “interstate” or “compact” and “Colorado River,” again with increased emphasis on law reviews and legal sources (see Supplementary Table 5).


3.3.1. Interstate litigation

When states have conflicts over water they may go to court, and the U.S. Supreme Court has original jurisdiction over such cases. The Supreme Court often appoints a special master to provide technical reports and recommendations. In some early cases the Supreme Court used the prior appropriation principle to adjudicate local claims on each side of a border. However, a progression of cases from Kansas v. Colorado (1907) to Wyoming v. Colorado (259 U.S. 419, 1922), Nebraska v. Wyoming (325 U.S. 589,618, 1945), and Colorado v. New Mexico I (459 U.S. 176, 1982) elaborated the new concept of “equitable apportionment,” in which seniority is one of several considerations used to determine each state's water share. The U.S. Supreme Court recently extended that concept to interstate groundwater in another region of the country [Mississippi v. Tennessee, 595 U.S. ___, 142 S.Ct 31 (2021)]. The equitable apportionment precedent in the American West has been invoked in interstate disputes around the world, notably colonial Punjab and Sindh in the Indus River basin. Interestingly, Arizona v. California (373 U.S. 546, 1963) is one of the few interstate cases within the Colorado River basin, and it is also one of the most protracted decades-long cases in history (Robison and MacDonnell, 2014). It is closely connected with Congressional apportionment of lower basin waters, so it is discussed in that section below.




3.3.2. Interstate compacts

A second form of interstate dispute resolution involves voluntary agreements or compacts among states, subject to approval by the U.S. Congress (U.S. Constitution, Art. 1, Sec. 10, Clause 3 et seq.). Interested states must first obtain Congressional authorization to enter into negotiations, and Congress may provide incentives for them to negotiate, e.g., investment in major infrastructure that could not proceed without a reliable interstate agreement. Compacts must be ratified by Congress as well as the states.

In 1922, Colorado and New Mexico negotiated an early compact on the La Plata river, a tributary of the San Juan River that flows into the upper Colorado River. It provides for measurement at key locations and equitable apportionment of flows in winter and non-winter seasons of the year with provisions for apportionment when flows drop below 100 c.f.s. (C.R.S. 37-63-101 et seq., 1995). These two states later entered into a compact for sharing waters of the U.S. Bureau of Reclamation's Animas-La Plata project (U.S. Public Law 90-537, section 501, 1968; Ellison, 2009).

Anticipation of major infrastructure development in the lower Colorado River basin led basin states to negotiate the Colorado River Compact of 1922. That agreement: (a) divides the river basin into upper and lower basins at Lee Ferry, Arizona (art. II); (b) allocates 7.5 million acre-feet (MAF) to each basin (art. IIIa); (c) requires the upper basin to deliver an average of 75 MAF over ten-year periods (art IIId); (d) anticipates a future U.S.-Mexico treaty obligation (art.IIIc); (e) recognizes future U.S. obligations to Indian tribes (art. VII); and (f) requires ratification by the seven basin states and Congress. These provisions proved problematic for Arizona, which did not ratify the compact, and uncertain for other basin states in later decades (MacDonnell, 2021). As the compact's centennial approaches, there have been several reviews of its impact and unresolved issues (from early appraisals like Grunsky, 1922 to recent ones like Robison, 2022).

The 1922 Compact and subsequent development projects led upper basin states of Colorado, New Mexico, Utah and Wyoming to negotiate their respective shares to secure federal funding for large dams on major rivers and smaller ones in their headwaters areas. Those projects would enable them to develop their compact shares while meeting their obligation to the lower basin. The Upper Colorado Basin Compact of 1948 allocated 50,000 acre-feet per year to Arizona for its relatively small area of the upper basin (art. III, 1) and apportioned the remaining waters as follows (art. III, 2):

Colorado: 51.75%

Utah: 23%

New Mexico: 11.25%

Wyoming: 14%

These negotiated figures reflect a range of considerations that did not have a precise scientific basis, or measurement provisions. The compact is administered by an Upper Colorado River Commission (art. VIII). Although less contested than the Colorado River Compact because upper basin states have taken longer to develop their compact apportioned shares, that may change with pressures from the unfolding drought and climate change (MacDonnell and Castle, 2017; MacDonnell, 2021).



3.3.3. Congressional apportionment

Arizona contested the 1922 Compact and refused to ratify it. Anxious to proceed with large main stem dam, reservoir, and canal projects, Congress passed the Boulder Canyon Project Act of 1928 which authorized:

• Construction of the multi-purpose Boulder Canyon (Hoover) Dam.

• Construction of the All-American Canal that conveys Colorado River irrigation water to the Imperial and Coachella valleys of southern California.

• Allocation of the lower basin's supply of 7.5 MAF with 4.4 MAF for California, 2.8 MAF for Arizona, and 0.3 MAF for Nevada.

• The U.S. Secretary of the Interior to manage lower basin reservoirs to fulfill state and eventually treaty allocations.

• Ratification of the Colorado River Compact by any six of the seven basin states, thus bypassing Arizona.

This act stands out as the only instance in which Congress legislatively apportioned interstate waters. Not surprisingly Arizona sued, but the federal government initially did not consent to be sued, and when the case of Arizona v. California (373 U.S. 546, 1963) ultimately did proceed, the U.S. Supreme Court deemed the Congressional apportionment to be constitutional. While the original compact negotiations had excluded Indian tribes, Arizona v. California began to change that situation by quantifying lower Colorado River tribal rights, described in the tribal section below.

The interstate institutional level thus includes federal and state governments. As with other levels, it developed its own principles of equitable apportionment, interstate case law, and compact organizations that play a major role in shaping complex river basin management.




3.4. Federal level water institutions

The federal level has been mentioned on multiple occasions above, and notwithstanding state jurisdiction over many water matters, federal institutions have broad importance for the Colorado River basin region. The US Constitution stipulates federal powers of water management that include the:

• Supremacy clause [Art. 6; clause 2]—federal laws take precedence over state laws.

• Commerce clause [Art. 1; sec. 8; clause 3]—Congress has the authority to regulate commerce among states, tribes, and foreign powers.

• Property clause [Art. 4; sec. 3; clause 2]—Congress has the authority to manage property including water rights owned by the United States.

• General welfare clause [Art. 1; sec. 8; clause 1; taxing & spending] –power to undertake work and regulations for broad public benefit.

• Treaty-making power [Art. 2; sec. 2; clause 2]—the President with the advice and consent of the U.S. Senate has the sole power to make treaties with foreign governments.

The bibliographic search at this level involved the same sources as in previous sections, plus websites of major federal agencies involved in the region. The results are so broad in scope and rich in content that we can only outline some of the major elements here. Federal agency programs are complicated by non-overlapping regional boundaries. For example, those of the US Department of Interior, which is most directly involved in basin management, combine the Upper Colorado with the Upper Rio Grande rather than with the Lower Colorado basin; while other agencies have different regional boundaries (Figure 4).
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FIGURE 4
 U.S. Department of the Interior (2019). Map of U.S. Department of interior regions based on watersheds.


By way of background, most of the Colorado River basin region became part of the United States and subject to federal laws through the Mexico Cession of 1848 and Gadsden Purchase of 1854. The Indian Appropriations Act of 1851 provided for reservations with limited sovereignty for Indian tribes. While territories, states, and reservations were being created, the federal government undertook a series of explorations of the Colorado River led by John Wesley Powell (1875) in 1869–1872 (Robison et al., 2020). Scientific surveys of this period also started to refer to the Colorado as a “basin” (e.g., Macomb and Newberry, 1876).

A movement promoting irrigation in the western states in the late-19th century led Congress to pass the Reclamation Act of 1902, which established a Reclamation Service (later the Bureau of Reclamation) under the U.S. Geological Survey (Lee, 1980; Pisani, 1992; Worster, 1992). The Act provided for federal reclamation projects for farms <160 acres in size, though that socio-economic policy would later be abandoned. Irrigation Investigations led by the U.S. Department of Agriculture Office of Experiment Stations identified potential project locations and beneficiaries. The Salt River Project (2017) in central Arizona was one of the first US Bureau of Reclamation projects in the Colorado River basin, authorized in 1903. It funded a large masonry dam and canal construction, some of which followed the prehistoric Hohokam canal alignments (Heslop, 2012).

When Congress passed the Boulder Canyon Project Act in 1928, it greatly increased the scale of federal dam construction including the massive multi-purpose Hoover Dam and All-American Canal across southern California. It empowered the Secretary of Interior to manage lower basin reservoir deliveries, which became the institutional basis for federal river operations and, recently, federally-mandated cutbacks in 2022. In 1937, the Bureau of Reclamation began work on the large Colorado-Big Thompson Project that transferred supplemental water from the upper Colorado River basin to the South Platte River basin in eastern Colorado. The Boulder Canyon Project Adjustment Act of 1940 financed dams in the upper and lower Colorado basins in part by using hydropower revenues from Hoover Dam. The Colorado River Project Storage Act of 1954 added five additional large upper basin dam projects—(1) Glen Canyon Dam on the Colorado River in Arizona; (2) Flaming Gorge Dam on the Green River in Wyoming; (3) Curecanti Dam on the Gunnison River in Colorado; (4) Navajo Dam in New Mexico; and (5) the Central Utah Project—i.e., one dam for each upper basin state. These large dams helped fulfill the upper basin's compact obligation while enabling them to physically develop their own compact-apportioned shares. It did so in part by providing for 16 small “participating projects” and another 19 potential participating projects, financed in part by hydropower revenues from the large hydropower projects.

The last massive federal infrastructure project came in 1968 with the Colorado River Project Act that among other things authorized the 336-mile-long Central Arizona Project from the lower Colorado River to central and southern Arizona. The 1968 Act stipulated that Central Arizona Project waters are subordinate to California's 4.4 million acre-feet entitlement (under the Boulder Canyon Project Act)—provisions that became relevant in the 2022 drought cutbacks. The Act omitted a large dam proposed for the sublime Marble Canyon of the Colorado River, which signaled the ascent of environmental values and decline of large dam construction (Reisner, 1993; Summitt, 2013; Perramond, 2018; Di Baldassarre et al., 2021).

Environmental opposition to large dams coalesced with the implementation of new federal laws and agency regulations. All proposed federal actions are subject to environmental impact assessment under the National Environmental Policy Act of 1969 (42 U.S.C. 4321-4347, January 1, 1970, as amended). Legislation protecting endangered plant, animal, and fish species led to greater roles for the US Fish and Wildlife Service under the Endangered Species Act (16 U.S.C. 1531-1544, as amended). The Clean Water Act of 1972 (33 U.S.C. §1251 et seq.) included water quality regulations implemented by the U.S. Environmental Protection Agency and wetlands protection permitting by the U.S. Army Corps of Engineers. Large federal lands are managed by the Forest Service, Bureau of Land Management, National Park Service, and others. Energy crises in the 1970s led to transfer of the Bureau of Reclamation's hydropower role to the Department of Energy's Western Area Power Alliance in 1977.

In addition to their expanding regulatory roles, Federal agencies claimed “reserved rights” for water on national lands that were legislatively set aside for forests, parks, grazing, and other uses (Federal Power Commission v. Oregon, 349 U.S. 435, 1955). In a series of cases the U.S. Supreme Court stipulated that reserved rights are based on the central purpose of the lands reserved with water rights priorities dating to the time of their establishment (U.S. v. New Mexico, 438 U.S. 696, 1978).

There was a major attempt to coordinate these diverse federal water roles through the Water Resources Planning Act of 1965 (P.L. 89-80), which established a national Water Resources Council, regional River Basin Commissions, and Principles and Standards for Planning Water and Related Land Resources that adopted four accounts for evaluating federal projects: (1) national economic development, (2) regional economic development, (3) environmental effects, and (4) other social effects. However, these reforms were reversed in 1983, revisited in 2009, and updated in 2015, albeit on a level far short of integrated national water policy and planning.

In the absence of nationwide water policy, the Department of Interior's Bureau of Reclamation has the lead federal role in Colorado River basin operations. It prepares monthly 24-month model runs, drought contingency planning, and basinwide policy analysis (U.S. Bureau of Reclamation, 2019, 2022; U.S. Department of Interior, 2022). In the 2022 drought emergency, for example, the Secretary of Interior invited states to prepare a voluntary drought reduction plan. The Upper Colorado River Commission (2022) presented a five-point plan, but when the lower basin states were unable to agree, the Secretary announced 2023 cutbacks of 592,000 acre-feet in Arizona; 25,000 acre-feet in Nevada; 104,000 acre-feet in Mexico; and none for California (based on the 1968 Colorado River Project Act) (U.S. Department of Interior, 2022). The California Colorado River Board (2022) offered 400,000 acre-feet of conservation measures through 2026, and negotiations continue.

What distinguishes the federal level from levels below are its constitutional role in interstate relations, river basin development, treaty-making authority with Mexico, and trust responsibility with Indian tribes. Most federal policies and projects thus entail multi-level stakeholder processes, with greater or lesser degrees of inclusion, historically greater for the basin states and lesser for Indian tribes as elaborated below.



3.5. Indian tribal “levels”

American Indian tribes have operated at every institutional level of water management in the Colorado River basin from prehistoric communities to historical interactions with Hispanic and Anglo communities, basin states, and the United States—processes that involved dispossession and relocation to reservation lands slowly leading toward Indian reserved water rights. The tribal level is quasi-national as tribes have sovereignty over their lands, waters and institutions. However, the U.S. federal government has a trust responsibility for tribal interests that affects their water institutions.

There are thirty federally recognized tribes within the Colorado River basin (Figure 5). Their reservations vary in spatial scale from the large transboundary reservation of the Navajo Nation, which surrounds the Hopi reservation in northeastern Arizona, to smaller reservations within each state of the basin except Wyoming. The basin's largest number of tribes and area of reservations lie in Arizona. This bibliographic search followed previous conventions with an emphasis on law review articles and cases. The search terms “Colorado River” and “tribe” or “tribal” yielded rich results. “Colorado River” and “Indian” was fruitful, though it gave a disproportionate number of hits on Colorado River Indian Tribes who live on the banks of the lower Colorado in Arizona and California, two of which have longstanding roots on those lands (Mohave, Chemehuevi), while two tribal groups have modern resettlement histories (Hopi and Navajo) (Blossom, 1979; Caylor, 1996; Ramirez, 2019).
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FIGURE 5
 Map of federally recognized tribes in the Colorado River basin [U.S. Bureau of Reclamation map. Available online at: https://www.usbr.gov/lc/region/programs/crbstudy/tws/docs/Appx%201B%20Federally%20Rec%20Tribe%2012-13-2018.pdf (accessed December 16, 2022)].


It has long been recognized at other levels that tribal water rights would eventually be recognized, adjudicated, and developed, but fulfillment of those obligations has lagged for decades. Several aspects of Indian water rights distinguish tribal water institutions from water rights at the state level (Zellmer and Amos, 2021, p. 372–84). The case of United States v. Winans (198 U.S. 371, 384, 1905) in the Pacific northwest recognized aboriginal tribal rights for fishing that were not granted away or lost by treaty with the United States. As aboriginal rights, they have priority dates that are time immemorial, and thus intrinsically senior to all in prior appropriation systems, and they often have an intrinsically sacred significance (Bryan, 2017). In contrast to state prior appropriation rights, they do not require diversion or consumptive use of water, which pose challenges for state water rights administration based on diversions and historical beneficial use (Nania and Guarino, 2014).

A second pivotal case in Montana in 1908, Winters v. United States (207 U.S. 564, 1908), determined that Indian reservations have reserved rights to the water necessary for their viability, which cannot be expropriated by later non-Indian users. Like federal reserved rights, Indian reserved rights date to the establishment of the reservation. Unlike other prior appropriation rights, however, their size is not based on the quantity of historical beneficial use. Tribal reserved rights affirmed in the lower Colorado River basin context of Arizona v. California (373 U.S. 546, 600, 1963) quantified them on the basis of “practicably irrigable acreage,” i.e., the amount of water required for potential vis-à-vis actual irrigation. That amounted to over 900,000 acre-feet in the Court's initial award to tribes along the lower Colorado River. The Supreme Court rejected Arizona's argument that tribal rights should be quantified on the basis “equitable apportionment,” as that principle applies at the interstate level, and Indian tribes are not states. These debates came up again in the Gila River context where the Arizona Supreme Court held that practicably irrigable acreage is one of several criteria to be used when quantifying Indian water rights (In re General Adjudication of All Rights to Use Water in the Gila River Sys. & Source, 201 Ariz. 307, 2001; cf. Hedden-Nicely, 2020).

Tribal water rights were further enmeshed in the multi-level system by the McCarren Amendment (43 U.S.C. 666, 1952) and U.S. Supreme Court case of Colorado River Water Conservation District v. United States, 424 U.S. 800 (1976), which stipulated that adjudication of Indian water rights must originate at the state court level, along with all other water rights in a state. The state level argument is that Indian water rights cannot be administered effectively unless they are part of a comprehensive state water rights adjudication. The counterarguments are that states do not have a trust responsibility for tribal interests, and that state water rights holders have an interest in constraining the size of Indian water rights.

A third category of Pueblo Indian rights, concentrated in New Mexico, dates to the Treaty of Guadalupe Hidalgo with Mexico in 1848 (art. VIII, 9 Stat. 922), which recognized the continuing validity of land and water rights in territory ceded to the United States at that time (Richard, 2017). The U.S. Supreme Court recognizing Pueblo Indian rights as aboriginal, i.e., prior to Hispanic rule (United States v Abouselman, 976 F.3d 1146, 1160, 2020). In contrast to Winters rights, however, historical water use is the basis for quantifying Pueblo Indian rights.

Subsequent Indian water rights cases have dealt with the implications of these precedents in various contexts, e.g., non-agricultural water uses, changes in water use, leases to locations off reservation lands, and to non-Indian allotment purchasers. A U.S. Bureau of Reclamation (2012) study estimated that adjudicated Indian water rights in the Colorado River basin currently amount to 2.9 million acre-feet (Getches-Wilkinson Center, 2021). Twelve tribes have quantifications that are pending. Ten are located in the lower basin, one in the upper basin, and the Navajo Nation has land in both halves of the basin. These unquantified, and quantified but undeveloped, Indian water rights pose uncertainties for users in the Colorado River system.

A number of inter-tribal initiatives address water concerns in the Colorado River basin. Five tribes have been involved in the Glen Canyon Dam Adaptive Management Program as it relates to the Grand Canyon ecosystem (Hopi, Hualapai, Navajo, Southern Paiute Consortium, and Zuni) (Jacobs and Wescoat, 2002). Every aspect of tribal involvement in this program, from representation to ways of expressing tribal views and processes of decision-making reflect the rich diversity of tribal water institutions (Hart, 1995; Roberts et al., 1995; Stoffle et al., 1995; Ferguson, 1998; Hualapai and Stevens, 1998; Shepherd, 2002; Austin et al., 2007; Seibert et al., 2007; Dongoske et al., 2010; Tribal Resources, 2022). In 1992, a Ten Tribes Partnership (2018) was organized to represent tribal interests and concerns. The Partnership prepared a water study with the Bureau of Reclamation that examines current tribal water rights, water uses, future development plans, challenges, opportunities, and potential effects in the basin. Tribes along the lower main stem (Colorado River Indian Tribes and Quechan tribe) have recently produced a series of videos titled, “One River, One Mission, One Voice: Protecting the Colorado River” to urge a new vision for basin stewardship (Ten Tribes Partnership., 2021). A Water and Tribes Initiative (Tanana et al., 2021) has prepared a report calling for Universal Access to Providing Clean Water for Tribes in the Colorado River Basin, which draws attention to longstanding deficiencies in safe domestic water supplies on reservations. These inter-tribal initiatives call for a different approach, one that encompasses and transcends historical institutional levels of water management in the basin—one that regards the river in some respects as a person, as sacred, and as alive—views considered in the discussion section below (Water Tribes Initiative, 2020).



3.6. The international and emerging global levels of water management institutions

As noted earlier, the United States acquired almost all of the Colorado River basin region from Mexico through the Treaty of Guadalupe Hidalgo (9 Stat. 922, 1848) and Gadsden Purchase (10 Stat. 1031, 1853-4), which established the international boundary. The treaty created a joint US and Mexico Boundary Survey (1857-59) that produced a three-volume report on the border region. In 1889 the two countries established an International Boundary and Water Commission/Comisión Internacional de Límites y Aguas (IBWC) to address alluvial changes in the international boundary and other mutual concerns.

The Colorado River Compact of 1922 and Boulder Canyon Project Act of 1928 anticipated a water treaty with Mexico at some point, which the states regarded as a federal obligation. Hundley (1966) reviewed the treaty negotiations in detail, highlighting the importance of their changing historical context. In early negotiations in 1927 Mexico sought 3.5 MAF per year while the U.S. offered 0.75 MAF. A decade later, Mexico sought 2 MAF while the U.S. offered 0.9 MAF. It is often reported that the negotiators incorrectly assumed that a total average annual yield of 19 MAF was available, though that is critically discussed by Kuhn and Fleck (2019). Finally, in 1944 for purposes of international comity during a time of war, the two countries concluded the Treaty on Utilization of Waters of the Colorado and Tijuana Rivers and of the Rio Grande (Department of State Treaty Series No. 994; 59 Stat. (Pt. 2) 1219, 1944). The U.S. wanted a treaty on the Rio Grande while Mexico wanted its share of the Colorado. In the Colorado River provisions, the treaty stipulates that the US. will deliver an average flow of 1.5 MAF per year, from any and all sources, with an additional 0.2 MAF in surplus years. The two countries agreed to make proportionate reductions during severe droughts, share flood protection costs, and coordinate through the IBWC (for critique of the latter see Mumme, 2005; McCarthy, 2011). The treaty was ratified in 1945, and as an agreement at the international level it takes precedence over policies at lower levels.

Soon after ratification Mexico relayed complaints about the salinity of water deliveries from the U.S. that caused agricultural damages. The U.S. began biennial salinity reports in 1965, and in 1973 the IBWC issued Minute 242 calling for the U.S. to establish salinity control standards and methods to ensure that the salinity of water delivered to Mexico would be no more than 115 ± 30 ppm greater than that of the water behind Imperial Dam (IBWC, 1973). That international level policy triggered a multi-level cascade of actions with federal, tribal, state, and community level implications across the basin. At the federal level, Congress passed the Colorado River Salinity Control Act of 1974 (Public Law 93–320 amended in 1984), which funded salinity control works below and above Imperial Dam. Upstream projects included water management improvements on local U.S. Bureau of Reclamation projects like the Grand Valley Project in western Colorado. That project co-financed improvements in irrigation efficiency to reduce groundwater leaching and brackish return flows–and it expressly did not alter irrigators' water rights held under Colorado water law.

Subsequent IBWC minutes have dealt with border sanitation at various localities, and with provision of emergency water deliveries to the city of Tijuana, the most recent in 2022. Concerns about severe and sustained drought arose in the 1950s, not long after the treaty was signed, and in subsequent droughts up to the present (Powell Consortium, 1995; Gangopadhyay et al., 2022).

At the start of the 21st century, the Colorado River basin region entered a multi-decadal megadrought that affects international treaty obligations and all levels of water management in the region. When the present drought became protracted, the U.S. Department of Interior (2007) developed “Colorado River Interim Guidelines for Lower Basin Shortages and the Coordinated Operations for Lake Powell and Lake Mead.” As the drought continued for another decade, the IBWC (2017) issued Minute 323 on a “Binational Water Scarcity Contingency Plan,” to cover the period to 2026. Finally, in late 2021, the U.S. and Mexico negotiated a reduction of U.S. treaty obligations to Mexico (50,000 AF and 30,000 AF in recoverable savings) (IBWC, 2021); along with Tier 2 lower basin water reductions within the U.S. (330,000 and 200,000 AF in recoverable savings) in 2023, the first time since the treaty came into force in 1945, and it is not clear whether they will be sufficient.

Gleick (1988) undertook early investigations of potential international effects of global climate change on U.S. and Mexican water interests in the Colorado River. He and others extended that research to analyze impacts on international streamflow (Nash and Gleick, 1991) and environmental restoration flow requirements for the Colorado River delta in Mexico (Postel et al., 1998).

As at other levels, the international level has developed its own institutional rules, procedures, and organizations. They include the treaty-making power of the two nations, administrative role of the binational commission, and policy minutes that it negotiates on matters of mutual concern. As illustrated in recent salinity and drought issues, international deliberations are influenced by actors and arguments at all local and regional levels. And the resultant international agreements have implications that cascade through all institutional levels of water management (Conca, 2015; Rivera-Torres et al., 2021).




4. Discussion: Toward an expanded multi-level law of the river

The Law of the River historically refers to the multi-level institutions that developed from the Colorado River Compact of 1922 to the present. Spatially, it ranges from international treaty agreements with Mexico to federal policies, interstate compacts, tribal water policies, and constitutive state water laws. This paper has sought to extend the law of the river in several ways.

Conceptually, it has argued for a focus on institutional levels of water management. It has shown that each level has distinctive rules and organizations that guide water management at that level and in relation to other levels. The organizations at some levels have socio-statutory foundations, while some at the community level have socio-cultural vis-à-vis jurisprudential bases. All of them evolve over time. The paper showed how community level institutions arose in contexts that were relatively small in geographical size and early in historical time. At least from 16th century Hispanic period onwards formal state institutions shaped those at the community level (e.g., through water rights legitimation and administration). From the late-19th century on, higher level institutions developed for interstate, federal, and international regions. This basic progression falters when considering tribal level water institutions that extend from aboriginal communities to modern state and national level relationships and beyond them to transcendental levels that have yet to be institutionalized. Tribal levels of water institutions exemplify the expanded multi-level law of the river in the Colorado River basin region.

In substantive terms, a large portion of the paper made the case for including community level institutions within the law of the river (Robison et al., 2021). The community level is defined by various forms of social solidarity that originate in prehistoric tribal cultures of water management followed by Hispanic, Euro-American, Asian-American, professional, environmental, and other communities. These communities have collectively shaped the macro-historical geography of the Colorado River basin region. One might argue for differentiation of community water management by households, firms, or individuals. However, in most cases these smaller groups belong to communities and to states that govern their water uses and water rights.

Methodologically, the bibliographic search proved more complicated than standard systematic reviews. It required a combination of common search terms and level-specific terms. The indexes searched had different filters for keyword and abstract fields. A large number of hits for some search term pairs required title searches, along with a significant amount of filtering by the author to identify relevant hits. With these limitations in mind, the bibliographic search results were able to document rich bodies of research on how each level in the macro-historical geography of water management developed over centuries, and in interaction with other levels.

One way to recount the macro-historical geography of any complex river basin is thus to review the progressive development of its levels of water management from communities that are small in geographical area and early in time to those larger and more recent in time. While only a fraction of the references and policy documents identified could be cited within the scope of this review, it is hoped that they capture the institutional breadth, depth, and logic of multi-level water management in the basin.

It is important to note that while each level has a relatively well-defined jurisdictional extent, that can change over time. In addition, it has subdivisions (e.g., districts) that enable it to operate down to local levels. Conversely, networks of local level organizations organize to influence higher level state, national, and international institutions, which contributes to dynamic interactions and outcomes across levels. These phenomena are sometimes described as “scale-jumping” whereby strategic political interactions occur across rather than within levels.

A good example of multi-level historical geography discussed at various points above is the Grand Valley area of western Colorado, which lies at the confluence of the Colorado and Gunnison Rivers (Wescoat, 1984). That region was occupied for centuries by hunter-gatherer Ute Indian tribes until their removal to the Uintah and Ouray Reservation in Utah in 1881. Soon after, Anglo settlers appropriated senior water rights on the Colorado River under state water law to irrigate Grand Valley and establish the town of Grand Junction. In 1911, several larger irrigation organizations contracted with the U.S. Bureau of Reclamation to build the federal Grand Valley irrigation project. The Upper Colorado River Compact and Colorado River Storage Project Act provided funding for smaller reclamation projects near Grand Valley, including the Silt and West Divide projects upstream. In 1974, Reclamation included Grand Valley in its salinity control plan to help fulfill the US obligation to Mexico, with the provision that it would not affect the project's senior water rights in Colorado. Continuing economic growth of Grand Junction led to tensions between irrigators and newer urban water communities. In just this one local area, as in countless others, one observes all institutional levels operating and interacting severally and with one another.

Understanding the rules and organizations that operate at each level offers insights into the historical geography of a basin and its institutional logic relevant for periods of stress (Lord et al., 1995). Understanding the multi-level logic of basin institutions can also help envision alternative institutional strategies and pathways—e.g., through new community formation, increasing standards of beneficial use, proscriptions against waste, implementation of Upper Basin drought conservation policies, exercising the Secretary's authority in the Lower Basin, and transforming emerging tribal visions of the river into action.



5. Conclusion

This paper has sought to show that reviewing levels of water management in a complex river basin is a useful complement to research on geographical scales of hydrologic and water management processes. Each level has rules and organizations shaped by their historical geographic context. Each institutional level intersects with multiple geographical scales of water management. A stream may have thousands of water rights, ranging in quantity from tenths to hundreds of cubic feet per second, but state level rules of water rights administration apply in principle to them equally. The federal Bureau of Reclamation has hundreds of local projects, as well as large river basin development programs and policies. Focusing on institutional levels of water management helps clarify the rules and organizations applicable in different situations. Retracing the historical geography of water institutions helps ensure that they are regarded as dynamic and capable of adapting to changing needs and conditions.

Institutional levels of water management in the Colorado River basin thus have a macro-historical geography. They have developed from community level systems relatively small in geographical size and early in time to levels larger in size and more recent in time. Importantly, each level has endured and influenced those that followed. The community level shaped prior appropriation doctrines in state water law beginning in the second half of the 19th century. States became engaged in interstate institution building in the early 20th century. The tribal level spans all periods and scales, and calls for a new vision and approach to the river. In the current mega-drought those calls may yet be heard. Dramatic processes of decentralization occurred in prehistoric times, and could occur again.

In general, higher levels of water management constrain those at more local levels. A treaty constrains interstate compact deliveries, which constrain state water rights and community water use. However, the macro-historical geographic perspective shows that community water management also influences higher institutional levels. The community level is extraordinarily diverse, increasingly networked, and efficacious. Tribal levels of water management are entering a new era of coordinated organization and authority. An emergent global level of water institutions is on the horizon.

Preparing a macro-historical geography of a complex river basin like the Colorado is challenging. This paper used bibliographic search and review methods that are increasingly feasible in the era of online scholarly indexes and full text publication, though some resources like doctoral dissertations depend upon university library access. A value of this institutional approach is that it seeks to comprehend and expand the historical depth and geographic breadth of the law of the river. Its limitation in article format lies in the limited detail that is possible for each level, omitting important events, rules, and studies from the macro-historical geographic map produced. Systematic search and citation methods reduce those limitations somewhat but not entirely.

The Colorado River basin region offers an especially salient case study for these concepts and methods. Its law of the river framework invites continuing exploration and interpretation. This framework of multiple institutional levels of water management that develop within a macro-historical geographic context can be constructed for comparative purposes in most complex river basins (e.g., Wescoat, 2005; Reich, 2013; Pande and Ertsen, 2014; Sattar et al., 2018). The levels may vary, and their historical geographies certainly do, but the institutional levels of water management are often comparable, and they can help situate the Colorado River basin region within the global context of comparative river basin research and management.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

JW was responsible for conceptualization, bibliographic searches, and writing.



Acknowledgments

The author was grateful to the many years of students who took his courses on western water policy at the University of Chicago, University of Colorado-Boulder, University of Illinois at Urbana-Champaign, and Massachusetts Institute of Technology, and to those universities and faculty colleagues for supporting this research. Reviewers offered valuable suggestion for strengthening the paper.



Conflict of interest

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frwa.2022.1024055/full#supplementary-material



References

 Abruzzi, W. S. (1985). Water and community development in the Little Colorado River basin. Hum. Ecol. Interdiscip. J. 13, 241–269. doi: 10.1007/BF01531097

 Ackerly, N. W. (1982). Irrigation, water allocation strategies, and the Hohokam collapse. Kiva 47, 91–106. doi: 10.1080/00231940.1982.11757976

 Adams, R. (2010). Archaeology with altitude: Late prehistoric settlement and subsistence in the northern Wind River Range (Doctoral dissertation). University of Wyoming Available online at: https://www-proquest-com.libproxy.mit.edu/books/archaeology-with-altitude-late-prehistoric/docview/1093447716/se-2?accountid=12492 (accessed December 15, 2022).

 Adler, R. W. (2020). “Communitarianism in western water law and policy: was Powell's vision lost?” in Vision and Place: John Wesley Powell Reimagining the Colorado River Basin, eds J. Robison, D. McCool, and T. Minckley (Oakland, CA: University of California Press). doi: 10.2307/j.ctv182js17.10

 Aghnami, E., and Hogue, T. S. (2005). “Development of an automatic calibration scheme for multi-level watersheds in the Colorado River Basin,” in Source: 85th AMS Annual Meeting, American Meteorological Society - Combined Preprints, 183–187. Available online at: https://ams.confex.com/ams/pdfpapers/85821.pdf (accessed December 15, 2022).

 Albrecht, T. (2021). Water governance in transboundary arid regions: Coordinating across jurisdictions and resource sectors (Doctoral dissertation abstract). University of Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/water-governance-transboundary-arid-regions/docview/2555657406/se-2?accountid=12492 (accessed December 15, 2022).

 Alexander, T. G. (2002). Irrigating the Mormon Heartland: the operation of the irrigation companies in Wasatch oasis communities, 1847-1880. Agric. Hist. 76, 172. doi: 10.1215/00021482-76.2.172

 Al-Sabbry, M. (1998). An economic and institutional assessment of groundwater recharge in an arid environment: Tucson basin case study (Doctoral dissertation). University of Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/economic-institutional-assessment-groundwater/docview/304413244/se-2?accountid=1249 (accessed December 15, 2022).

 Anderson, D. L. (2004). “History of the development of the Colorado River and “the Law of the River,”” in Annual Meeting of the Environmental-and-Water-Resources-Institute. 2004 | Water Resources and Environmental History, 75–81. doi: 10.1061/40738(140)11

 Anschuetz, K. F. (1998). Not waiting for the rain: Integrated systems of water management by pre-Columbian Pueblo farmers in north-central New Mexico (Doctoral dissertation). University of Michigan. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/not-waiting-rain-integrated-systems-water/docview/304470082/se-2?accountid=12492 (accessed December 15, 2022).

 Arizona Department of Water Resources and Colorado River Management Section. (2000). Law of the river a summary and treaties affecting the use of Colorado River Water Colorado River seven basin states. Phoenix, AZ: Arizona Department of Water Resources.

 Arrington, L. J., and May, D. (1975). A different mode of life: irrigation and society in nineteenth century Utah. Agric. Hist. 49, 3–20.

 Austin, D., Phillips, A. III, Seibert, D., and Bullets, K. (2007). Southern Paiute participation in the Glen Canyon Adaptive Management Program—A Ten Year Review. Salt Lake City, UT, Upper Colorado Regional Office, Bureau of Reclamation, 146. Available online at: http://www.usbr.gov/uc/rm/amp/twg/mtgs/07oct02/Attach_05b.pdf (accessed April 23, 2010).

 Avery, C., Consoli, C., Glennon, R., and Megdal, S. (2007). Good intentions, unintended consequences: the Central Arizona Groundwater Replenishment District. Ariz. Law Rev. 49, 339–360.

 Bahr, D. M. (1994). The Short, Swift Time of Gods on Earth: The Hohokam Chronicles. Berkeley, CA: University of California Press. doi: 10.1525/california/9780520084674.001.0001

 Baker, S. C. (2013). (Re)making the valley? A century of community, agriculture and irrigation in New Mexico's Mesilla Valley (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/re-making-valley-century-community-agriculture/docview/1459431761/se-2?accountid=12492 (accessed December 15, 2022).

 Baker, S. C. (2018). A community of ditches: acequias, engineers, and irrigators in southern New Mexico. N. M. Hist. Rev. 93, 65–92.

 Banks, B., and Nichols, P. (2015). A roundtable discussion of the no-injury rule in Colorado water law. Colo. Lawyer 44, 87–91.

 Bennion, J. (2014). Water law on the eve of statehood. Utah Hist. Q. 82, 289–306.

 Bensen, L., Petersen, K., and Stein, J. (2007). Anasazi (pre-Columbian Native-American) migrations during the middle-12th and late-13th centuries - were they drought induced? Clim. Change 83, 187–213. doi: 10.1007/s10584-006-9065-y

 Benson, R. D. (2007). Rivers to live by: can western water law help communities embrace their streams? J. Land, Resourc. Environ. Law 27, 1.

 Benson, R. D. (2012). Alive but irrelevant: The Prior appropriation doctrine in today's western water law. Univ. Colorado Law Rev. 83, 675–714.

 Benson, R. D., Griggs, B. W., and Tarlock, A. D. (2021). Water Resource Management: A Casebook in Law and Public Policy. 8th Edn. St. Paul, MN: Foundation Press; University Casebook Series.

 Berggren, J. (2018). Utilizing sustainability criteria to evaluate river basin decision-making: the case of the Colorado River Basin. Reg. Environ. Change 18, 1621–1632. doi: 10.1007/s10113-018-1354-2

 Berggren, J. G. (2018). Transitioning to a new era in western United States water governance: Examining sustainable and equitable water policy in the Colorado River basin. (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/transitioning-new-era-western-united-states-water/docview/2048235383/se-2?accountid=12492 (accessed December 15, 2022).

 Blossom, K. E. (1979). Culture Change and Leadership in a Modern Indian Community: The Colorado River Indian Reservation. Cherokee, NC: Cherokee Publications.

 Bogardi, J. J., Gupta, J., Wasantha Nandalal, K. D., Salamé, L., van Nooijen, R. E. P., Kumar, N., et al. (2021). Handbook of Water Resources Management: Discourses, Concepts and Examples. Dordrecht: Springer. doi: 10.1007/978-3-030-60147-8

 Borden, B., Grumbles, R., and Nevada Cooperative Extension. (2006). Economic Impact of Tourism on Colorado River Communities Including Laughlin, Bullhead City, Fort Mohave, Mohave Valley, Golden Valley (Ser. Special publication, 06-16). Reno: Nevada Cooperative Extension.

 Borden, B., Lopez, J., Grumbles, R., and Nevada Cooperative Extension. (2005). Social and Economic Characteristics for Colorado River Communities (Ser. Special Publication, 05-23). Reno: Nevada Cooperative Extension.

 Bosselman, F. (2002). What lawmakers can learn from large-scale ecology. J. Land Use Environ. Law 17, 207–325.

 Bozovich, J. (1987). Indian campsite patterns in southwestern wyoming. Wyoming Archaeol. 30, 23–32.

 Briggs, C. L., and Van Ness, J. R., ed. (1987). Land, Water, and Culture: New Perspectives on Hispanic Land Grants. Albuquerque, NM: University of New Mexico Press.

 Brown, F. L., and Ingram, H. M. (1987). Water and Poverty in the Southwest. Tuscon, AZ: University of Arizona Press.

 Bryan, K. (1925). The Papago Country, Arizona: A Geographic, Geologic, and Hydrologic Reconnaissance with a Guide to Desert Watering Places. U.S. Geological Survey. Water-Supply Paper, 499. Washington, DC: Government Printing Office.

 Bryan, K. (1929). Flood-water farming. Geogr. Rev. 19, 444–456. doi: 10.2307/209150

 Bryan, M. (2017). Valuing sacred tribal waters within prior appropriation. Nat. Resour. J. 57, 139.

 Buechler, S., and Hanson, A. M. eds. (2015). A Political Ecology of Women, Water, and Global Environmental Change. London: Routledge. doi: 10.4324/9781315796208

 Burnett, K., Howitt, R., and Roumasset, J. A. (2014). Routledge Handbook of Water Economics and Institutions. New York, NY: Routledge. doi: 10.4324/9781315851624

 Burnham, S. (2022). Discourse within southwest water management: A case study in the Central Arizona Project (M.A. thesis). University of Northern Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/discourse-within-southwest-water-management-case/docview/2677477923/se-2?accountid=12492 (accessed December 15, 2022).

 Butler, K. A. (2015). Reconfiguring spaces of capital in Southern California: A political ecology of the Imperial Valley-San Diego County water transfer agreement [M.A. thesis]. San Diego State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/reconfiguring-spaces-capital-southern-california/docview/1689899332/se-2?accountid=12492 (accessed December 15, 2022).

 California Colorado River Board (2022). California Water Agencies Pledge to Conserve Additional Water to Stabilize the Colorado River Basin. Sacramento. Available online at: http://crb.ca.gov/2022/10/california-water-agencies-pledge-to-conserve-additional-water-to-stabilize-the-colorado-river-basin/ (accessed December 15, 2022).

 Cannon, D. (2009). Closing the door on water speculations: Nevada's adoption of the anti-speculation doctrine. Nevada Lawyer 17, 12.

 Carrico, K. (2014). You never step in the same river twice–the effects of changes in supply and demand in the Colorado River basin on Wyoming water users. Wyoming Law Rev. 14, 435.

 Caseldine, C. R. (2020). Hohokam Irrigation Longevity and Agricultural Success in the Lower Salt River Valley, Arizona (Doctoral dissertation). Arizona State University. Available online at:https://www.proquest.com/docview/2407579534?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Caylor, A. L. (1996). Fed on promises: The Indian and white struggle for reclamation on the Colorado River Indian Reservation (Doctoral dissertation). UCLA. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/fed-on-promises-indian-white-struggle-reclamation/docview/304227000/se-2?accountid=12492 (accessed December 15, 2022).

 Clark, J. J. (2001). Tracking Prehistoric Migrations: Pueblo Settlers Among the Tonto Basin Hohokam. Tucson, AZ: University of Arizona Press. doi: 10.2307/j.ctv1qwwjnh

 Clark, M., and Clark, P. J. (2005). Colorado co-operative colony: the Brook Farm of the west. Communal Soc. 25, 75–90.

 CLE International (2013). Law of the Colorado River 2013. Las Vegas, NV; Denver, CO (and materials on each state's water laws).

 Clegg, L. J. (2005). Did the Utah Supreme Court, in Butler, Crockett, and Walsh Development Corp. v. Pinecrest Pipeline Operating Co., expand the scope of beneficial use in the water rights context? J. Land Resour. Environ. Law 26, 183.

 Cole, D. (2017). Laws, norms, and the Institutional Analysis and Development framework. J. Instit. Econ. 13, 829–847. doi: 10.1017/S1744137417000030

 Collaboration for Environmental Evidence (CEE). (2013). Guidelines for systematic review and evidence synthesis in environmental management. Version 4.2. Environmental Evidence. Available online at: https://environmentalevidence.org/wp-content/uploads/2014/06/Review-guidelines-version-4.2-final.pdf (accessed July 02, 2022).

 Comte, L., Olden, J. D., Lischka, S., and Dickson, B. G. (2022). Multi-scale threat assessment of riverine ecosystems in the Colorado River Basin. Ecol. Indicat. 138, 108840. doi: 10.1016/j.ecolind.2022.108840

 Conca, K. (2015). Which risks get managed? Addressing climate effects in the context of evolving water-governance institutions. Water Altern. 8, 301–316.

 Conca, K., and Weinthal, E. (2018). The Oxford Handbook of Water Politics and Policy. Oxford: Oxford University Press.

 Congressional Research Service (2022). Management of the Colorado River: Water Allocations, Drought, and the Federal Role. Report 45546. Available online at: https://crsreports.congress.gov (accessed August 04, 2022).

 Connell, A. E. (2019). Left in the dust: Wyoming's instream flow laws from a mountain west perspective. Wyoming Law Rev. 19, 197.

 Conrad, L. (2022). Collaborative community hydrology: Integrating stakeholder engagement, hydrology, and social indicators to support acequia water management in northern New Mexico (M.S. thesis). New Mexico State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/collaborative-community-hydrology-integrating/docview/2681060227/se-2?accountid=12492 (accessed December 15, 2022).

 Coward, E. W. Jr. ed. (1980). Irrigation and Agricultural Development in Asia. Ithaca, NY: Cornell University Press.

 Cox, M. (2014). Modern disturbances to a long-lasting community-based resource management system: the Taos Valley acequias. Glob. Environ. Change-Hum. Policy Dimens. 24, 213–222. doi: 10.1016/j.gloenvcha.2013.12.006

 Cox, M., and Ross, J. M. (2011). Robustness and vulnerability of community irrigation systems: the case of the Taos valley acequias. J. Environ. Econ. Manage. 61, 254–266. doi: 10.1016/j.jeem.2010.10.004

 Crase, L., and Gandhi, V. P. (2009). Reforming Institutions in Water Resource Management: Policy and Performance for Sustainable Development. London: Earthscan. doi: 10.4324/9781849770163

 Crawford, S. G. (1988). Mayordomo: Chronicle of an Acequia in Northern New Mexico. Albuquerque, NM: University of New Mexico Press.

 Credo, J. (2022). Utilizing environmental analytical chemistry to establish culturally appropriate community partnerships (Doctoral dissertation abstract). University of Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/utilizing-environmental-analytical-chemistry/docview/2646686590/se-2?accountid=12492 (accessed December 15, 2022).

 Crider, J. (2018). The story of the Coachella valley water district: Making every drop count since 1918. Coachella Valley Water District. Available online at: http://www.cvwd.org/DocumentCenter/View/3909/The-Story-of-the-Coachella-Valley-Water-District-PDF (accessed December 15, 2022).

 Darling, J. A., Ravesloot, J. C., and Waters, M. R. (2004). village drift and riverine settlement: modeling Akimel O'odham land use. Am. Anthropol. 106, 282–295. doi: 10.1525/aa.2004.106.2.282

 De Borhegyi-Forrest, S. (1998). The Preservation of the Village: The Origins and Implementation of New Mexico's Hispanic New Deal. Albuquerque, NM: University of New Mexico Press.

 Di Baldassarre, G., Mazzoleni, M., and Rusca, M. (2021). The legacy of large dams in the United States. Ambio 50, 1798–1808. doi: 10.1007/s13280-021-01533-x

 Dicochea, P. R. (2010). Between borderlands and bioregionalism: Life-place lessons along a polluted river. J. Borderlands Stud. 25, 19–36. doi: 10.1080/08865655.2010.9695748

 Dominguez, S. (2002). Optimal gardening strategies: maximizing the input and retention of water in prehistoric gridded fields in north central New Mexico. World Archaeol. 34, 131–163. doi: 10.1080/00438240220134296

 Dominguez, S., and Kolm, K. E. (2005). Beyond water harvesting: a soil hydrology perspective on traditional southwestern agricultural technology. Am. Antiq. 70, 732–765. doi: 10.2307/40035872

 Dongoske, K. E., Jackson-Kelly, L., and Bulletts, C. (2010). “Confluence of values: the role of science and Native Americans in the Glen Canyon Dam adaptive management program,” in Proceedings of the Colorado River Basin Science and Resource Management Symposium. Available online at: https://keep.lib.asu.edu/_flysystem/fedora/c342/220063/2010-Dongoske-Jackson-Kelly-and-Bulletts-Confluence-of-Values-The-Role-of-Science-and-Native-Americans-in-the-Glen-Canyon-Dam-Adaptive-Management-Program.pdf (accessed December 15, 2022).

 Doolittle, W. E. (1985). The use of check dams for protecting downstream agricultural lands in the prehistoric southwest: a contextual analysis. J. Anthropol. Res. 41, 279–305. doi: 10.1086/jar.41.3.3630595

 Doolittle, W. E., Neely, J. A., and Pool, M. D. (1993). A method for distinguishing between prehistoric and recent water and soil control features. Kiva 59, 7–25. doi: 10.1080/00231940.1993.11758229

 Douglas, M. (1986). How Institutions Think. Syracuse, NY: Syracuse University Press.

 DuMars, C. T. (1985). “Conjunctive management of ground and surface water New Mexico case law and policy issues,” in Issues in Groundwater Management, Water Resources Symposium Twelve (Austin: Center for Research in Water Resources, the University of Texas at Austin), 197–217.

 DuMars, C. T., O'Leary, M., and Utton, A. E. (1984). Pueblo Indian Water Rights: Struggle for a Precious Resource. Tucson, AZ: University of Arizona Press.

 Dyal, D. H. (1980). The Agrarian Values of Mormonism: A Touch of the Mountain Sod (Doctoral dissertation). Texas A&M University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/agrarian-values-mormonism-touch-mountain-sod/docview/303112712/se-2?accountid=12492 (accessed December 15, 2022).

 Easter, K. W., and McCann, L. M. (2010). Nested institutions and the need to improve international water institutions. Water Policy 12, 500–516. doi: 10.2166/wp.2010.002

 Ebright, M. (2001). Sharing the shortages: water litigation and regulation in Hispanic New Mexico, 1600-1850. N. M. Hist. Rev. 76, 3–45.

 Ebright, M., and Hendricks, R. (2019). Pueblo Sovereignty: Indian Land and Water in New Mexico and Texas. Norman: University of Oklahoma Press.

 Elliott, W. P. I. I. (2011). Diffused surface water in Wyoming: ascertaining property owners' rights and settling disputes. Wyoming Law Rev. 11, 409.

 Ellison, B. A. (2009). Bureaucratic politics, the bureau of reclamation, and the animas-la plata project. Nat. Resour. J. 49, 367.

 Endter, J. L. (1988). Cultural Ideologies and the Political Economy of Water in the United States West: Northern Ute Indians and Rural Mormons in the Uintah Basin, Utah (Ph.D. dissertation). University of California, Irvine.

 Evans, R. G., Walker, W. R., and Skogerboe, G. V. (1982). Optimal salinity control program for the upper Colorado River basin. Water Supply Manag. 6, 169–197.

 Ezell, P. H., and Fontana, B. L. (1994). “Plants without Water:” the Pima-Maricopa Experience. J. Southwest 36, 311–392.

 Fahmy, H., Behrens, J., and Strzepek, K. (1983). Law of the river: policy expression. Water Resour. Plann. Manag. Urban Water Resour. 248–251.

 Federal Council for Science and Technology (U.S.). (1969) Water Resources Policy and Political Institutions: A Report of a Panel on Needed Research. Washington D.C.: Federal Council for Science and Technology, Office of Science and Technology, Executive Office of the President.

 Ferguson, T. J. (1998). Ongtupqa niqw Pisisvayu (Salt Canyon and the Colorado River). The Hopi People and the Grand Canyon. Produced by the Hopi Cultural Preservation Office, under the guidance of the Hopi Cultural Resources Advisory Task Team, and under contract with the U.S. Bureau of Reclamation. Tucson, AZ.: Anthropological Research.

 Fernald, A., Guldan, S., Boykin, K., Cibils, A., Gonzales, M., Hurd, B., et al. (2015). Linked hydrologic and social systems that support resilience of traditional irrigation communities. Hydrol. Earth Syst. Sci. 19, 293–307. doi: 10.5194/hess-19-293-2015

 Ficklin, D. L., Stewart, I. T., and Maurer, E. P. (2013). Climate change impacts on streamflow and subbasin-scale hydrology in the upper Colorado river Basin. PLoS ONE 8, e71297. doi: 10.1371/journal.pone.0071297

 Fischer, A., Miller, J. A., Nottingham, E., Wiederstein, T., Krueger, L. J., Perez-Quesada, G., et al. (2021). A systematic review of spatial-temporal scale issues in sociohydrology. Front. Water. 3, 730169. doi: 10.3389/frwa.2021.730169

 Fischhendler, I., and Feitelson, E. (2003). Spatial adjustment as a mechanism for resolving river basin conflicts: the US–Mexico case. Polit. Geogr. 22, 557. doi: 10.1016/S0962-6298(03)00051-9

 Fish, S. K., and Fish, P. R. (2012). Hohokam Society and Water Management. New York, NY: Oxford University Press. doi: 10.1093/oxfordhb/9780195380118.013.0047

 Fish, S. K., and Fish, P. R., eds. (2008). The Hohokam Millennium. Santa Fe, NM: School for Advanced Research Press.

 Flint, R. (2021). We have always been farmers; that's why we have always lived near water. The case for Pueblo irrigation in the protohistoric southwest. N. M. Hist. Rev. 96, 255–280.

 Flores, M. L., and Briggs, M. (2003). Small-scale restoration in the Colorado River delta: the power of restoration at the community level. Southwest Hydrol. 2, 24–25, 27.

 Formisano, P. A. (2012). A river of voices: Confluences and cross-currents in the discourse of the Colorado River (Doctoral dissertation). University of New Mexico. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/river-voices-confluences-cross-currents-discourse/docview/1032539506/se-2?accountid=12492 (accessed December 15, 2022).

 Foster, L. (2018). Modeling climate change impacts to Rocky Mountain headwater hydrology (Doctoral dissertation). Colorado School of Mines. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/modeling-climate-change-impacts-rocky-mountain/docview/2131393469/se-2?accountid=12492 (accessed December 15, 2022).

 Fox, I. K. (1976). Institutions for water management in a changing world. Nat. Resour. J. 16, 743–758.

 Fraley, J. M. (2012/2013). Scaled legislation and new challenges in statutory interpretation. Kentucky Law J. 101, 233.

 Frantz, K. (2012). The Salt River Indian reservation: land use conflicts and aspects of socioeconomic change on the outskirts of Metro-Phoenix, Arizona. Geo J. 77, 777–790. doi: 10.1007/s10708-010-9375-5

 Freeman, F. W. (1993). Down-scaling coarse-resolution GCM output to the local-scale for surface runoff, temperature, and precipitation (Doctoral dissertation). UCLA. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/down-scaling-coarse-resolution-gcm-output-local/docview/304045158/se-2?accountid=12492 (accessed December 15, 2022).

 Frost, D. (2021). Agriculture, water, and adaptation at Cottonwood Spring Pueblo, AD 1300-1450 (Master thesis). Las Cruces: New Mexico State UniversityAvailable online at: https://www.proquest.com/dissertations-theses/agriculture-water-adaptation-at-cottonwood-spring/docview/2546583316/se-2 (accessed December 15, 2022).

 Fuller, B. J. (2014). Capturing the doctrine of recapture: the need to clarify Wyoming's law of recapture. Wyoming Law Rev. 14, 379.

 Fulp, T., Vickers, W.;, Williams, B., and King, D. (1999). “Decision support for watershed and river system management: applications on the Colorado River,” in Waterpower 1999: Hydro's Future: Technology, Markets, and Policy. WaterPower 99 Conference. Las Vegas, Nevada: American Society of Civil Engineers. Available online at: https://ascelibrary-org.libproxy.mit.edu/doi/10.1061/40440%281999%2997 (accessed December 15, 2022).

 Gangopadhyay, S., Woodhouse, C. A., McCabe, G. J., Routson, C. C., and Meko, D. M. (2022). Tree rings reveal unmatched 2nd century drought in the Colorado River Basin. Geophys. Res. Lett. 49, e2022GL098781. doi: 10.1029/2022GL098781

 Garrido, S. (2014). Water management, Spanish irrigation communities and colonial engineers. J. Agrarian Change 14, 400–418. doi: 10.1111/joac.12042

 Gastélum, J. R., and Cullom, C. (2013). Application of the Colorado river simulation system model to evaluate water shortage conditions in the central Arizona project. Water Resour. Manag. 27, 2369–2389. doi: 10.1007/s11269-013-0292-5

 Gerlak, A. K. (2017). Regional water institutions and participation in water governance: the Colorado River delta as an exception to the rule? J. Southwest 59, 184–203. doi: 10.1353/jsw.2017.0010

 Getches, D. H. (1997). Colorado River governance: sharing federal authority as an incentive to create a new institution. Univ. Colorado Law Rev. 68, 573.

 Getches-Wilkinson Center (2021). The Status of Tribal Water Rights in the Colorado River Basin. Boulder, CO: University of Colorado-Boulder Law School. Available online at: https://www.getches-wilkinsoncenter.cu.law/wp-content/uploads/2021/04/Policy-Brief-1-The-Status-of-Tribal-Water-Rights.pdf (accessed December 15, 2022).

 Gilmore, A., Magee, T., Fulp, T., and Strzepek, K. (2004). “Multiobjective optimization of the Colorado River,” in Joint Conference on Water Resource Engineering and Water Resources Planning and Management 2000: Building Partnerships, v 104. Available online at: https://ascelibrary-org.libproxy.mit.edu/doi/abs/10.1061/40517%282000%295 (accessed December 15, 2022).

 Glaser, L. S. (1996). Working for community: the Yaqui Indians at the Salt River project. J. Arizona Hist. 37, 337–356.

 Gleick, P. H. (1988). The effects of future climatic changes on international water resources: the Colorado River, the United States, and Mexico. Policy Sci. 21, 23–39. doi: 10.1007/BF00145120

 Glennon, R. (2018). Water exchanges: Arizona's most recent innovation in water law and policy. Arizona J. Environ. Law Policy 8, 1.

 Glick, T. E. (1970). Irrigation and Society in Medieval Valencia. Cambridge: Harvard University Press. doi: 10.4159/harvard.9780674281806

 Gopalakrishnan, C., Tortajada, C., and Biswas, A. K. (2005). Water Institutions: Policies, Performance and Prospects. Berlin: Springer (Water resources development and management). doi: 10.1007/b137821

 Gough, D., Olliver, S., and Thomas, J. eds. (2012). An Introduction to Systematic Reviews. Thousand Oaks, CA: Sage.

 Grunsky, C. E. (1922). International and interstate aspects of the Colorado River problem. Science 61, 521–527. doi: 10.1126/science.56.1454.521

 Guala, F. (2016). Understanding Institutions: The Science and Philosophy of Living Together. Princeton, NJ: Princeton University Press. doi: 10.1515/9781400880911

 Hadjimichael, A., Quinn, J., and Reed, P. (2020). Advancing diagnostic model evaluation to better understand water shortage mechanisms in institutionally complex river basins. Water Resour. Res. 56, e2020WR028079. doi: 10.1029/2020WR028079

 Hall, G. E. (2008). The first 100 years of the New Mexico water code. Nat. Resour. J. 48, 245.

 Hall, W. H. (1886). Irrigation Development. History, Customs, Laws, and Administrative Systems Relating to Irrigations, Water-courses, and Waters in France, Italy, and Spain. The Introductory Part of the Report of the State Engineer of California, on Irrigation and the Irrigation Question. Sacramento, CA: California Office of State Engineer.

 Halvorson, S. J., and Wescoat, J. L. Jr. (2002). Problem-based inquiry on world water problems in large undergraduate classes. J. Geogr. 101, 91–102. doi: 10.1080/00221340208978480

 Harkins, J., and Snow, R. F. (2004). “Administration of Colorado River allocations: the law of the river and the Colorado River water delivery agreement of 2003,” in Water Rights and Related Water Supply Issues, eds R. Murry, K. Jacobson, and S. Anderson (Denver, CO: U.S. Committee on Irrigation and Drainage), 21. Available online at: https://www-proquest-com.libproxy.mit.edu/books/administration-colorado-river-allocations-law/docview/21059339/se-2?accountid=12492 (accessed December 15, 2022).

 Harris, L. M., Shah, S. H., Wilson, N. J., and Nelson, J. (2019). Water Governance: Retheorizing Politics. Basel, Switzerland: MDPI. Available online at: https://www-mdpi-com.libproxy.mit.edu/books/pdfdownload/book/1670 (accessed November 09 2022).

 Harrison, S. (2001). The historical development of Nevada water law. Univ. Denver Water Law Rev. 5, 148.

 Hart, E. R. (1995). Zuni and the Grand Canyon: A Glen Canyon Environmental Studies Report. Zuni Glen Canyon Environmental Studies Ethnohistorical Report. Seattle, WA: Institute of the North American West.

 Haury, E. W. (2016). The Hohokam, Desert Farmers and Craftsmen: Excavations at Snaketown, 1964-1965. Tucson, AZ: University of Arizona Press.

 Hedden-Nicely, D. R. (2020). The historical evolution of the methodology for quantifying federal reserved instream water rights for American Indian tribes. Environ. Law 50, 205. doi: 10.2139/ssrn.3422619

 Henderson, T. K., and Banerjee, D., eds. (2004). Hohokam Farming on the Salt River Floodplain: Refining Models and Analytical Methods. Anthropology Papers–Center for Desert Archaeology, No. 43. Tucson, AZ: Center for Desert Archaeology.

 Heslop, K. J. (2012). Making the desert blossom: The Salt River valley (M.S. thesis). University of Nevada-Reno. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/i-making-desert-blossom-salt-river-valley/docview/1022629313/se-2 (accessed December 15, 2022).

 Hicks, G. A., and Pena, D. G. (2010). Customary practice and community governance in implementing the human right to water - the Case of the acequia communities of Colorado's Rio Culebra Watershed. Willamette J. Int. Law Dispute Resol. 18, 185.

 Hill, J. B. (2019). From Huhugam to Hohokam: Heritage and Archaeology in the American Southwest. Issues in Southwest Archaeology. Lanham: Lexington Books.

 Ho, W. (2003). Growing peaches in the desert: David Mas Masumoto on small family farms and constructing a politics of identity and community. U.C. Davis J. Int. Law Policy 9, 143.

 Hobbs, G., and Colorado Foundation for Water Education. (2018). Citizen's guide to Colorado water law (Fourth). Denver. Available online at: https://www.watereducationcolorado.org/publications-and-radio/citizen-guides/citizens-guide-to-colorado-water-law/ (accessed July 27, 2022).

 Hobbs, G. J. Jr. (2013). Reviving the public ownership, antispeculation, and beneficial use moorings of prior appropriation water law. Univ. Colorado Law Rev. 84, 97.

 Hobbs, G. J. Jr. (2019). Distributive water justice: Colorado's doctrine of prior appropriation incorporates instream flow rights on behalf of the people. Univ. Denver Water Law Rev. 22, 377.

 Howard, J. B. (2014). Hohokam irrigation communities: A study of internal structure, external relationships and sociopolitical complexity. Mesa: Arizona Museum of Natural History, Digital Publications in Archaeology 2. Available onlinea at: https://fdocuments.net/document/hohokam-irrigation-communities.html?page=5 (accessed December 15, 2022).

 Howard, R. C., and Alstead, B. C. (2009). Overview of water law in Nevada. Nevada Lawyer 17, 8.

 Hualapai, T., and Stevens, R. H. (1998). Hualapai Tribe's traditional cultural properties in relation to the Colorado River, Grand Canyon, Arizona: Final report prepared for the Bureau of Reclamation. Salt Lake City, UT: Upper Colorado Regional Office.

 Hubbard, S. S., Williams, K. H., Agarwal, D., Banfield, J., Beller, H., Bouskill, N., et al. (2018). The East River, Colorado, watershed: a mountainous community testbed for improving predictive understanding of multiscale hydrological–biogeochemical dynamics. Vadose Zone J. 17, 180061. doi: 10.2136/vzj2018.03.0061

 Hudanick, A. (1983). The Pima Indians And Arizona Water Policy, 1840-1907 (Doctoral dissertation). Northern Arizona University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/pima-indians-arizona-water-policy-1840-1907/docview/303229116/se-2?accountid=12492 (accessed December 15, 2022).

 Huenneke, L. F. Van Riper, C., and Hays-Gilpin, K. A., Eds. (2015). “The Colorado Plateau VI: Science and management at the landscape scale,” in Biennial Conference of Research on the Colorado Plateau, Flagstaff, Northern Arizona University (Tucson, AZ: University of Arizona Press). doi: 10.2307/j.ctt183pc7f

 Hughes, R. W. (2017). Pueblo Indian water rights: charting the unknown. Nat. Resour. J. 57, 219–261.

 Hundley, N. (2020). The Great Thirst (Rev. ed., Reprint 2020). Berkeley, CA: University of California Press.

 Hundley, N. Jr. (1966). Dividing the Waters. A Century of Controversy between the United States and Mexico. Berkeley, CA: University of California Press.

 Hundley, N. Jr. (2009). Water and the West: The Colorado River Compact and the Politics of Water in the American West. Berkeley, CA: University of California Press.

 IBWC (1973). Minute 242. Permanent and definitive solution to the international problem of the salinity of the Colorado River. International Boundary and Water Commission. Available online at: https://www.ibwc.gov/Files/Minutes/Min242.pdf (accessed July 27, 2022).

 IBWC (2017). Minute 323, Binational Water Scarcity Contingency Plan. International Boundary and Water Commission. Available online at: https://www.ibwc.gov/Files/Minutes/Min323.pdf (accessed July 26, 2022).

 IBWC. (2021). Colorado River Drought Triggers Water Delivery Reductions in the United States and Mexico in 2022. International Boundary and Water Commission. Available online at: https://www.ibwc.gov/Files/Press_Release_081621.pdf (accessed July 27, 2022).

 Ingram, H. M., Laney, N. K., and Gillilan, D. M. (1995). Divided Waters: Bridging the U.S.-Mexico Border. Tucson, AZ: University of Arizona Press.

 Ingram, H. M., Mann, D. E., Weatherford, G. D., and Cortner, H. J. (1984), Guidelines for improved institutional analysis in water resources planning. Water Resour. Res. 20, 323–334. doi: 10.1029/WR020i003p00323

 Ingram, H. M., and Ullery, S. (1980). Policy innovation and institutional fragmentation, Policy Stud. J. 8, 664–682. doi: 10.1111/j.1541-0072.1980.tb01273.x

 Iribarnegaray, M. A., Sullivan, A., Rodriguez-Alvarez, M., Brannstrom, C., Seghezzo, L., and White, D. D. (2021). Identifying diverging sustainability meanings for water policy: a Q-method study in phoenix, Arizona. Water Policy 23, 291–309. doi: 10.2166/wp.2021.033

 Islam, S., and Susskind, L. (2013). Water Diplomacy: A Negotiated Approach to Managing Complex Water Networks. New York, NY: RFF Press. doi: 10.4324/9780203083659

 Jackson, R. H. (1994). Geography and settlement in the intermountain west: creating an American Mecca. J. West 33, 2–34.

 Jacobs, J. W., and Wescoat, J. L. Jr. (2002). Managing river resources: Lessons from glen canyon dam. Environ. Sci. Policy Sustain. Develop. 44, 8–19. doi: 10.1080/00139150209605595

 Jupille, J., and Caporaso, J. (2022). Theories of Institutions. Cambridge: Cambridge University Press. doi: 10.1017/9781139034142

 Juricich, R. (2020). “Colorado River basin governance, decision making, and alternative approaches,” in World Environmental and Water Resources Congress 2020: Water Resources Planning and Management and Irrigation and Drainage - Selected Papers from the Proceedings of the World Environmental and Water Resources Congress 2020 (Henderson, NV: ASCE Press), 121–130. doi: 10.1061/9780784482957.013

 Kakalia, Z., Varadharajan, C., Alper, E., Brodie, E. L., Burrus, M., Carroll, R. W. H., et al. (2021). The Colorado East River community observatory data collection. Hydrol. Process. 35, 14243. doi: 10.1002/hyp.14243

 Kanazawa, M. (2006). Investment in private water development: property rights and contractual opportunism during the California Gold Rush. Explor. Econ. Hist. 43, 357–381. doi: 10.1016/j.eeh.2005.04.006

 Kanazawa, M. (2015). Golden Rules: The Origins of California Water Law in the Gold Rush. Chicago, IL: University of Chicago Press. doi: 10.7208/chicago/9780226258706.001.0001

 Kanazawa, M. T. (1998). Efficiency in western water law: the development of the California Doctrine, 1850-1911. J. Legal Stud. 27, 159. doi: 10.1086/468017

 Karambelkar, S. (2020). Hydropower on the Colorado River: Examining institutions, conflicts, and consequences of changing dam operations (Doctoral dissertation). University of Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/hydropower-on-colorado-river-examining/docview/2429042576/se-2?accountid=12492 (accessed December 15, 2022).

 Kenney, D. S. (1995). Institutional options for the Colorado River. Water Resour. Bull. 31, 837–850 doi: 10.1111/j.1752-1688.1995.tb03405.x

 Kenney, D. S., Bates, S., Bensard, A., and Berggren, J. (2011). The Colorado River and the inevitability of institutional change. Public Land Resour. Law Rev. 32, 103.

 Kim, T. W., Valdes, J. B., Nijssen, B., and Roncayolo, D. (2006). Quantification of linkages between large-scale climatic patterns and precipitation in the Colorado River Basin. J. Hydrol. 321, 173–186. doi: 10.1016/j.jhydrol.2005.07.043

 Kirkpatrick, D. T. (1986). Anasazi Settlement Patterns in the Middle San Juan Region, Northwestern New Mexico (Doctoral dissertation). Washington State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/anasazi-settlement-patterns-middle-san-juan/docview/303526638/se-2?accountid=12492 (accessed December 15, 2022).

 KleinRobbenhaar, J. F. (1996). Balancing efficiency with equity: determining the public welfare in surface water transfers from acequia communities. Nat. Resour. J. 36, 37–58.

 Koebele, E. A. (2017). Collaborative water governance in the Colorado River basin: Understanding coalition dynamics and processes of policy change (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/collaborative-water-governance-colorado-river/docview/1904508629/se-2?accountid=12492 (accessed December 15, 2022).

 Kroepsch, A. C., Ring, C., and Clark, J. (2021). Source-to-sea river journeys and their politics of scale and knowledge production: examining Colorado River expeditions from the United States through Mexico. Water Altern. 14, 469–490.

 Kuhn, E., and Fleck, J. (2019). Science Be Dammed: How Ignoring Inconvenient Science Drained the Colorado River. Tucson, AZ: University of Arizona Press. doi: 10.2307/j.ctvq4c1gr

 Lammers, R. B. (1998). Extending hydroecological simulation models from local to regional scales (Doctoral dissertation). University of Toronto. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/extending-hydroecological-simulation-models-local/docview/304476198/se-2?accountid=12492 (accessed December 15, 2022).

 Larson, D. T., James, L. D., and Kimball, K. R. (1979). Levels of Analysis in Comprehensive River Basin Planning. Utah Water Resources Planning Series, UWRL/P-79/05. Available from the National Technical Information Service, Springfield VA 22161. Available online at: https://www-proquest-com.libproxy.mit.edu/scholarly-journals/levels-analysis-comprehensive-river-basin/docview/19191739/se-2 (accessed December 15, 2022).

 Lau-Ozawa, K. (2021). Inscriptions and silences: challenges of bearing witness at the Gila River incarceration camp. Int. J. Hist. Archaeol. 25, 851–876. doi: 10.1007/s10761-020-00568-2

 Lavoie, C., and Sleipness, O. R. (2018). Fluid memory: collective memory and the Mormon canal system of Cache Valley, Utah. Landscape J. 37, 79–99. doi: 10.3368/lj.37.2.79

 Lee, L. B. (1980). Reclaiming the American West: An Historiography and Guide. Santa Barbara, CA: ABC-Clio

 Leeper, J. W. (1989). The impact of water control on small-scale Navajo irrigation systems (Doctoral dissertation). Colorado State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/impact-water-control-on-small-scale-navajo/docview/303695299/se-2?accountid=12492 (accessed December 15, 2022).

 Leonard, K. (1992). Making Ethnic Choices: California's Punjabi Mexican Americans. Philadelphia, PA: Temple University Press.

 Levine, F. (1990). Dividing the water: the impact of water rights adjudication on New Mexican communities. J. Southwest 32, 268–277.

 Lieberman, S. (2011). Water Organizations in colorado: a first look into water organizations' control of agricultural water rights and their transfer potential in the Colorado River Basin. Univ. Denver Water Law Rev. 15, 31.

 Liebert, T. (2019). California Water Law: A Legal Research Guide. Getzville, NY: William S. Hein andamp; Co.

 Lightfoot, D. R., and Eddy, F. W. (1995). The construction and configuration of Anasazi Pebble-Mulch gardens in the Northern Rio Grande. Am. Antiq. 60:459–470. doi: 10.2307/282259

 Loendorf, C., and Lewis, B. V. (2017). Ancestral O'odham: Akimel O'odham Cultural Traditions and the Archaeological Record. Am. Antiquity 82, 123–139 doi: 10.1017/aaq.2016.17

 Loendorf, C. R. (2010). Hohokam Core Area Sociocultural Dynamics: Cooperation and Conflict along the Middle Gila River in Southern Arizona during the Classic and Historic Periods (Dissertation). Arizona State University. Available online at: https://keep.lib.asu.edu/items/149471 (accessed December 15, 2022).

 Logan, M. F. (1999). Head-cuts and check-dams: changing patterns of environmental manipulation by the Hohokam and Spanish in the Santa Cruz River Valley, 200-1820. Environ. Hist. Durh. N. C. 4, 405. doi: 10.2307/3985134

 Long, J. A. (2010). Sustainability starts locally: untying the hands of local governments to create sustainable communities. Wyoming Law Rev. 10, 1.

 Lopez, S. C., Cibils, A. F., and Cibils, L. (2018). Linkages between acequia farming and rangeland grazing in traditional agropastoral communities of the Southwestern USA. Sustainability 10, 2021. doi: 10.3390/su10062021

 Lord, W. B., Booker, J. F., Getches, D. M., Harding, B. L., Kenney, D. S., and Young, R. A. (1995). Managing the Colorado River in a severe sustained drought: an evaluation of institutional options. Water Resour. Bull. 31, 939–944. doi: 10.1111/j.1752-1688.1995.tb03412.x

 Lubinski, P. M. (2000). Prehistoric fishing in the Middle Rocky Mountains. Plains Anthropol. 45, 155. doi: 10.1080/2052546.2000.11932000

 Maass, A. (1951). Muddy Waters The Army Engineers and the Nation's Rivers. Cambridge: Harvard University Press. doi: 10.4159/harvard.9780674421417

 Maass, A., and Anderson, R. L. (1978). And the Desert Shall Rejoice: Conflict, Growth, and Justice in Arid Environments. Cambridge, MA.: M.I.T. Pr.

 MacDonnell, L. J. (2014). Treatise on Wyoming Water Law. Rocky Mountain Mineral Law Foundation.

 MacDonnell, L. J. (2015). Prior appropriation: a reassessment. Univ. Denver Water Law Rev. 18, 228. doi: 10.2139/ssrn.2691098

 MacDonnell, L. J. (2021). Sources of Controversy in the Law of the Colorado River: An Upper Basin View. Available online at: https://papers-ssrn-com.libproxy.mit.edu/sol3/papers.cfm?abstract_id=3874212 (accessed July 03, 2022).

 MacDonnell, L. J., and Castle, A. (2017). Shepherding appropriated water within Colorado and to Lake Powell for Colorado River compact security. SSRN. pp 9. doi: 10.2139/ssrn.3029478

 MacDonnell, L. J., Getches, D. H., and And Hugenberg, W. C. (1995). The Law of the Colorado River - coping with severe sustained drought. Water Resour. Bull. 31, 825–836. doi: 10.1111/j.1752-1688.1995.tb03404.x

 MacKinnon, A. (2006). Culture of water symposium: article: historic and future challenges in western water law: the case of Wyoming. Wyoming Law Rev. 6, 291.

 Macomb, J. N., and Newberry, J. S. (1876). Report of the Exploring Expedition from Santa Fé, New Mexico, to the Junction of the Grand and Green Rivers of the Great Colorado of the West, in 1859, published by United States Army Corps of Engineers. Washington DC: Government Printing Office.

 Mann, D. E. (1963). The Politics of Water in Arizona. Tucson, AZ: University of Arizona Press.

 Mann, D. E. (1978). “Community development,” in Values and Choices in the Development of the Colorado River Basin, eds D. F.Peterson, A. B.Crawford (Tucson, AZ: University of Arizona Press), 195–219.

 Mantilla, R. (2007). Physical basis of statistical scaling in peak flows and stream flow hydrographs for topologic and spatially embedded random self-similar channel networks (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/physical-basis-statistical-scaling-peak-flows/docview/304889096/se-2?accountid=12492 (accessed December 15, 2022).

 Martin, D. G. (1999). Transcending the fixity of jurisdictional scale. Polit. Geogr. 18, 33–38. doi: 10.1016/S0962-6298(98)00063-8

 Matheson, A. J. (2004). Protection of instream uses of water under Utah law. Denver, CO: U.S. Committee on Irrigation and Drainage. Available online at: https://www-proquest-com.libproxy.mit.edu/books/protection-instream-uses-water-under-utah-law/docview/19386367/se-2 (accessed December 15, 2022).

 McCarthy, R. J. (2011). Executive authority, adaptive treaty interpretation, and the international boundary and water commission, U.S.-Mexico (University of Denver). Water Law Rev. 14, 197–299.

 McKenzie, C. (2021). Integrating the law of the rio chama through institutional ontologies of the middle Rio Grande basin. Nat. Resour. J. 61, 253.

 Mead, E. (1903). Irrigation Institutions: A Discussion of the Economic and Legal Questions Created by the Growth of Irrigated Agriculture in the West. New York, NY; London: MacMillan.

 Mead, R. (2017). Dispossession, transformation, and representation: Producing capitalist agriculture in the lower Colorado River borderlands, 1540-1911 (Doctoral dissertation). State University of Binghamton. Available onine at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/dispossesion-transformation-representation/docview/2002279221/se-2?accountid=12492 (accessed December 15, 2022).

 Meldrum, J. (2013). Reservation and quantification of Indian groundwater rights in California. Hastings West Northwest J. Environ. Law Policy 19, 277.

 Mendoza, P. A. (2015). Impacts of climate change on hydrologic processes in the Colorado River basin (Doctoral dissertation). University of Colorado-Boulder. Available onine at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/impacts-climate-chage-on-hydrologic-processes/docview/1690899682/se-2?accountid=12492 (accessed December 15, 2022).

 Metraux, D. A. (2019). The Wakamatsu tea and silk colony farm and the creation of Japanese America. Lanham, MD: Lexington Books.

 Meyer, M. C. (1984). Water in the Hispanic Southwest: A Social and Legal History, 1550-1850. Tucson, AZ: University of Arizona Press.

 Meyer, M. C. (1989). The living legacy of Hispanic groundwater law in the contemporary southwest. J. Southwest 31, 287–299.

 Meyers, C. J. (1966). The Colorado River. Stanford Law Rev. 19, 1–75. doi: 10.2307/1227048

 Mills, B., Fowles, S., Jeffery J Clark, J. J., and Abbott, D. (2017). Preclassic Hohokam and Classic Period Hohokam. New York, NY: Oxford University Press.

 Montoya, V. (2020). Acequias: Building social resilience in Española, New Mexico (Doctoral dissertation). University of Washington. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/acequias-building-social-resilience-española-new/docview/2436901368/se-2?accountid=12492 (accessed December 15, 2022).

 Moore, S. M. (2017). The dilemma of autonomy: decentralization and water politics at the subnational level. Water Int. 42, 222–239. doi: 10.1080/02508060.2017.1276038

 Moss, T., and Newig, J. (2010). Multilevel water governance and problems of scale: setting the stage for a broader debate. Environ. Manage. 46, 1–6. doi: 10.1007/s00267-010-9531-1

 Muehlmann, S. (2013). Where the River Ends: Contested Indigeneity in the Mexican Colorado Delta. Durham: Duke University Press. doi: 10.1515/9780822378846

 Mulvany, M. E. (2005). State ex rel. Martinez v. City of Las Vegas: the misuse of history and precedent in the abolition of the Pueblo water rights doctrine in New Mexico. Nat. Resour. J. 45, 1089–1116.

 Mumme, S. P. (2005). Developing Treaty Compatible Watershed Management Reforms for the U.S. - Mexico border: the case for strengthening the International Boundary and Water Commission. North Carolina J. Int. Law Comm. Regul. 30, 929.

 Mumme, S. P. (2008). The liquid frontier, water and sustainable development on the U.S.-Mexico Border. J. West 47, 56–64.

 Mumme, S. P., and Ingram, H. M. (1985). Community values in southwest water management. Policy Stud. Rev. 5, 365–381. doi: 10.1111/j.1541-1338.1985.tb00363.x

 Mumme, S. P., and Leigh Taylor, P. (2014). The Ocotillo water war and the U.S.-Mexico “Salinity crisis”: an examination of transitivity and scale in environmental justice. J. Southwest 56, 1–28. doi: 10.1353/jsw.2014.0000

 Murphy, J. T. (2009). Exploring complexity in the past: The Hohokam Water Management Simulation (Doctoral dissertation). The University of Arizona. Available online at: https://www.proquest.com/docview/304844478?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Nabhan, G. P. (1983). Papago fields: arid lands ethnobotany and agricultural ecology (Doctoral Dissertation). University of Arizona; and associated book The Desert Smells Like Rain: A Naturalist in O'odham Country. Tucson, AZ: University of Arizona Press (rev. ed. 2022). doi: 10.2307/j.ctv2sp3dwh

 Nania, J., and Guarino, J. (2014). Restoring Sacred Waters: A Guide to Protecting Tribal Non-Consumptive Water Uses in the Colorado River Basin. Boulder, CO: Getches-Wilkinson Ctr. for Natural Resources, Energy, and the Environment, University of Colorado Law School.

 Nash, L. L., and Gleick, P. H. (1991). Sensitivity of streamflow in the Colorado basin to climatic changes. J. Hydrol. 125, 221–241. doi: 10.1016/0022-1694(91)90030-L

 National Research Council (1968). Water and Choice in the Colorado River Basin. Washington, DC: National Academies Press.

 National Research Council. (1992). Water Transfers in the West: Efficiency, Equity, and the Environment. Washington, DC: National Academies Press.

 Neumann, R. P. (2009). Political ecology: theorizing scale. Prog. Hum. Geogr. 33, 398–406. doi: 10.1177/0309132508096353

 Nisengard, J. E. (2006). Communal spaces: aggregation and integration in the Mogollon region of the United States Southwest (Doctoral dissertation). The University of Oklahoma. Available online at: https://shareok.org/handle/11244/1125 (accessed December 15, 2022).

 Norman, E. S., Bakker, K., and Cook, C. (2012). Introduction to the themed section: Water governance and the politics of scale. Water Altern. 5, 52–61.

 Norman, E. S., Cook, C., and Cohen, A., eds. (2015). Negotiating Water Governance: Why the Politics of Scale Matter. London: Routledge.

 North, D. C. (1990), Institutions, Institutional Change, and Economic Performance. New York, NY: Cambridge University Press. doi: 10.1017/CBO9780511808678.

 North, D. C. (1991). Institutions. J. Econ. Perspect. 5, 97–112. doi: 10.1257/jep.5.1.97

 Nowak, K. C. (2011). Stochastic streamflow simulation at interdecadal time scales and implications to water resources management in the Colorado River basin (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://scholar.colorado.edu/downloads/pv63g0481 (accessed December 15, 2022).

 Olds, J. D. (2004). A history of Utah water law. Water Resour. Environ. Hist. 2004, 53–59. doi: 10.1061/40738(140)8

 Osenga, E. C., Vano, J. A., and Arnott, J. C. (2021). A community-supported weather and soil moisture monitoring database of the Roaring Fork catchment of the Colorado River headwaters. Hydrol. Processes 35, 14081. doi: 10.1002/hyp.14081

 Ostrom, E. (1990). Governing the Commons: The Evolution of Institutions for Collective Action. New York, NY: Cambridge University Press. doi: 10.1017/CBO9780511807763

 Ostrom, E. (1992). Crafting Institutions for Self-Governing Irrigation Systems. San Francisco, CA: ICS Press.

 Ostrom, E. (2005). Understanding Institutional Diversity. Princeton NJ: Princeton University Press.

 Ostrom, E. (2008), Institutions and the environment. Econ. Affairs 28, 24–31. doi: 10.1111/j.1468-0270.2008.00840.x.

 Ostrom, E. (2010). Beyond markets and states: polycentric governance of complex economic systems. Am. Econ. Rev. 100, 641–672. doi: 10.1257/aer.100.3.641

 Ostrom, V. (1953). Water and Politics: A Study of Water Policies and Administration in the Development of Los Angeles. Los Angeles, CA: The Haynes Foundation.

 Ostrom, V., Tiebout, C., and Warren, R. (1961). The organization of government in metropolitan areas: a theoretical inquiry. Am. Polit. Sci. Rev. 55, 831–842. doi: 10.2307/1952530

 Pabor, W. E. (1871). First annual report of the Union Colony of Colorado including a history of the town of Greeley, from its date of settlement to the present time: with descriptive chapters on agriculture, irrigation, climate, mountain scenery, flora, churches, schools, societies, andc. New York, NY: G.W. Southwick. Available online at: https://quod.lib.umich.edu/m/moa/ABA1592.0001.001?view=toc (accessed December 15, 2022).

 Page, R., and Dilling, L. (2019). The critical role of communities of practice and peer learning in scaling hydroclimatic information adoption. Weather Clim. Soc. 11, 851–862. doi: 10.1175/WCAS-D-18-0130.1

 Pande, S., and Ertsen, M. (2014). Endogenous change: on cooperation and water availability in two ancient societies. Hydrol. Earth Syst. Sci. 18, 1745–1760. doi: 10.5194/hess-18-1745-2014

 Paukert, C. P., Pitts, K. L., Whittier, J. B., and Olden, J. D. (2011). Development and assessment of a landscape-scale ecological threat index for the Lower Colorado River. Ecol. Indicat. 11, 304–310. doi: 10.1016/j.ecolind.2010.05.008

 Peckham, S. D. (1995). Self-similarity in the three-dimensional geometry and dynamics of large river basins (Doctoral dissertation). University of Colorado-Boulder. Available online at: https://www.proquest.com/docview/304189048?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Perramond, E. P. (2012). The politics of scaling water governance and adjudication in New Mexico. Water Altern. 5, 62–82

 Perramond, E. P. (2015). “The creation of scaled water citizens in New Mexico, USA,” in Negotiating Water Governance: Why the Politics of Scale Matter, eds, E. Norman, C. Cook, and A. Cohen (Ashgate Press), 173–188.

 Perramond, E. P. (2018). Unsettled Waters: Rights, Law, and Identity in the American West. Berkeley, CA: University of California Press. doi: 10.1525/california/9780520299351.001.0001

 Perramond, E. P. (2020). Water rights, river compacts, and legal-policy stationarity in the American West. Environ. Res. Lett. 15, 025002. doi: 10.1088/1748-9326/ab649a

 Philosophy of the Social Sciences (2018). Special issue on Francesco Guala's Understanding Institutions. Available online at: https://journals.sagepub.com/toc/pos/48/6 (accessed November 14, 2022).

 Pisani, D. J. (1992). To Reclaim a Divided West: Water, Law, and Public Policy, 1848-1902. Albuquerque, NM: University of New Mexico Press.

 Postel, S. L., Morrison, J. I., and Gleick, P. H. (1998). Allocating fresh water to aquatic ecosystems: the case of the Colorado River Delta. Water Int. 23, 119–125. doi: 10.1080/02508069808686757

 Powell Consortium (1995). Severe sustained drought. managing the colorado river system in times of water shortage. Water Resour. Bull. 31, 5.

 Powell, J. W. (1875). The Exploration of the Colorado River and Its Canyons. New York, NY: Dover Press (reprint).

 Propst, C. L., and Culp, P. W. (2000). Symposium: environmental restoration: challenges for the new millennium: searching for Cibola: community-based environmental restoration in the Colorado River watershed. Ariz. Law Rev. 42, 259.

 Purdue, L., Miles, W., and Berger, J. F. (2010). Micromorphological study of irrigation canal sediments: landscape evolution and hydraulic management in the middle Gila River valley (Phoenix Basin, Arizona) during the Hohokam occupation. Quat. Int. 216, 129–144. doi: 10.1016/j.quaint.2009.11.011

 Quesada, M. M. (2016). Utilizing policy design to transition the law of the river to a more holistic normative foundation (M.A. thesis). Lehigh University. Available online at: https://www.proquest.com/docview/1850989733?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Quintana, F. L. (1990). Land, water, and Pueblo-Hispanic relations in Northern New Mexico. J. Southwest 32, 288–299.

 Raab, L. M. (2009). A prehistoric water reservoir from Santa Rosa Wash, Southern Arizona. Kiva 75, 179–192. doi: 10.1179/kiv.2009.75.2.006

 Ragsdale, J. W. Jr. (1998). Anasazi Jurisprudence. Am. Indian Law Rev. 22, 393. doi: 10.2307/20068855

 Raheem, N. (2015). A common-pool resource experiment in acequia communities. Int. J. Commons 9, 306–321. doi: 10.18352/ijc.491

 Raheem, N., Archambault, S., and Dingwell, E. (2015). A framework for assessing ecosystem services in acequia irrigation communities of the Upper Rio Grande watershed. Wiley Interdiscipl. Rev. Water 2, 559–575. doi: 10.1002/wat2.1091

 Raley, B. F. (2001). Colorado's ‘island community’: irrigation and industrial agriculture in Colorado's Grand Valley, 1882-1920 (Doctoral dissertation). University of Oklahoma. Available online at: https://www.proquest.com/docview/252085754?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Ramirez, E. (2019). Subjugated lands: internment, colonization, and development on the Colorado River Indian Reservation, 1942-1960 (Doctoral dissertation). California State University San Marcos.

 Rango, A., Fernald, A., Steele, C., Hurd, B., and Ochoa, C. (2013). Acequias and the effects of climate change. J. Contemp. Water Res. Educ. 151, 84–94. doi: 10.1111/j.1936-704X.2013.03154.x

 Reese, K. M. (2020). Check dam agriculture on the Mesa Verde Cuesta. J. Archaeol. Sci. 31, 102372. doi: 10.1016/j.jasrep.2020.102372

 Reich, P. L. (1994). Mission revival jurisprudence: state courts and hispanic water law since 1850. Washington Law Rev. 69, 869.

 Reich, P. L. (1995). The “Hispanic” roots of prior appropriation in Arizona. Ariz. State Law J. 27, 649.

 Reich, P. L. (2013). The historical, comparative, and convergence trifecta in international water law: a Mexico-U.S. example. Environ. Law Rep. 43, 10509.

 Reich, P. L. (2018). What Happened to hispanic natural resources law in California? California Legal Hist. 13, 43–56.

 Reichard, D. A. (1996). The politics of village water disputes in northern New Mexico, 1882-1905. Western Legal Hist. 9, 8–33.

 Reisner, M. (1993). Cadillac Desert: The American West and Its Disappearing Water, 2nd Edn. New York, NY: Penguin.

 Ressler, J. Q. (1966). Spanish Mission Water Systems, Northwest Frontier of New Spain. Tucson, AZ: University of Arizona.

 Rice, G. (1998). War and water: an ecological perspective on Hohokam irrigation. Kiva 63, 263–301. doi: 10.1080/00231940.1998.11758357

 Richard, W. H. (2017). Pueblo Indian water rights: charting the unknown. Nat. Resour. J. 57, 219.

 Ritchie, A. (2014). On local fracking bans: policy and preemption in New Mexico. Nat. Resour. J. 54, 255.

 Rivera, J. A. (1998). Acequia Culture: Water, Land, and Community in the Southwest. Albuquerque, NM: University of New Mexico Press.

 Rivera-Torres, M., Gerlak, A. K., and Jacobs, K. L. (2021). Lesson learning in the Colorado River basin. Water Int. 46, 567–577. doi: 10.1080/02508060.2021.1913782

 Roberts, A., Begay, R. M., and Kelley, K. B. (1995). Bits'iis Nineezi (The River of Neverending Life): Navajo History and Cultural Resources of the Grand Canyon and the Colorado River. Window Rock, AZ.: Navajo Nation Historic Preservation Department.

 Robison, J., McCool, D., and Minckley, T., eds. (2020). Vision and Place: John Wesley Powell Reimagining the Colorado River Basin. Oakland, CA: University of California Press. doi: 10.1525/9780520976238

 Robison, J. A. (2017). The Colorado River revisited. Univ. Colorado Law Rev. 88, 475. doi: 10.2139/ssrn.2727279

 Robison, J. A. (Ed.). (2022). Cornerstone at the Confluence: Navigating the Colorado River Compact's Next Century. Tucson, AZ: University of Arizona Press. doi: 10.2307/j.ctv2z6qfp2

 Robison, J. A., and MacDonnell, L. D. (2014). Arizona v. California and The Colorado River Compact: fifty years ago, fifty years ahead. Arizona J. Environ. Law Policy 4, 130.

 Robison, J. A., Mckinney, M., Vigil, D., and Meelad, A. (2021). Community in the Colorado River Basin. Ida. Law Rev. 57, 1.

 Rodríguez, S. (2006). Acequia: Water Sharing, Sanctity, and Place. Santa Fe, NM: School for Advanced Res.

 Romero, E. (2021). Southwestern acequia systems and communities; nurturing a culture of place. Nat. Resour. J. 61, 169–172.

 Ruple, J. (2011). Clear law and murky facts: Utah's approach to conjunctive surface and groundwater management. Ida. Law Rev. 47, 217.

 Ruple, J. C., and Keiter, R. B. (2010). Water for commercial oil shale development in Utah: clarifying how much water is needed and available. J. Energy Nat. Resour. Law 28, 49. doi: 10.1080/02646811.2010.11435237

 Salehabadi, H., Tarboton, D., Kuhn, E., Udall, B., Wheeler, K., Rosenberg, D., et al. (2020). The future hydrology of the Colorado River basin. Logan: Center for Colorado River Studies, Quinney College of Natural Resources, Utah State University.

 Saleth, R. M., and Dinar, A. (2004). The Institutional Economics of Water: A Cross-Country Analysis of Institutions and Performance. United Kingdom: Edward Elgar. doi: 10.1596/0-8213-5656-9

 Saleth, R. M., and Dinar, A. (2005). Water institutional reforms: theory and practice. Water Policy 7, 1–19. doi: 10.2166/wp.2005.0001

 Salt River Project. (2017). The Story of SRP: Water, Power, and Community. Tempe: Salt River Project.

 Sanchez, V. (2011). Linked by water, linked by blood. N. M. Hist. Rev. 86, 429–459.

 Sattar, E., Robison, J., and McCool, D. (2018). Evolution of water institutions in the Indus River Basin: reflections from the law of the Colorado River. Univ. Michigan J. Law Reform 51, 716. doi: 10.36646/mjlr.51.4.evolution

 Scarborough, V., Fladd, S., Dunning, N., Plog, S., Owen, L., Carr, C., et al. (2018). Water uncertainty, ritual predictability and agricultural canals at Chaco Canyon, New Mexico. Antiquity 92, 870–889. doi: 10.15184/aqy.2018.114

 Scarrow, R. M. (2016). Hothouse Flowers: Water, the West, and a New Approach to Urban Ecology (Doctoral dissertation). Ohio State University. OhioLINK Electronic Theses and Dissertations Center. Available online at: http://rave.ohiolink.edu/etdc/view?acc_num=osu1471483922 (accessed December 15, 2022).

 Schmidt, J. C. (2022). Maps Matter: A few suggested changes to the Colorado River basin base map. CCRS Perspectives. Logan, UT: Center for Colorado River Studies, Utah State University. Available online online at: https://qcnr.usu.edu/coloradoriver/files/perspectives-map.pdf (accessed December 15, 2022).

 Schneider, F. (2002). Prehistoric horticulture in the Northeastern Plains. Plains Anthropol. 47, 33–50. doi: 10.1080/2052546.2002.11932106

 Schorr, D. B. (2006). The first water-privatization debate: Colorado water corporations in the Gilded Age. Ecol. Law Q. 33, 313.

 Schorr, D. B. (2012). The Colorado Doctrine: Water Rights, Corporations and Distributive Justice on the American Frontier. New Haven, CT: Yale University Press. doi: 10.12987/yale/9780300134476.001.0001

 Seibert, D., Phillips, A. III, and Bullets, K. (2007). “Site descriptions and review of ten years of monitoring data,” in Southern Paiute Participation in the Glen Canyon Adaptive Management Program—A Ten-Year Review, eds D. Austin, A. Phillips III, D. Seibert, and K. Bullets, K. (Salt Lake City, UT: Upper Colorado Regional Office, Bureau of Reclamation), 26–56. Available online at: https://www.usbr.gov/uc/progact/amp/twg/2007-10-02-twg-meeting/Attach_05b.pdf (accessed July 27, 2022).

 Selznick, P. (1949). TVA and the Grass Roots: a Study in the Sociology of Formal Organization. Berkeley, CA: University of California Press.

 Shafroth, P. B., Schlatter, K. J., Gomez-Sapiens, M., Lundgren, E., Grabau, M. R., Ramirez-Hernandez, J., et al. (2017). A large-scale environmental flow experiment for riparian restoration in the Colorado River Delta. Ecol. Eng. 106, 645–660 doi: 10.1016/j.ecoleng.2017.02.016

 Shepherd, J. P. (2002). Building an American Indian community: The Hualapai Nation in the twentieth century (Doctoral dissertation). Arizona State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/building-american-indian-community-hualapai/docview/304801901/se-2?accountid=12492 (accessed December 15, 2022).

 Sheppard, E., and McMaster, R. B., eds. (2004). Scale and Geographic Inquiry: Nature, Society, Method. Oxford: Blackwell Publishing. doi: 10.1002/9780470999141

 Sherow, J. E. (1989). Utopia, reality, and irrigation: the plight of the Fort Lyon Canal Company in the Arkansas River valley. West. Hist. Q. 20, 163–184. doi: 10.2307/969325

 Simon, A. (2002). Mixing water and culture: Making the canal landscape in Phoenix. PhD dissertation (Doctoral dissertation). Arizona State University. Available online at: https://www.proquest.com/docview/304808042/1C933E34CEA24D63PQ/1?accountid=12492andparentSessionId=5uZhcmUIN1v%2BVoLgyZ7jjbVXuiIG39V%2BJYq%2Ft%2BabHYQ%3D (accessed December 15, 2022).

 Singh, A., Saha, D., and Tyagi, A. C. (eds). (2019). Water Governance: Challenges and Prospects. Singapore: Springer. doi: 10.1007/978-981-13-2700-1

 Smallcanyon, C. (2010). Contested space: Mormons, Navajos, and Hopis in the colonization of Tuba City (M.A. thesis). Brigham Young University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/contested-space-mormons-navajos-hopis/docview/2549694294/se-2?accountid=12492 (accessed December 15, 2022).

 Smith, I. M. (2010). From Subsistence to Dependence: The Legacy of Reclamation and Allotment on Quechan Indian Lands, 1700-1940 (M.A. thesis). University of Montana. Available online at: Available online at: https://scholarworks.umt.edu/cgi/viewcontent.cgi?article=1491&context=etd (accessed December 15, 2022).

 Smith, S. C. (1960). Legal and institutional controls in water allocation. J. Farm Econ. 42, 1345–1358. doi: 10.2307/1235694

 Soule, E. C. (1981). Agriculture, Aridity, and Salinity in the Prehistoric Moapa Valley (Doctoral dissertation). University of California, Riverside. Available online at: https://www.proquest.com/docview/303097767?pq-origsite=gscholarandfromopenview=true (accessed December 15, 2022).

 Sposito, G., ed. (1998). Scale Dependence and Scale Invariance in Hydrology. Cambridge: Cambridge University Press. doi: 10.1017/CBO9780511551864

 Sternlieb, F. (2014). Sharing water across boundaries in the Colorado River basin: Mapping agricultural policies, data, and perspectives (Doctoral dissertation). Colorado State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/sharing-water-across-boundaries-colorado-river/docview/1553000983/se-2?accountid=12492 (accessed December 15, 2022).

 Stoffle, R. W., Austin, D. E., Fulfrost, B. K., Phillips, A. M. I., and Drye, T. F. (1995). Itus, Auv, Te'ek, (Past, Present, Future)—managing Southern Paiute resources in the Colorado River corridor. Submitted to Bureau of Reclamation, Glen Canyon Environmental Studies Office, cooperative agreement no. 4-FC-40-15260 (Flagstaff, AZ).

 Struthers, R. E., and United States Bureau of Reclamation. (1963). The role of irrigation development in community economic structure: Grand Valley trade area, Colorado. Denver, CO: U.S. Dept. of the Interior, Bureau of Reclamation.

 Sudol, C. W. (2019). Dammed conquest: Settler colonialism, the Yuma Reclamation Project, and the Quechan Nation (M.A. thesis). University of Wyoming. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/dammed-conquest-settler-colonialism-yuma/docview/2275127673/se-2?accountid=12492 (accessed December 15, 2022).

 Summitt, A. R. (2013). Contested Waters: An Environmental History of the Colorado River. Boulder: University of Colorado Press.

 Suykens, C. (2018). The law of the river: Transboundary river basin management and multi-level approaches to water quantity management. Cambridge: Intersentia. Available online at: https://intersentia.com/en/pdf/viewer/download/id/9781780686318_0/ (accessed December 15, 2022).

 Tanana, H., Garcia, J., Olaya, A., Colwyn, C., Larsen, H., Williams, R., et al. (2021). Universal Access to Clean Water for Tribes in the Colorado River Basin. Stegner Center, S.J. Quinney College of Law, University of Utah. Available online at: https://www.naturalresourcespolicy.org/docs/water-tribes/wti-full-report-4.21.pdf (accessed December 15, 2022).

 Tapia Villaseñor, E. M. (2020). Water resources in the borderlands of the Colorado River basin: Climate uncertainties, anthropogenic impacts, and U.S.-Mexico binational agreements (Order No. 28027709) (Doctoral dissertation abstract). University of Arizona. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/water-resources-borderlands-colorado-river-basin/docview/2436366596/se-2?accountid=12492 (accessed July 28, 2022).

 Taylor, P. L., MacIlroy, K., and Udall, B. (2019). Every ditch is different: barriers and opportunities for collaboration for agricultural water conservation and security in the Colorado River Basin. J. Soil Water Conserv. 74, 281–295. doi: 10.2489/jswc.74.3.281

 Ten Tribes Partnership. (2018). Colorado River Basin. Ten Tribes Partnership Tribal Water Study. Study Report. 362pp. Available online at: https://tentribespartnership.org/wp-content/uploads/2019/12/WaterStudy.pdf (accessed July 13, 2022).

 Ten Tribes Partnership. (2021). One River, One Mission, One Voice. Video resources posted at https://tentribespartnership.org/resources/ (accessed December 15, 2022).

 Toelken, B. (1991). Traditional water narratives in Utah. West. Folk. 50, 191–200. doi: 10.2307/1500047

 Toll, H. W., ed. (1995). Soil, water, biology, and belief in prehistoric and traditional southwestern agriculture. Albuquerque, NM: New Mexico Archaeological Council (Special publication, 2).

 Tribal Resources (2022). Glen Canyon Dam Adaptive Management Program. Available online at: https://gcdamp.com/index.php?title=Tribal_Resources (accessed December 15, 2022).

 Trott, E. (2017). Bodies of water: Politics, ethics, and relationships along New Mexico's acequias (Doctoral dissertation). University of New Mexico. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/bodies-water-politics-ethics-relationships-along/docview/2029797923/se-2?accountid=12492 (accessed December 15, 2022).

 Turney, O. A. (1929). Prehistoric irrigation. Arizona Histor. Rev. 7, 11–52.

 Tyler, D. (1990). The Mythical Pueblo Rights Doctrine: Water Administration in Hispanic New Mexico. El Paso: Texas Western Pr.

 Tyler, D. (1995). The spanish colonial legacy and the role of Hispanic custom in defining New Mexico land and water rights. Colonial Latin Am. Hist. Rev. 4, 149–165.

 U.S. Bureau of Reclamation (2010). The Colorado River Documents 2008. CD of U.S. Department of Interior documents from 1933 to 2008.

 U.S. Bureau of Reclamation (2012). Colorado River Basin Water Supply and Demand Study. Denver, CO: USBR. Available online at: https://www.usbr.gov/lc/region/programs/crbstudy/finalreport/index.html (accessed December 15, 2022).

 U.S. Bureau of Reclamation (2019). Drought Contingency Plans, including Colorado River Drought Contingency Plan Authorization Act. Available online at: http://usbr.gov/dcp/finaldocs.html (accessed December 15, 2022).

 U.S. Bureau of Reclamation Upper Colorado River Commission. (2022). 2022 Drought Response Operations Plan (Framework and Attachments). Access via https://www.usbr.gov/dcp/droa.html (accessed December 15, 2022).

 U.S. Department of Interior (2022). Interior Department Announces Actions to Protect Colorado River System, Sets 2023 Operating Conditions for Lake Powell and Lake Mead. Available online at: https://www.doi.gov/pressreleases/interior-department-announces-actions-protect-colorado-river-system-sets-2023 (accessed August 16, 2022).

 U.S. Department of Interior. (2007). Colorado River Interim Guidelines for Lower Basin Shortages and the Coordinated Operations for Lake Powell and Lake Mead. Available online at: https://www.usbr.gov/lc/region/programs/strategies/RecordofDecision.pdf (accessed July 26, 2022).

 U.S. Department of the Interior. (2019). Map of U.S. Department of Interior Regions Based on Watersheds. Available online at: https://www.doi.gov/sites/doi.gov/files/uploads/12-unified-regions-based-on-watersheds-17x11-250dpi-20191018.pdf (accessed December 26, 2022).

 Upper Colorado River Commission (2022). Upper Division States 5 Point Plan for Additional Actions to Protect Colorado Storage Project Initial Units. Available online at: http://www.ucrcommission.com/wp-content/uploads/2022/07/2022-July-18-Letter-to-Reclamation.pdf (accessed December 15, 2022).

 Veitzer, S. A. (1999). A theoretical framework for understanding river networks: Connecting process, geometry and topology across many scales (Doctoral dissertation). University of Colorado-Boulder. Available onine at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/theoretical-framework-understanding-river/docview/304507879/se-2?accountid=12492 (accessed December 15, 2022).

 Vlasich, J. A. (1980). Pueblo Indian Agriculture, Irrigation and Water Rights (Doctoral dissertation). University of Utah. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/pueblo-indian-agriculture-irrigation-water-rights/docview/288230315/se-2?accountid=12492 (accessed December 15, 2022).

 Waddell, K. (1988). Dearfield… a dream deferred. Colorado Heritage 2, 2–12.

 Walston, R. E. (2008). California water law: historical origins to the present. Whittier Law Rev. 29, 765.

 Walz, E. (1998). Japanese immigration and community building in the interior West, 1882-1945 (Doctoral dissertation). Arizona State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/japanese-immigration-community-building-interior/docview/304413171/se-2?accountid=12492 (accessed December 15, 2022).

 Ward, E. R. (2003). Border Oasis: Water and the Political Ecology of the Colorado River Delta, 1940-1975. Tucson, AZ: University of Arizona Press.

 Water Tribes Initiative. (2020). Toward a Sense of the Basin. Designing a Collaborative Process to Develop the Next Set of Guidelines for the Colorado River System. Available online at: http://naturalresourcespolicy.org/docs/colorado-river-basin/basin-report-2020.pdf (accessed December 15, 2022).

 Waters, G. J. (2005). Maintenance and change of 18th-century mission Indian identity: A multi-ethnic contact situation (Doctoral dissertation). University of Florida. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/maintenance-change-18th-century-mission-indian/docview/304995401/se-2?accountid=12492 (accessed December 15, 2022).

 Weber, K. R. (1991). Necessary but insufficient: land, water, and economic development in hispanic Southern Colorado. J. Ethnic Stud. 19, 127–142.

 Wellman, K. D., and Ahlstrom, R. V. N. (2008). The Valley Farms Site: Prehistoric Floodplain Agriculture on the Santa Cruz River in Southern Arizona. SWCA Anthropological Research Paper, No. 11. Phoenix: SWCA Environmental Consultants.

 Wengert, N. (1957). The Politics of River Basin Development, 22 Law and Contemporary Problems, 258–275. doi: 10.2307/1190257

 Wescoat, J. L. (2015). “Political ecology of environmental risks and hazards,” in Routledge Handbook of Political Ecology, eds T. Perreault, G. Bridge, and J. McCarthy (Routledge), 293–302.

 Wescoat, J. L. Jr. (1984). Integrated Water Development: Water Use and Conservation Practice in Western Colorado. Research Paper no. 210. Chicago, IL: University of Chicago, Department of Geography.

 Wescoat, J. L. Jr. (1986). Impacts of federal salinity control on water rights allocation patterns in the Colorado River Basin. Ann. Assoc. Am. Geogr. 76, 157–174. doi: 10.1111/j.1467-8306.1986.tb00110.x

 Wescoat, J. L. Jr. (1997). Obtaining Environmental Information On-Line. Environmental Impact Guidelines, no. 2. Rome: FAO Investment Centre.

 Wescoat, J. L. Jr. (2000). “Wittfogel East and West: changing perspectives on water development in South Asia and the US, 1670-2000,” in Cultural Encounters with the Environment: Enduring and Evolving Geographic Themes, eds A.B. Murphy and D. L. Johnson (Rowman and Littlefield), 109–132.

 Wescoat, J. L. Jr. (2005). “Water policy and cultural exchange: transferring lessons from around the world to the Western United States,” in Search of Sustainable Water Management: International Lessons for the American West and Beyond ed D. Kenney (Cheltenham: Edward Elgar Publishing; Natural Resources Law Center), 1–24.

 Wescoat, J. L. Jr. (2009). Submerged landscapes: the public trust in urban environmental design, from Chicago to Karachi and back again. Vermont J. Environ. Law 2009, 435–475. doi: 10.2307/vermjenvilaw.10.3.435

 Wescoat, J. L. Jr. (2014). Searching for comparative international water research: urban and rural water conservation research in India and the United States. Water Altern. 7, 199–21.

 Wescoat, J. L. Jr., Siddiqi, A., and Muhammad, A. (2018). Socio-hydrology of channel flows in complex river basins: rivers, canals, and distributaries in Punjab, Pakistan. Water Resour. Res. 54, 464–479. doi: 10.1002/2017WR021486

 Wheeler, E. A. B. (2011). The solitary place shall be glad for them: Understanding and treating Mormon pioneer gardens as cultural landscapes (MLA thesis). Utah State University. Available online at: https://www-proquest-com.libproxy.mit.edu/dissertations-theses/solitary-place-shall-be-glad-them-understanding/docview/867801406/se-2?accountid=12492 (accessed December 15, 2022).

 Wheeler, K. D., Rosenberg, D. E., and Schmidt, J. C. (2019). Water Resource Modeling of the Colorado River: Present and Future Strategies. White Paper #2. The Future of the Colorado River Project, Center for Colorado River Studies. Logan: Utah State University.

 Wheeler, K. G., Robinson, C. J., and Bark, R. H. (2018). Modelling to bridge many boundaries: the Colorado and Murray-Darling River basins. Reg. Environ. Change. 18, 1607–1619. doi: 10.1007/s10113-018-1304-z

 Wheeler, K. G., Udall, B., Wang, J., Kuhn, E., Salehabadi, H., and Schmidt, J. C. (2022). What will it take to stabilize the Colorado River? Science 377, 373–375. doi: 10.1126/science.abo4452

 White, C. S., Dreesen, D. R., and Loftin, S. R. (1998). Water conservation through an Anasazi gardening technique. New Mexico J. Sci. 38, 251–278.

 White, G. F., ed. (1977). Comparative Analysis of Complex River Development. Boulder, CO: Westview Press.

 Whitney-Williams, H., and Hoffmann, H. M. (2015). Fracking in Indian country: the federal trust relationship, tribal sovereignty, and the beneficial use of produced water. Yale J. Regul. 32, 451. doi: 10.2139/ssrn.2364376

 Wikimedia Commons. (2015). Map of Hohokam, Ancestral Pueblo, and Mogollon Cultures circa 1350 CE, modified by Yuchitown. Available online at: https://commons.wikimedia.org/wiki/File:Hohokam,_Ancestral_Pueblo,_and_Mogollon_cultures_circa_1350_CE.png (accessed December 26, 2022).

 Wilder, M., Varady, R. G., Gerlak, A. K., Mumme, S. P., Flessa, K. W., Zuniga-Teran, A. A., et al. (2020). Hydrodiplomacy and adaptive governance at the U.S.-Mexico border: 75 years of tradition and innovation in transboundary water management. Environ. Sci. Policy. 112, 189–202. doi: 10.1016/j.envsci.2020.05.013

 Wills, W. H., Love, D. W., Smith, S. J., Adams, K. R., Palacios-Fest, M. R., Dorshow, W. B., et al. (2016). Water management at Pueblo Bonito: evidence from the national geographic society trenches. Am. Antiq. 81, 449–470. doi: 10.1017/S0002731600003942

 Wilshusen, R. H., Churchill, M., and Potter, J. (1997). Prehistoric reservoirs and water basins in the mesa verde region: Intensification of water collection strategies during the great pueblo period. Am. Antiquity. 62, 664–681. doi: 10.2307/281885

 Wise, S., and Crooks, A. T. (2012). Agent-based modeling for community resource management: acequia-based agriculture. Comput. Environ. Urban Syst. 36, 562–572. doi: 10.1016/j.compenvurbsys.2012.08.004

 Wittfogel, K. A. (1957). Oriental Despotism: A Comparative Study of Total Power. New Haven, CT: Yale University Press.

 Womble, P., and Hanemann, W. M. (2020). Legal change and water market transaction costs in Colorado. Water Resour. Res. 56, e2019WR025508. doi: 10.1029/2019WR025508

 Wood, W. (2008). Symposium: 60 years after the enactment of the Indian country statute - what was, what is, and what should be: the trajectory of Indian Country in California: Rancherias, Villages, Pueblos, Missions, Ranchos, Reservations, Colonies, And Rancherias. Tulsa Law Rev. 44, 317.

 Woodhouse, P., and Muller, M. (2017). Water Governance – an historical perspective on current debates. World Dev. 92, 225–241. doi: 10.1016/j.worlddev.2016.11.014

 Woodson, M. K. (2016). The Social Organization of Hohokam Irrigation in the Middle Gila River Valley, Arizona. Gila River Indian Community, Anthropological Research Papers, Number 7. Sacaton, AZ: Gila River Indian Community Cultural Resource Management Program.

 Worster, W. B. (1992). Rivers of Empire: Water, Aridity, and the Growth of the American West. New York, NY: Oxford University Press reprint.

 Wright, D. K., Waters, M. R., and Darling, J. A. (2013). Late Archaic wells on the Gila River Indian Community, Arizona. J. Archaeol. Sci. 40, 45–57. doi: 10.1016/j.jas.2012.06.008

 Wright, K. R. (2003). Water for the Anasazi: How the Ancients of Mesa Verde Engineered Public Works. Essays in Public Works History, No. 22. Kansas City, MO: Public Works Historical Society.

 Wright, K. R. (2004). Mesa Verde palaeohydrology: four ancient reservoirs. Water Resour. Environ. History 2004, 82–95 doi: 10.1061/40738(140)12

 Yansa, C. H. (2007). Lake records of northern plains paleoindian and early archaic environments: the “Park Oasis” hypothesis. Plains Anthropol. 52, 109–144. doi: 10.1179/pan.2007.006

 York, A. M. (2021). Integrating institutional approaches and decision science to address climate change: a multi-level collective action research agenda. Curr. Opin. Environ. Sustain. 52, 19–26. doi: 10.1016/j.cosust.2021.06.001

 York, A. M., Sullivan, A., and Bausch, J. C. (2019). Cross-scale interactions of socio-hydrological subsystems: examining the frontier of common pool resource governance in Arizona. Environ. Res. Lett. 14, 125019. doi: 10.1088/1748-9326/ab51be

 Yuma County Water Users' Association. (1987). Yuma Water Users' Association Collection, 1903-1987. Yuma, AZ: Archival material.

 Zagona, E., Fulp, T., Shane, R., Magee, T., and Goranflo, H. (2001). RiverWareTM: a generalized tool for complex reservoir systems modeling. J. Am. Water Resour. Assoc. 37, 913–929. doi: 10.1111/j.1752-1688.2001.tb05522.x

 Zellmer, S. B., and Amos, A. L. (2021). Water Law in a Nutshell. 6th Edn. Nutshell Series. St. Paul, MN: West Academic Publishing.

 Zisch, R. J. (2014). To save and to salvage; or not? Salvage water regulations in Wyoming. Wyoming Law Rev. 14, 405.





OPS/images/frwa-04-1024055-g005.gif





OPS/images/frwa-04-1024055-i001.gif





OPS/images/frwa-04-1024055-g003.gif





OPS/images/frwa-04-1024055-g004.gif
12 Interior Region Names Based on Watersheds






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Institutional levels of water management in the Colorado River basin region: A macro-historical geographic review



		1. Introduction



		1.1. A brief historiography of research on water institutions



		1.2. Relationships among institutional levels and geographic scales of water management



		1.3. Approaches to the study of institutional levels of water management







		2. Methods



		2.1. Levels



		2.2. Scales



		2.3. Institutions



		2.4. Governance and related concepts







		3. Results



		3.1. Community levels of water management



		3.1.1. Prehistoric water communities



		3.1.1.1. Flood farming communities



		3.1.1.2. Check dam, cistern, and well water communities



		3.1.1.3. Hohokam canal irrigation communities



		3.1.1.4. Summary









		3.1.2. Hispanic water communities in the 16th−19th centuries



		3.1.3. 19th century water communities



		3.1.4. 20th century and contemporary water communities and organizations



		3.1.4.1. Summary















		3.2. State level water rights and policies



		3.3. Interstate level water institutions



		3.3.1. Interstate litigation



		3.3.2. Interstate compacts



		3.3.3. Congressional apportionment









		3.4. Federal level water institutions



		3.5. Indian tribal “levels”



		3.6. The international and emerging global levels of water management institutions







		4. Discussion: Toward an expanded multi-level law of the river



		5. Conclusion



		Data availability statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Water

Institutional levels of water
management in the Colorado
River basin region: A
macro-historical geographic
review





OPS/images/frwa-04-1024055-g001.gif





OPS/images/frwa-04-1024055-g002.gif
K o
=% [
I NE










OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
¥ frontiers | Frontiers in Water





