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Designing adaptive institutions for achieving sustainable groundwater use is a central challenge to local and state governments. This challenge is exacerbated by the growing impacts and uncertainty of climate change on water resources. Calls to reform water governance systems are often made in the context of these challenges, and reform efforts increasingly emphasize the need for solutions that are locally designed and administered. Such reforms often require fundamental institutional change that is difficult to achieve amid the myriad forces that stabilize and reproduce existing institutional structures and functions. In practice, governance change is instead overwhelmingly incremental and tends to be punctuated by periods of adjustment in response to social or environmental shocks and disturbances. We present a comparative study of four major Colorado river basins and examine how each has evolved distinct arrangements of groundwater governance in response to regulatory and drought disturbances over the past century. We interrogate concepts of path-dependence and apply a historical lens to understand why locally designed institutions for self-regulation emerge in some Colorado groundwater basins but not in others. We uncover a pattern of collective action by groundwater users that first seeks to oppose state regulation, followed by acceptance and efforts to comply, and eventual attempts to get ahead of state regulation by enacting local institutions for self-regulation. We report these findings and discuss the insights they offer for understanding how adaptive natural resources institutions are shaped through time by the constraints and opportunities of path-dependence and local contexts.
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INTRODUCTION
Irrigation is responsible for forty-four percent of freshwater use in the United States, 80 percent of which occurs in semi-arid western states (Dieter et al., 2018). Watersheds in the western U.S. are sustained by snowmelt fed streams and groundwater aquifers that are tightly coupled to fluctuations in annual precipitation. Rules governing the use of surface water in these basins emerged a century or more ago when knowledge of the hydrologic connection between surface and groundwater resources was limited or ignored (Jones and Cech 2020). In many states, such as Colorado, this led to rapid expansion of groundwater use even where surface waters were fully appropriated. Today surface and groundwater resources are overallocated in many watersheds and water scarcity has become an existential threat to many communities (Taylor et al., 2013; Megdal et al., 2017; Cody, 2019). Policy interventions for attaining sustainable water use exist along a gradient from top-down, state-imposed regulatory structures to locally designed arrangements that enact self-regulation among water users (Moelle and Closas 2019a). Rational choice institutional theory and studies of common pool resource governance suggest that institutions designed and implemented by water users themselves are likely to achieve better congruence with local social and environmental conditions than are top-down regulations alone, often achieving higher levels of compliance, equity, and self-sustained outcomes (Ostrom, 1990; Agrawal, 2001). However, supplying local institutions requires users to act collectively and is quite challenging and costly to achieve amid common pool resources (Ayres et al., 2018).
Water resources operate in dynamic and diffuse ways across landscapes that often encompass numerous user groups and levels of government. Central government authorities are often envisioned as having an important role in overcoming the challenge of scale and facilitating watershed-scale governance through centralized regulatory structures that set technical standards, collect and dispense knowledge, and monitor and sanction users to maintain water quality and quantity across a watershed (Lankford and Hepworth 2010). In practice, however, water governance is likely to reflect a mix of state-driven and locally-defined institutions, as articulated by a broad body of work on polycentric governance and co-management (Molle and Closas 2019b; Ostrom 2009; Pahl-Wostl and Knieper 2014). While this institutional layering may improve the capacity of governments to confront complex problems, the process of institutionalization is usually highly stabilizing. Over time, path-dependence and self-reinforcing mechanisms may generate institutional inertia and result in institutions that are highly resistant to change (Pierson 2000; Beyer 2010). These system properties are desirable for creating the necessary certainty to secure long-term commitments from stakeholders but come at the loss of plasticity needed to respond and adapt to exogenous shocks and shifting socio-ecological conditions (Barnett et al., 2015). This creates a problem where longstanding institutions must grapple with fundamental changes to the resource systems they govern (Kates et al., 2012). For instance, facing a starkly more arid climate than in the Eastern U.S. the prior appropriation doctrine emerged though a bottom-up process in the arid West that was eventually codified to promote agricultural development (Leonard & Libecap 2019). The doctrine has governed surface waters of Colorado since 1876, but was forced to reconcile with widespread groundwater use that fundamentally challenged systems of surface water appropriation a century later. Hydroclimatic change poses a similarly vexing challenge to water governance institutions that are designed to resist fundamental change (Libecap, 2011).
Governmental failures to halt the depletion of groundwater commons are often attributed to a lack of administrative capacity or political willingness to enact necessary groundwater regulations. However, as Molle and Closas (2019b) remind us, “groundwater governance is thick with politics” that play out among actors, organizations, and communities with various and overlapping identities, interests, and levels of power. These highly granular dimensions of groundwater politics are largely illegible to complex state governments and this is likely to play a role in the failure of many government interventions (Molle and Closas 2019b). In response to the shortcomings of state governments there is growing interest in the critical role of local institutions in achieving adaptive water governance amid complex multilevel governance systems (Sharma-Wallace et al., 2018; Garcia et al., 2019). Empowering water users to self-regulate has been proposed as a tricky but promising solution to the groundwater commons challenge (Rouillard et al., 2021). Self-regulation, or self-governance, is envisioned as the devolution of allocation, monitoring, and policing responsibilities to groundwater user groups, but where central governmental authorities retain power to mediate conflicts or impose more stringent regulations as needed. Self-governance within groundwater commons requires collective action that is difficult to initiate where it has not historically existed, even when prompted by state governments (Cody 2019; Perez-Quesada and Hendricks 2021). Even with the many “carrots” of self-governance in sight, developing new self-governance arrangements under the weight of long-standing institutions (e.g. prior appropriation) is a challenging endeavor and likely to follow a complex evolutionary path that is not empirically documented in many contexts.
Institutions and policy tend to change incrementally over time as periods of stability punctuated by windows of abrupt change (Boushey 2012). Policy shifts can occur in response to new problems, adjustments to power constellations among actors and organizations, alterations in dominant discourses, or changes to resource systems (North 1990; Arts et al., 2006). Bursts of large or rapid change may occur in response to acute shocks, such as drought, which has shown to be an effective catalyst for water policy change in semi-arid agricultural regions (Berbel and Esteban 2019). Even when motivated by highly salient water scarcity pressures, the feasibility of fundamental or transformative change within water governance is constrained by the events of the past. Path dependence dynamics emerge as institutions become stabilized by mechanisms of increasing returns and self-reinforcing processes that narrow the scope of possible future decisions (Pierson 2000; Beyer 2010). In water governance systems these dynamics emerge through complementary configurations of water users, organizations, policies, and infrastructure that become embedded across multiple levels of society and install high costs for change (Geels and Kemp 2007). Path dependence effects are theorized to be particularly influential within long-lived common pool resource systems facing pressure to change (Heinmiller 2009). While path-dependence may constrain the range of possible change it does not prohibit it. A framework for analyzing path dependent institutional change within the context of groundwater commons was developed by Cody (2019) to examine the emergence of self-regulation among irrigators in Colorado’s San Luis Valley. The occurrence of self-regulation within the San Luis Valley was lauded as a remarkable success that reduced water use by a third and offers a possible model for other groundwater commons to achieve sustainable groundwater appropriation (Smith et al., 2017). Self-regulation among groundwater users was found to have propagated through a series of social and institutional conditioning factors over time (e.g. techno-institutional complementarities, broader governance arrangements), and ultimately enacted in response to a severe drought (Cody 2019). A path-dependence analytical framework provides a macro-level perspective of the series of social and environmental shocks and institutional responses that prompted collective action and generated unique governance arrangements among irrigators in the San Luis Valley.
In this paper, we expand upon the work of Cody (2019) to consider four economically significant groundwater basins in Colorado to understand how each has developed unique local arrangements of groundwater governance.
Our analysis is focused upon four Colorado river basins on the eastern side of the continental divide: the South Platte Basin (SPB), Republican River Basin (RRB), Arkansas Basin (AKB), and Rio Grande Basin (RGB). Each basin includes fully appropriated surface water and groundwater that support significant production agriculture and have varying degrees of urbanization. Embedded in the same state governance and facing similar shocks, we focus on local attributes and histories to try and understand what led to distinct responses among stakeholders. Our analysis is temporally bound beginning with a severe statewide drought in the 1950s that prompted expanded groundwater use, which continues to the present.
Just as groundwater governance is thick with politics, it is also thick with history. Comparative historical studies of common-pool resource governance often examine the past to explain the nature of local institutions at a snapshot in time using theories predictive of successful common property regimes (Johnson 2004). Achieving an appropriate methodological balance between building contextual specificity and universal theorizing requires a pragmatic empirical approach, as discussed by Johnson (2004), and a careful consideration of history. We attempt to achieve this balance by centering our research framework around a close attention to history within each basin. We build depth into our understanding of how the evolution of groundwater governance in each basin has been mediated by both basin-specific events and characteristics, and the statewide regulatory landscape. We view institutional change as a mixed formal-informal process of bricolage, whereby long-standing local institutions (both formal and informal) are incrementally adjusted over time by actors and organizations to conserve what works and amend what does not (Merrey and Cook 2012). This framing helps reveal how institutional arrangements are deeply embedded within local socio-ecological context but also entangled with the actions of higher-level governments.
Study systems
The surface waters of Colorado have been governed by principles of Prior Appropriation since the mid-19th century. Prior appropriation is often referred to as “first in use, first in right,” and operates by assigning water rights in the order in which water was first appropriated for a beneficial use in a watershed. Senior water rights are those that were first allocated in the basin and must be fulfilled prior to junior rights during times of shortage. Each water right is transferable within a basin. The system of Prior Appropriation was initially established to govern the use of Colorado’s surface waters at the time of state formation in 1876. Prior Appropriation was amended to include groundwater in 1969 following the expansion and overextraction of groundwater and subsequent injury to senior surface water users and failure to meet surface flow deliveries to several downstream states required by interstate river compacts. The state has since sought to reign-in groundwater appropriation to sustainable levels that protect senior surface water users and uphold interstate compact obligations. The nature of surface-groundwater dynamics–both hydrologically and socially – varies across Colorado’s river basins as does the historical, cultural, political, and economic context of each basin. Irrigators in each basin often hold multiple positions, using both surface water and groundwater at different times, and holding rights senior to some users but junior to others. This prohibits a one size fits all approach to achieving sustainable groundwater governance across the state. A brief summary of the four study basins follows.
The South Platte River flows from the Rocky Mountains east through the Front Range and High Plains regions covering 22,00 square miles that are home to 85% of Colorado’s population and its largest urban centers and economic production zones (Figure 1A). South Platte surface flows supply an average of 1.4 million acre-feet of water annually that are supplemented by about 400,000 acre-feet of imported (transmountain) water from the west side of the Rocky Mountains. Annual surface water diversions total around 4 million acre-feet, and the basin’s alluvial aquifer supports around 500,000 acre-feet of groundwater withdrawals annually. The South Platte basin (SPB) supports the greatest value of agricultural production and the highest concentration of agricultural lands with 810,000 irrigated acres that receive 76% of the basin’s water diversions. Agricultural production and irrigated acreage has begun to shrink in the SPB due to urbanization and population growth which puts high demand on limited water resources. The South Platte River Compact requires Colorado to supply a minimum flow of water to the neighboring state of Nebraska since 1922.
[image: Figure 1]FIGURE 1 | A map of the four study basins across Colorado, U.S.A. Black dots indicate the distribution of active groundwater wells across each basin as of 2015. Each basin has been enlarged to show detail and are not to scale with one another.
The Republican River Basin (RRB) is located in Colorado’s Northern High Plains and flows east into Kansas and Nebraska (Figure 1B). It supports an estimated 600,000 acres of irrigated land and produces billions of dollars in agricultural revenue each year. The RRB is home to 92,000 Coloradans distributed across small towns and rural communities. Agriculture is the largest industry in the RRB and is largely dependent on groundwater because surface waters are confined by narrow valleys that are challenging to appropriate. The RRB is nested within the SPB and overlays a large portion of the Ogallala Aquifer. The Republican River compact requires Colorado to supply a minimum flow of water to the neighboring state of Nebraska since 1943.
The Arkansas River basin (AKB) flows from the Rocky Mountains east to the Great Plains and drains over 28,000 square miles making it the largest river basin in Colorado (Figure 1C). The AKB has the third largest agricultural water demand in the state with 428,000 irrigated acres, and includes the urban areas of Colorado Springs and Pueblo in the upper and middle reaches of the basin. This study focuses on the Lower Arkansas Valley where most of the basin’s irrigated agriculture occurs in the drainage area below the City of Pueblo. Groundwater use is predominantly comprised of alluvial aquifers along the stream. The Arkansas River Compact requires Colorado to supply a minimum flow of water to the neighboring state of Kansas since 1949.
The Rio Grande basin (RGB) flows from the San Juan mountains and through the San Luis Valley in south-central Colorado (Figure 1D). The RGB covers about 8,000 square miles that are home to 50,000 people and supports a vibrant agricultural community in a high mountain desert. The RGB is supplied by surface flows and supports Colorado’s largest wetland ecosystem. The RGB also encompasses two aquifers, one that is connected to surface waters and a confined aquifer that does not contribute to surface flows of the River. Surface flows and groundwater withdrawals together support around 515,000 irrigated acres in the RGB. The Rio Grande River Compact requires Colorado to supply a minimum base flow of water to downstream states of New Mexico and Texas since 1938.
Materials and methods
Our comparative study methods are threefold. First, we constructed a timeline of events in each study basin from the 1950s to the present time, focusing on events that affected the appropriation of groundwater or the administration of water regulation in the basin (e.g. droughts, new regulations). Our theoretical approach is drawn from Cody (2019), which employed a framework for evaluating path-dependence of institutional change by constructing sequences of disturbance-response events within common pool resource systems across time and examining the factors and feedbacks that condition how resource users behave. Using this framework, we traced the biophysical and social disturbance events in each basin from the 1950s to present time (e.g. drought, water transfers, new policies). Within those timelines we tracked how local users responded to each disturbance event and categorized each as individual or collective level responses. This approach allows us to study where and when groundwater users act collectively in ways that lead toward or away from self-governance arrangements over time in a path-dependent manner. We consider the influence of several basin variables and institutional conditioning factors to explain the resulting patterns in actor behavior.
We hypothesize that several attributes of groundwater user communities and resource systems are influential in convincing groundwater users to forgo maximizing their individual interests in support of collective interests. We expect that groundwater users are more likely to agree to collective action in basins where groundwater is perceived to be scarce, users tend to live in common communities, users know and trust one another, users have strong knowledge of groundwater dynamics, users are highly dependent on groundwater resources, and where local users have experience working together to defend their interests. These concepts are grounded within common-pool resource governance theory and informed by recent empirical work within Colorado river basins (Macllroy and Holm 2021; Ostrom 1990). We developed a set of variables to assess these factors within our study basins. They include; the salience of water scarcity, the spatial distribution of groundwater users, social capital among users, knowledge of watershed dynamics, user dependence on groundwater, and former experience in defending local interests. These variables are described in Table 1 and were evaluated using archival data and interviews. Categorical rankings were developed and described for each variable to convey high and low levels of each and to make them comparable across basins (Table 1).
TABLE 1 | We hypothesize that several attributes of groundwater user communities and resource systems are influential in convincing irrigators to respond to disturbances collectively instead of individually. Variables are evaluated using multiple data sources and interviews, and described for each basin during the 1970s when Colorado began to efforts to regulate groundwater use.
[image: Table 1]Whether users ultimately achieve collective outcomes in response to disturbance events is influenced by a set of institutional conditioning factors. We adopt those conditioning factors from Cody (2019) and they include; transaction costs, techno-institutional complementarities, vested interests, broader governance arrangements, and relative prices. These factors condition the direct and indirect costs, politics, and ease of altering water appropriation practices, enacting new agreements, and ultimately developing local self-governance institutions. These variables are grounded within institutional economic and path dependence theory developed in part by North (1990) and operationalized by Heinmiller (2009). We observed and documented these conditioning factors at work within each basin and analyzed how they interacted with community attributes and basin biophysical variables to influence water user behavior in our disturbance-response timelines for each basin.
Disturbance-response patterns were constructed using public records and archival data that included legal briefs and court cases, hydrologic and climatic data, water rights and well-administration records, crop and agricultural production data, demographic and census data, and watershed management reports from across the study period. These sources were reviewed to collect information on the development of surface and groundwater commons, socioeconomic and market conditions, changes in policy and governance, the occurrence of droughts, the behavior of water users, and the evolution of the discourse and management surrounding water in each study basin. These datasets were used to construct a timeline of the appropriation and regulation of groundwater in each basin across the study period.
Our data collection also included interviews with key-informants in each basin that were identified as actors with professional roles and responsibilities in the administration of groundwater regulations or with significant involvement in the appropriation of water resources individually or through organizational affiliation. A similar set of actors were sought out for each basin and included; state agency personnel, managers from water conservation districts, managers of groundwater user associations, and other individuals demonstrating high levels of engagement with groundwater topics in a basin, in addition to statewide government actors. Sixteen interviews were completed in total involving at least three actors from each basin and several actors involved with governance of one or more basins. Interview questions sought to characterize community and basin variables, understand institutional conditioning factors, explore emergent patterns in each basin, and probe dimensions of our research questions broadly. We used a subset of standard questions for all interviews while other questions were tailored to prompt elaboration or fill specific empirical gaps. Interviews were transcribed and coded for content analysis across five themes; basin and resource variables, community attributes, collective action, groundwater use, regulatory compliance efforts, and non-regulatory adaptation efforts. Statements in each interview were tagged with one or more codes indicating the content or implication of the statement for our analysis, we used 23 unique codes across the five thematic areas. We analyzed interview data by organizing statements by theme, by basin, or by examining the co-occurrence of codes. Interview data was considered together with other datasets to construct disturbance-response timelines and to interpret the influence of basin variables and institutional conditioning factors in each basin.
RESULTS
We report our results in the following section, beginning with each basin’s response to the 1950s drought. Disturbance response timelines for each basin are presented in Figures 1–4. Colorado irrigators began supplementing their water supplies with groundwater by the turn of the 20th century. Early groundwater use was relegated to irrigators who could reach shallow aquifers and who had the capacity to construct wells. Court rulings in 1893 deemed groundwater extraction to not be a threat to senior surface water rights and groundwater use continued without formal regulation (Cech, 2010). A series of significant statewide droughts in the 1930s and again in the 1950s rattled water users across the state and exposed the uncertainty and scarcity of surface water supplies being used to support growing farming economies and communities. In contrast to surface water, groundwater became increasingly accessible through new drilling technology and offered a convenient and on-demand source of irrigation water. Groundwater well construction and pumping grew at a rapid pace in response, putting into motion a century-long pathway of competition for limited water and attempts to reconcile groundwater use with Colorado’s system of prior appropriation.
[image: Figure 2]FIGURE 2 | A historical timeline of disturbance and response event sequences affecting groundwater appropriation in the South Platte Basin from the 1950s to present, with the estimated number of active high-capacity groundwater wells depicted through time on the y-axis. Groundwater well data is estimated based on Colorado state records.
[image: Figure 3]FIGURE 3 | A historical timeline of disturbance and response event sequences affecting groundwater appropriation in the Republican River Basin from the 1950s to present, with the estimated number of active high-capacity groundwater wells depicted through time on the y-axis. Groundwater well data is estimated based on Colorado state records.
[image: Figure 4]FIGURE 4 | A historical timeline of disturbance and response event sequences affecting groundwater appropriation in the Arkansas River Basin from the 1950s to present, with the estimated number of active high-capacity groundwater wells depicted through time on the y-axis. Groundwater well data is estimated based on Colorado state records.
1950s: drought
The South Platte Basin saw the earliest expansion of groundwater wells and irrigation. At least 1,200 new wells were drilled in the Basin during the early 1950s drought and groundwater extraction began to far exceed surface water recharge rates. The basin already had a complex network of reservoirs and diversions to support surface water supply to farmers and cities. An increase in wells and decreasing marginal pumping costs coupled with an uptake of new groundwater-dependent sprinkler technology shifted the ratio of irrigation away from surface water towards a greater dependence on groundwater. Groundwater In concert with these shifts was a conversion of agricultural land to support Denver’s urban growth that led to an overall reduction in the number of surface water diversions in the Basin.
The Republican River Basin had little surface water use and limited groundwater well access by the 1950s drought and agriculture communities felt immense strain. The Basin’s population declined while agriculture expanded during this time as new wells were drilled that could support irrigated farming in areas far from the river channel. Downstream water users began to feel the effects of groundwater pumping and as a result, Colorado, Kansas, and Nebraska formed the Republican River Compact Administration in 1959 to oversee the equitable distribution of water between states and mitigate future interstate conflicts.
Record low surface and groundwater levels in the Arkansas River Basin throughout the 1950s led to a decade-long decline in agricultural production. Even municipal drinking water sources were reportedly desperately low (Nace and Pluhowski, USGS 1965) and hundreds of new groundwater wells were constructed in response. Drought conditions coupled with national agricultural surpluses initiated the contraction of sugar beet farming in the Basin (Wiener et al., 2016), prompting the first major agriculture-to-urban water sale in 1955. Growing Front Range cities and declining sugar production shifted the relative price of surface water and made the Arkansas a target for inter-basin water purchases. Dependence on groundwater for irrigation grew in the ensuing years as surface flows were sold and groundwater remained largely unregulated.
Drought and severe water shortages led to the closure of one third of the farms in the Rio Grande Basin in the 1950s. Over 1,500 new groundwater wells were drilled by the irrigators that persisted, primarily among junior surface water right holders that sought to reduce their vulnerability to surface water scarcity. Expansion of groundwater access also enabled new irrigators without surface water rights to begin farming in the basin. Surface water in the Basin was already being targeted for out of basin transfers to by this time, adding additional pressure to increase dependence on groundwater in the basin.
The 1950s set the drought of record for all four Colorado basins and signaled that all surface water users were vulnerable during times of water scarcity. Irrigators across all four basins responded to the drought largely through individual technological responses that sought to reduce reliance on surface water by expanding access to groundwater, especially among junior surface water right holders. Groundwater was perceived to be readily abundant and remained unregulated by the state, incentivizing the expansion of wells and growing reliance on groundwater among irrigators, especially as new pumping technology and complementary irrigation methods emerged (e.g. center pivot sprinkler systems) and more lands became accessible to irrigation.
1960s–70s: early attempts to regulate groundwater
The impact of rapidly increasing groundwater pumping in the 1950s and 60s was soon felt by surface water users across Colorado and in downstream states (Figure 5). Alarmed by injuries to senior surface water users and potential interstate water compact violations, the Colorado legislature passed two laws in 1969 to bring unrestrained groundwater pumping under control; the Groundwater Appropriation Act, and the Water Rights Administration and Determination Act. Together these acts required that groundwater be administered in accordance with the priority system of appropriation and set standards for administering well regulations, including requiring junior users to replace their groundwater depletions with “augmentation” water. Facing the threat of heavy-handed regulation by the State irrigators across Colorado began organizing into groundwater user associations. Groundwater user associations served as collective action organizations through which members could consolidate their power and resources to secure augmentation water or even push back against state regulation.
[image: Figure 5]FIGURE 5 | The number of new groundwater wells drilled per year in each basin across time for all four study basins. New wells are indicated on the y-axis using the standard deviation of new wells drilled per year in that basin to more clearly indicate relative annual change in new wells. Groundwater well data is estimated based on Colorado state records.
Two primary groundwater user associations emerged in the South Platte Basin (SPB) with differing organizational structure and strategies for securing augmentation water to support member pumping. One was formed as a private non-profit company (Groundwater Association of the South Platte, GASP) and the other organized as a subdistrict of the Central Colorado Water Conservation District (Groundwater Management Subdistrict, GMS), irrigators were free to join either. Both associations implemented volumetric pumping fees, or taxes, to fund the costs of leasing or purchasing augmentation water from other users in the basin. GASP utilized a low annual pumping fee to fund agreements with individual water owners to lease or borrow water each year. GMS implemented much higher pumping taxes to purchase augmentation water and construct infrastructure to store water year to year, this secured long-term commitments from GMS members whereas GASP membership fluctuated yearly. These arrangements worked to keep wells pumping and surface water users convinced that senior rights would be protected as the SPB went into its wettest period on record during the 1980s.
Statewide regulations were administered differently in the Republican River Basin (RRB) where groundwater was not yet established as being linked to surface flows and the latter are scarce. A modified version of prior appropriation was established that entitled senior wells priority water usage under conditions of shortage. The State also formalized the creation of Designated Basins within the RRB that are comanaged between farmers and local officials. DBs work within broader state governance arrangements to create their own rules of localized governance.
Groundwater levels in the Arkansas Basin (AKB) became depleted to the point that the state engineer deemed it necessary to enact further restrictions in the AKB. In addition to the new statewide regulations, the state curtailed pumping of groundwater wells in the AKB to 3 days per week. Groundwater users organized to successfully litigate and block the state’s pumping restrictions, however. In response, the Colorado legislature assigned greater regulatory authority to the state engineer to enable curtailment of groundwater pumping in the future. Groundwater user associations gained membership in anticipation of future groundwater augmentation requirements. Meanwhile all six major sugar beet factories closed by 1979 prompting the closure of the AKB’s largest supplying and most senior surface water ditch, the Rocky Ford Ditch.
Widespread groundwater use in the Rio Grande Basin (RGB) began to harm senior surface water users locally and in downstream states of New Mexico and Texas, leading to a compact violation suit against Colorado in 1966. In response the state created the Rio Grande Water Conservation District (RGWCD) to organize irrigators and defend local interests, Colorado then issued new rules regulating well use in the RGB. Groundwater users perceived the state’s attempt to regulate groundwater as a threat to their interests and organized, through the RGWCD, to litigate against the state in 1975 to defeat further groundwater regulation. Interestingly, the state-formed RGWCD provided a forum for irrigators to develop relationships, organize information and resources, and act collectively to protect their interests and oppose state regulation. Their efforts were successful and in 1984 court verdicts protected existing well-users from regulation but barred any new wells. As Cody (2019) discuss, the influence of strong vested interests and reduced costs of organizing through the RGWCD empowered irrigators to protect status quo groundwater use in the RGB, enabling them to continue overexploiting groundwater resources whereas groundwater users in other Colorado basins were beginning to be reigned-in by the state.
Colorado’s early efforts to regulate groundwater progressed differently across all four basins. Instead of responding individually to perturbation as in the past (e.g. by drilling wells), irrigators began to organize to protect their interests. Groundwater user associations (GUAs) emerged as organizations for irrigators to build relationships and leverage collective resources to resist regulation or seek out pathways to comply. Efforts to resist regulation were the most successful in the AKB and RGB where irrigators successfully blocked some well-pumping restrictions, and the RGB managed to avoid any state regulation of already existing groundwater wells. The influence of varying community and resource attributes on each basin’s response to regulation becomes visible during this time (Table 1) resulting in distinct arrangements of water users, organizations, and coalitions of vested interests. This period marks the divergence of path dependencies among basins that would have long-term implications for the governance of each basin’s groundwater commons (Table 2).
TABLE 2 | Each post dummy is on or after the indicated year. Each break point was identified using the procedure of (Bai and Perron, 2003) minimizing BIC score. The control in each model is all years prior to the first break point.
[image: Table 2]1980s–2000s: compact suits and another drought
Facing interstate compact violations in multiple basins and ongoing injury to senior surface water rights, largely due to groundwater extraction, the State of Colorado sought to further regulate groundwater appropriation. The State strengthened its groundwater regulation enforcement powers, imposed well measurement rules, and required all high-capacity wells (generally all irrigation, municipal, and industrial source wells) to submit augmentation plans demonstrating replacement water for current and future depletions in the time and place of use. Coinciding with this time was another severe statewide drought in the early 2000s that caused record low flows in numerous basins. In response to this drought the state passed the Colorado Water for the 21st Century Act to establish forums in each basin for water users, resource managers, experts, and public officials to regularly convene to discuss and encourage “locally driven collaborative solutions to water supply challenges” (Colorado House Bill 05-1177). These forums were called Basin Roundtables and were established in 2006, the RGB roundtable was the earliest to come online.
Stricter groundwater augmentation requirements had large consequences for groundwater users in the SPB. Senior surface water users faced severe water shortages in 2002 and pushed for greater scrutiny of groundwater pumping, eventually winning litigation that prompted stricter augmentation requirements for groundwater use in the basin. These policy changes coupled with drought sent the cost of augmentation water soaring and made the GASP model of annual augmentation agreements infeasible, prompting the organization to dissolve in 2006 (Waskom et al., 2014). Former GASP members were left without augmentation water plans and were prohibited from groundwater pumping; an estimated 1000 wells were shut-off in response. Changes in the legal landscape of groundwater appropriation sent the transaction costs involved in groundwater irrigation soaring. Irrigators could no longer join GUAs annually as needed, and even those irrigators enrolled in long-term GUA’s faced rising costs of securing augmentation water. In 2009 CCWCD formed another user association (Well Augmentation Subdistrict, WAS) intended to provide membership for former GASP members in need of augmentation water to begin pumping again. However, all WAS members were prohibited from groundwater pumping until 2013 when augmentation plans could be approved and pumping was only allowed to proceed at limited capacity until historic depletions were resolved. Tightening regulatory requirements, large scale well curtailments, and increasing competition with municipalities prompted many irrigators to realize they “really didn’t have the groundwater they thought they had for many decades” (SPB informant). High levels of expertise and creativity were needed for irrigators to meet new augmentation requirements as the SPB was moving towards a complex and tightly controlled system.
The RRB continued to face minimal pressure from surface water users, municipal water interests, and export threats, but it was tangled in an interstate water conflict with Kansas and Nebraska. A suit by Kansas in 1998 claimed that groundwater users in the RRB were overdrawing from waters protected by the interstate compact, although whether groundwater was under jurisdiction of the compact was still unclear. Under the Final Settlement Stipulation, the U.S. Supreme Court ruled that groundwater must be included in the appropriation agreements for the Republican River Compact among states, establishing that Colorado was out of compliance with compact obligations. In partnership with the Republican River Compact Association, the Colorado legislature also established the Republican River Water Conservation District in 2004 to develop strategies with basin stakeholders to reduce groundwater use. Meanwhile drought conditions from 2003–2006 further accentuated groundwater scarcity challenges. To work towards necessary pumping reductions, the water conservation district formulated a plan to purchase and retire 25,000 irrigated acres through voluntary agreements and to construct a pipeline to replenish surface flows at the Kansas state line. Unlike irrigators in other basins, RRB irrigators were widely dispersed across small communities making the costs of organizing high, even with the state formation of a water conservation district. Furthermore, groundwater had long been perceived as abundant among irrigators in the RRB, thus the motivation to organize to protect groundwater use remained lower among well-users than in other basins.
The 1980s in the AKB began with the closure of several major surface water ditches followed by the largest out of basin water sales, leading to a loss of 68,000 irrigated acres from the basin. In 1985 Kansas filed suit against Colorado for violating interstate compact terms due to excessive groundwater well pumping by AKB irrigators. Facing a loss in the Supreme Court, Colorado required wells in the AKB be metered and monitored by the state, and strengthened the state’s enforcement powers to fine irrigators that violated water rules and harmed the interstate compact or senior users. Well-users again attempted to block these new rules through the courts but this time failed. Facing compliance with stricter water augmentation requirements, irrigators became increasingly dependent on groundwater user associations to secure and finance sources of augmentation water. Feeling the strain of increased regulatory pressure on groundwater and the looming threat of further out of basin water transfers, AKB counties elected to create a water conservancy district with a mission to conserve and retain water within the basin to protect the future viability of AKB communities. During the extreme drought of the early 2000s groundwater pumping in the AKB was restricted to 60% of historical levels in 2002, and further reduced to 20% and then 0% in 2003. Curtailments were successful in avoiding harm to senior appropriators and demonstrated that groundwater user associations could effectively organize groundwater irrigators to comply with state regulations. Furthermore, these outcomes helped build consensus that well-metering was necessary to ensure equity in groundwater regulation. Unlike RGB irrigators, AKB well-users were unable to resist heavy-handed state regulation because they represented a small proportion of water users in the basin, the alluvial nature of the AKB made injury to surface waters highly salient, and there was tough competition with municipal users for groundwater.
RGB groundwater irrigators had thus far escaped state regulation and continued to maximize individual interests rather than work to protect collective interests in a sustainable aquifer. The 2000s drought rivaled the severity of the 1950s, kicking-off a decade-long period of record low flows and snowpack that led to a 41% reduction in irrigated acreage compared to 1997 levels (Cody 2019). In 2006 the RGB Basin Roundtable was established and leveraged the most state funding to support roundtable activities, soon becoming a place for irrigators to build relationships and trust, share information, and build a collective understanding of groundwater overexploitation. Drought and unregulated pumping had taken a severe toll on groundwater resources and reduced aquifer levels by 1 million acre-feet by the mid-2000s; groundwater scarcity suddenly became highly salient in the RGB (Cody 2019). Irrigators began organizing to identify a local solution, and in 2006 they formed a Special Groundwater District through a ballot measure that gained 60% approval of irrigators in the Subdistrict and was approved by the Courts. The Subdistrict included 671 irrigators and over 3000 wells and was established to design and implement a water management plan, alternative to regulations imposed by the state engineer, that would recover and maintain groundwater levels in the unconfined aquifer, protect senior surface water users, and avoid interference with Colorado’s obligations under the Rio Grande Compact (Paddock 2020). The Subdistrict designed a system of self-regulation using market-based tools to incentivize reduced groundwater use by compensating farmers to fallow or retire land and installed a per-acre pumping fee on groundwater usage beyond their sustainable allotment (i.e. an over-pumping fee). The plan was approved in 2012 and the following year saw a 30% reduction in overall groundwater pumping within the Subdistrict (Smith et al., 2017). Cody (2019) attributes the emergence of Subdistrict 1’s effort to self-regulate groundwater to numerous factors including strong vested interests in long-term viability of groundwater irrigation, broader governance arrangements (e.g. Basin Roundtable, federal programs to subsidize fallowed lands), and reduced transaction costs from high levels of social capital, communication, local leadership, and salience of resource dynamics and scarcity within a well-defined aquifer.
The 2000s drought was a shock to all four basins that revealed how each was progressing along distinct regulatory pathways mediated by local context and unique arrangements of water users and organizations.
Current arrangements
Today groundwater in Colorado is understood to be a finite resource with varying levels of connection to surface water, and groundwater users in most basins have been brought into systems of prior appropriation. Complex systems of water sharing and coordination among farmers, municipalities, and commercial users have emerged to supply augmentation water and keep non-senior users in business. Groundwater usage is measured and generates highly detailed knowledge of surface and groundwater dynamics that supports monitoring but also empowers groundwater users with data on their own water usage. Groundwater scarcity and state government regulation have molded varying arrangements that fall along a spectrum from top-down regulatory interventions to bottom-up efforts to self-govern groundwater use. These variations are conditioned by unique socio-ecological and historical contexts in each basin and generated through path-dependent institutional evolution. Here we report those current arrangements in each basin and discuss the variables that conditioned them.
In the SPB a sense of equilibrium has emerged that encourages users to coordinate their water use while regulatory requirements protect senior rights and recover historic groundwater depletions. “Wells operate as insurance against drought,” described one informant, so that surface users may lean on wells during times of scarcity and those without surface water are intimately tied to the hydrologic cycle. Instead of just pumping more individually, as they historically did, well-users must make up for any depletions they cause to senior users. Well-curtailments in the 2000s prompted a loss of many irrigators that were solely dependent on groundwater, and remaining irrigators were nudged towards acting collectively to form new augmentation groups. Informants described this as a time of experimentation by well-owners to find a path forward to continue operating. Farmers worked closely with technical experts and legal professional to form organizations and secure augmentation plans approved by the state. Today groundwater allocations are scaled by irrigator dependence on groundwater, and water users are described as highly dependent on each other. For instance, the basin’s largest groundwater user association relies on effluent water from multiple municipalities to support its members’ augmentation plans. This emergent network of water users and water sharing relies on high levels of data, high levels of communication and coordination, and imparts high transaction costs because of the diversity of water users involved and strong competition with non-agricultural water uses. Purely bottom-up efforts to self-govern groundwater use were unable to emerge here without the cohesion and trust that comes from smaller groups of more homogenous irrigators, as in the RGB, especially with high-value alternative water users available to purchase water.
The history of groundwater appropriation in the RRB is abbreviated compared to other Colorado basins and marked by much different aquifer resource dynamics. Operating in a designated groundwater basin, groundwater users have groundwater rights in the fashion of the prior appropriation doctrine. RRB water users faced little water conflict until interstate compact litigation in 1998 prompted a dramatic reconfiguration of the regulatory landscape. Whereas users had historically perceived groundwater as abundantly available and not within the scope of interstate agreements, users were forced to recognize that groundwater was limited and over-appropriated. The RRB conservation district sought to reduce irrigated acreage by enormous measures. The basin was successful in retiring 30,000 acres of irrigated lands but then asked to retire 25,000 more, posing an existential threat to many farming communities. Water districts and populations are highly dispersed across the RRB and made of tight-knit communities that remain strongly opposed to regulations (Shepler et al., 2019). The RRB’s basin roundtable has been slow to generate relationships and consensus among irrigators than in other basins, and only a few local leaders emerged. Groundwater users are described as having low morale around the prospect of addressing water challenges, suggesting that resource scarcity is highly salient but that it may not be perceived as salvageable. Groundwater management districts are funding limited and politically resistant to raising taxes or installing pumping fees to support local institutions or develop solutions. Whereas the RRB has high levels of social capital within communities, few competing uses for water, and homogenous user groups, users remain highly dispersed across a groundwater commons that is tapped by multiple states and faces seemingly insurmountable sustainability challenges. These conditions resist the emergence of self-governance among groundwater users.
Groundwater user associations have become central to complying with regulations in the AKB, as they have in the SPB. Unlike the SPB, however, agriculture in the AKB makes up less than 10% of total economic productivity in the farming region of the basin. Vested interests in agriculture command less relative power than in other basins and have leveraged less robust regulatory protections for irrigators. AKB irrigators organized to protect their interests and achieved early success in defeating state attempts to curtail well pumping in the 1970s, but those successes were short lived once the state enhanced its own authority and sharply restricted AKB well pumping during the 2000s drought. The alluvial nature of the basin results in tight coupling between groundwater use and surface water availability, making groundwater extraction a direct threat to surface water users within the basin. Furthermore, the semi-arid landscape and complex hydrology of the basin makes predicting annual water supply challenging and well-pumping allocations are often reduced within the year. Meanwhile AKB counties organized their water conservation district to prioritize protecting the basin from interbasin transfers, or “buy and dry” schemes that continue to be proposed, effectively framing water transfers as the dominant external threat to the basin instead of groundwater depletion or new regulation. Today groundwater users in the AKB are strictly limited in their annual allocations. Groundwater user associations are described as convenors of different water user groups and critical to keeping users in business, informed, and in compliance with groundwater regulations. However, situated amid larger vested interests in a severely water-limited basin facing highly salient external threats (i.e. water transfers), conditions were ultimately not highly supportive of self-governance among groundwater users.
The RGB remains the only basin with irrigators carrying out collective self-governance and has shown mixed levels of success that continues to be tested by drought. Today the RGB is organized into seven water management subdistricts with subdistrict 1 including the greatest number of wells (3481 wells in 2020), while all other subdistricts each include less than 500 wells. In 2020, half of subdistricts were in compliance with aquifer recovery and sustainability plans while several others were still working to secure state government approved solutions. Subdistrict one continues to implement self-imposed over-pumping fees and conservation programs to meet groundwater extraction reductions and sustainability standards, and two other districts implemented similar market-based systems beginning in 2018. Subdistrict 1’s self-regulation showed success at increasing aquifer levels and reducing groundwater extraction by irrigators in the few years following implementation (Smith et al., 2017). Subdistrict 1 has continued to calibrate it’s market-based regulatory approach and has raised pumping fees multiple times since then. However, a 2018 drought coupled with low snowpack reversed previous gains in recovering aquifer levels and prompted an increase of pumping fees to $150 per acre foot, a 333% increase from initial fees of $45 in 2012. The RGB remains in a long-term drought that has stalled aquifer recovery since 2019 and prompted subdistrict 1 to consider further increasing over-pumping fees to $500 per acre foot (Waggoner 2021). Subdistrict 1’s experiment in collective self-governance has been described as “an extremely high-stakes game of sustainable-farming “Survivor.”” in local newspapers, and uncertainty around the long-term success of the program remains high (Waggoner 2021). As in other study basins, sustainable aquifer management standards for the RGB were established using 1978 conditions which don’t account for long-running droughts of recent decades and water managers wonder whether those standards can be achieved under current and future aquifer conditions.
DISCUSSION
Our research has sought to understand why groundwater governance has emerged and evolved differently across several Colorado groundwater basins, and the role of collective action in directing those changes. In this study we uncovered three forms of collective action among groundwater users in response to state government attempts to regulate them. In some cases, these efforts are aimed at resisting groundwater regulation to protect local interests, while in others they sought to reduce the individual burden of complying with newly imposed regulations. In one unique case, irrigators acted collectively to self-regulate their groundwater use. We posit that these collective efforts reflect a predictable sequence of collective action phases that groundwater users move through in response to state efforts to regulate groundwater.
Collective resistance, collective compliance, and collective solutions
The first phase is a collective resistance to new state interventions. In these cases groundwater users organized to protect their shared interests in groundwater resources from the external threat of regulation. For instance, irrigators in both the RGB and AKB had success in defeating the state’s early attempts to regulate groundwater. In both cases, irrigators’ collective efforts were enabled by the networks and social capital generated in part within forums convened by the state government. Users also resisted regulation in the SPB and RRB but were distributed across less cohesive groups with lower levels of coordination. As state regulations were eventually imposed in the SPB, RRB, and AKB irrigators pivoted from collective resistance towards collective efforts to comply with new regulations. These efforts are observable in response to requirements for irrigators to replace their groundwater usage with augmentation water that is challenging for irrigators to secure and finance individually. Groundwater user associations emerged as a bottom-up effort to collectively seek out, contract, and finance sources of augmentation water. Associations reduce the transaction costs for securing augmentation water by individual groundwater users and have become critical for most well-users to continue pumping. Key informants often described how membership in a groundwater user association is required to obtain augmentation water, however memberships tend to be limited and closed, creating a backlog of irrigators waiting to gain access to augmentation water. Thus, user associations have become an informal administrator in the groundwater regulatory process. User associations also act as a conduit for irrigators to coordinate and advocate for shared interests with the state government. For instance, associations in the AKB were key for stakeholders to gain compromise in negotiating new efficiency rules for irrigation technology in 2011 (Macllroy and Holms 2021).
Thirdly, we observe irrigators acting collectively to get ahead of state regulation by enacting local groundwater governance schemes. RGB irrigators offer the only successful example of this effort to date in the form of subdistrict one. Irrigators in the RGB are highly dependent on groundwater, benefit from high social capital in tight-knit communities, have a high level of knowledge over groundwater dynamics in their basin, and a long history of defending their water interests from regulatory and export threats. Taking all four basins together, we observe a pattern of slow and incremental adjustments that move open access, semi-regulated groundwater commons into the yoke of state regulatory institutions, in this case Colorado’s doctrine of Prior Appropriation. While groundwater regulation is intended to improve groundwater sustainability and the adaptive capacity of groundwater dependent communities, users tend to perceive government attempts to get them there as an external threat to their individual interests. This likely reflects a central challenge to generating adaptive local institutions in other contexts.
Our observed patterns in collective action present a tension between individual and collective adaptation efforts. Prior to regulation, groundwater wells offered an individual-level, technical adaptation to drought. Drilling a well could offset an irrigator’s vulnerability to surface water scarcity at only the cost of drilling and pumping. A wave of new well construction occurred across Colorado groundwater basins in response to the 1950s drought as irrigators sought to reduce their vulnerability to water shortage (Figure 6). Irrigator investments in well technology and ensuing network effects increased their dependence on groundwater and incentivized continued and expanded groundwater use. Irrigators began down a path that would come with high costs to reverse (Beyer 2010). As groundwater resources were eventually acknowledged to be finite and facing over extraction, groundwater users had become locked into arrangements that maximized individual-level interests at detriment to the commons. Through direct intervention, or simply the threat of intervention, the state government moved groundwater users away from these historic arrangements and prompted users to work collectively to continue pumping.
[image: Figure 6]FIGURE 6 | A historical timeline of disturbance and response event sequences affecting groundwater appropriation in the Rio Grande Basin from the 1950s to present, with the estimated number of active high-capacity groundwater wells depicted through time on the y-axis. Groundwater well data is estimated based on Colorado state records.
Our findings confirm what has been posited by other work - that path dependence dynamics can be highly influential on collective action within common pool resource governance systems, especially where governance is shifting from apportioning resource flows (e.g. through Prior Appropriation) towards conserving resource stocks (e.g. sustaining groundwater levels) (Heinmiller 2009). The expansion of groundwater irrigation in Colorado during the 20th century set into motion path dependencies including sunk costs on technology and equipment, vested interests in continued groundwater access, network effects among users and local governments, and informal contracts that together exerted immense inertia that opposed efforts to reform groundwater governance beginning in the 1960s. Much of the responsibility to overcome those forces was left to groundwater users and local jurisdictions, and the incremental pace at which they did differed across our study basins.
We find that droughts and regulatory shock events worked to mediate the pace of institutional change, prompting both individual and collective adaptation efforts. Early droughts enhanced the salience of surface water scarcity among irrigators and encouraged individual-level responses - drilling of new wells and increased reliance on groundwater to reduce vulnerability to surface water shortages. Later droughts resulted in water shortages among surface and groundwater users, and exacerbated conflicts among surface and groundwater user groups. These pressures were coupled with tightening groundwater regulations by the state government in response to interstate compact violations, which together drove irrigators to act collectively to resist, comply, or preempt further top-down regulation. Droughts have been shown to play a catalyzing role in driving water governance away from crisis-based responses to water shortages towards proactive risk-based water management, usually by central governments (Berbel and Esteban 2019). Our findings are generally congruent with this pattern but are unique in documenting user-driven efforts to develop drought-adapted institutions with varying levels of top-down pressure from state government. We observed user-driven schemes that include water sharing arrangements facilitated by local groundwater associations, scaled water allocations, rotational fallowing programs, and in one case a locally implemented pumping fee.
Our study contributes unique perspectives on the role of central government in directing transitions towards sustainable groundwater management. In other settings, such as California, the state government has taken on the dominant role in driving the evolution of groundwater governance through statewide mandates and top-down design of new local institutions (e.g. groundwater management districts) (Dennis et al., 2020). In California’s case, the state government took responsibility for overcoming the inertia and feedback effects of historical path-dependent policies to reorient the State’s groundwater governance towards sustainable goals. This differs from our study of Colorado where we find that the state government applied differing levels of pressure to reform groundwater governance across basins, and that local users held the primary responsibility for overcoming the resistance of path-dependence to pivot away from historical arrangements. The state government’s initial attempt to regulate groundwater through rigid statewide policies in the 1960s was largely defeated. In response, the government redirected its focus towards remedying injuries to interstate compacts and senior surface water users, and this offered a defensible vehicle for applying regulatory scrutiny across groundwater basins. The level of state government intervention in local groundwater governance shifted over time as some basins organized collectively to resist regulation, or to implement self-regulation, while others failed to demonstrate meaningful reductions in groundwater use without state government intervention (e.g. well shutdowns in the SPB). Instead of supplying entirely new local groundwater governance frameworks, Colorado relied on the long-standing institutional structures of Prior Appropriation, historically used to govern surface water, to guide local groundwater users into preexisting arrangements. The state setup the institutional end-goal and users were given responsibility for getting themselves there. Users faced a scenario of “self-regulate or be regulated.”
Our results depict how Colorado groundwater users work collectively in several ways to respond to, or enact, new groundwater governance policies. We show how users worked collectively to move along a pathway from resistance, to compliance, to self-imposed groundwater governance solutions. These findings may provide useful perspective to groundwater users grappling with various dimensions of the groundwater governance transition pathway. Understanding the histories and patterns of other basins may help users apply hard-learned lessons without the cost of trial-and-error approaches already born elsewhere. While we show how the long-standing, statewide legal framework of Prior Appropriation has been used to integrate groundwater into Colorado’s water governance system, a common statewide approach for administering those rules is unlikely to be successful. Users and managers should consider the influence of historic path-dependencies at work within a basin to best define the scope of what policy tools are possible and achievable in unique local contexts. In doing so state government actors can better target resources and interventions towards helping local users and managers overcome the inertia of historic arrangements.
Our study suggests that local users are likely to be highly engaged with designing and implementing groundwater governance solutions, and that trust and working relationships take time to develop among local users and state actors. Local leadership and social capital among users are important to creating consensus about the nature of the problems they face and the need for collective action to address them. These factors seem critical for ensuring users perceive efforts to create adaptive common pool governance systems as mutually beneficial instead of as a threat to their individual interests. These insights can help guide effective strategies for engagement among managers and users.
The strength of our comparative study stems from our mixed-methods approach to carrying out a longitudinal analysis across four study units. We selected study basins that offer a semi-natural experimental design and enable us to distinguish among the influence of statewide and basin-specific variables in directing path-dependent evolution of groundwater governance. We draw from a large body of archival research, personal interviews, and groundwater records that together lend depth and richness to our findings. Our findings are limited by any gaps within historical records and databases. Our study would be improved by a greater degree of in-person observations and engagement with stakeholders that would improve our understanding of influential leaders and social capital at work within each basin. The predictive power of our findings for the future are limited to the patterns of the past and the external validity of our study could be improved by comparing findings to future research in Colorado’s Western Slope, or groundwater basins in other states.
CONCLUSION
Over the past century Colorado has sought to bring semi-regulated groundwater commons across the state into systems of state governance. We sought to understand how the state’s four most significant agricultural basins evolved into unique arrangements of groundwater governance today. Initiated by severe drought in the 1950s, each basin’s arrangements have emerged through both bottom-up and top-down processes of trial and error in response to drought, interstate water disputes, and local socio-economic trends. Our study basins began to diverge onto unique governance paths during the 1970s as groundwater users sought to collectively resist state government regulation with varying levels of success. The evolution of groundwater governance in each basin has since been influenced by path-dependence effects and mediated by local basin and community contextual factors (e.g. alluvial dynamics, salience of resource scarcity) that condition basin users towards or away from achieving collective self-governance solutions. We show how users worked collectively to move along a pathway from resistance, to compliance, to self-imposed groundwater governance solutions. These findings are useful for thinking about adaptation at the individual versus collective scale in groundwater commons, and the role of central governments in overcoming the inertia of historic governance arrangements to redirect common pool resource systems towards more adaptive and sustainable forms. Understanding the histories and patterns of groundwater development and regulation across various contexts may help groundwater users and mangers apply hard-learned lessons without undue trial-and-error. The example of collective self-regulation documented in Colorado’s Rio Grande Basin offers valuable insights and tests theories of self-governance, however, these same solutions should not be expected in all contexts. Achieving adaptive groundwater governance solutions will require careful consideration of history, path-dependencies, and local contextual variables. The critical role of trust and working relationships among users and managers cannot be overlooked in this process so that outcomes feel less like a game of survival among users under heavy handed government authority, and more like a collective effort towards mutual well-being.
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