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ABSTRACT

Salinity accumulation in the Lower Arkansas Basin (LAB) of Colorado threatens environmen-
tal quality, the agricultural economy and the potential for efficient reuse of water. Salinity is a
threat to “hydraulic sustainability”, since it will affect societal and environmental sustainability
in a system heavily dependent on engineered structures for its water supply. Institutional so-
lutions are preferable, being usually cheaper, quicker, and more reversible than infrastructure.
Market institutions — water quality trading markets — have been often applied in the past
to deal with salinity problems, but have been largely ineffective despite theoretical promise.
Explanations for such institutional failure typically assume that stakeholders are boundedly-
rational economic actors, but I review evidence that this is empirically unjustified, may be
insufficiently explanatory, and precludes consideration of more innovative behavioral change
solutions. Through collaborative work with basin stakeholders, I developed an agent-based
model — “ArkAgent” — which simulates a water quality trading market; the water use and
market interactions of basin actors; and basin hydrology. I conduct experiments to show that
a simulated neoclassical market institution is less effective at reducing salinity when we make
more realistic provisions for attitudinal and behavioral heterogeneity among resource users. I
show that the use of post-hoc informational feedbacks as alternative non-monetary institutional
incentives can address this performance issue, even in the face of conflicting economic pres-
sures. I further demonstrate that exploiting social networks in non-economic incentive design
can go even further in improving sustainability benefits. This work makes new theoretical con-
tributions by showing how our models of institutional performance are critically dependent on
behavioral assumptions; and that consequently our institutions for addressing hydraulic sus-
tainability challenges may have incentives poorly matched to real behavioral complexity. This
work also shows how an appropriately designed market institutional intervention in the LAB
could achieve salinity reduction benefits over an 8 year period. Many of the model’s practical
insights are also relevant to large salinity-threatened basins across the western United States.
The ArkAgent model provides an example of how we can use collaborative systems modeling
and empirically-based behavioral assumptions to develop more robust institutions for sustain-
ability.

Thesis Supervisor: Michael Flaxman
Title: Assistant Professor of Urban Technologies and Information Systems
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Chapter 1

Introduction

the human mind is something of an embarrassment to certain disciplines, notably
economics, that have found the model of the rational consumer to be powerfully

productive (Schelling, 1984, 342)

1.1 Problem statement

In this thesis I tackle the problem of institutional failure, nested within the broader issue of
hydraulic sustainability.

The lower Arkansas Basin (LAB) of Colorado is a quintessential example of a “hydraulic so-
ciety”: a social-hydrologic complex characterized by an extensive and highly engineered water
collection and delivery infrastructure (Worster, 1982).The LAB, like many other hydraulic so-
cieties globally, faces problems of deteriorating environmental conditions, particularly with
regard to salt levels in basin waters and soils (Miles, 1977; Goff et al., 1998). High levels of
salt lead to reduced crop yield, challenging water supply conditions, and extensive ecological
damage (Childs & Hanks, 1975). Reducing salinity levels in the LAB is a critical problem that
has not yet found a clear solution. “Hydraulic sustainability” is a term I use to characterize
the broader challenges of moving hydraulic societies along the path towards longer term so-
cial, economic and environmental sustainability. Salinity reductions in the LAB are clearly a

component of achieving hydraulic sustainability in the basin.
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One approach to addressing this problem could involve making infrastructural modifica-
tions to remove the excess salt from the system, such as constructing desalination plants or
adding extra reservoir storage. However, infrastructural modifications are expensive and eco-
logically disruptive, increasingly rendering their viability in question. An alternative to such
options is institutional intervention (institutions are defined as the rules by which human ac-
tions and interactions are governed, Ostrom (2005)). The capacity to use institutions to foment
change in resource-based systems has been well explored in fields as diverse as common pool
resource studies (Huerta, 2008), economics (Nishibe & Uemura, 2005) and sustainable develop-
ment (Veeman & Politylo, 2003). Assuming that institutions do have some capacity to address
complex social-environmental problems within large systems, the important question to ask is
which institutional form will be most effective given the nature of the problem and its social-

environmental context.

The success of the 1990 sulphur dioxide emissions permit trading program led to widespread
calls for the use of market-based instruments to reduce water pollution (Stavins, 1998). Despite
the implementation of water quality trading markets (WQTMs) in multiple and diverse settings
across the United States in the last decade, these institutional interventions have so far failed to
achieve their theoretical benefits (King, 2005). The institutional failure of water quality trading
markets is particularly problematic: other institutional forms have been similarly unsuccessful,
while WQTMs are, in principle, ideally suited to handling the thorny issue of non-point source
pollution, which is the primary cause of the salinization problem in the LAB. Non-point source
pollution problems present considerable monitoring and enforcement challenges, due to the
diffuse spatial distribution of sources and the relatively minor contribution of any one source.
In theory, WQTMs allow the information requirements in regulating pollution reductions to
be decentralized, and provide for behavioral and technological flexibility in how individual

polluters achieve their reductions.

A WQTM has never been implemented in the LAB, and the broader experience with water
markets in the basin has been dismal. In the late 1980s, a formal water quantity trading market
was introduced in the LAB, but was closed after failing to complete a single transaction. Wa-

ter trading activity in the area has since been limited to infrequent temporary leases between
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major water uses (Brown, 2006), and a small number of very large water sales. Neither are
characteristics of a dynamic market, and indeed, limited liquidity has been a reality of water
quantity and quality markets across the United States.

In this thesis I tackle the following core problem: the singular failure of a particular institutional
form, the water quality trading market, to succeed in furthering the cause of hydraulic sustainability
by reducing non-point source pollution. Specifically, I focus on the puzzle of why the WQTM
institution has largely failed to incentivize participation on the part of water users. My broader
concern is not proving or disproving the worth of market-based mechanisms in supporting
hydraulic sustainability. Consequently, my focus is on institutional failure, not market failure. I
also avoid addressing every possible source of failure in what are highly contextual institutions
with complex mechanisms. I intend instead to test alternative explanations that have hitherto
received little attention, and in so doing shed practical light on possible solutions for the real

salinity problems of the LAB.

1.2 Theoretical frame

Water is a common pool resource (CPR), an ecosystem service whose “yield is subtractable and
the exclusion from which is nontrivial” (Ostrom et al., 1992, 404). As with other common pool
resources, water resource management questions are often framed as “social dilemmas” (Os-
trom, 1998): situations where the maximization of self-interest by individuals leaves everyone
else worse off. Collective action theories, and studies of institutions, have all sought to address
the questions in these terms.

The common problem of salinization in urban-agricultural water systems is a concrete ex-
ample of a social dilemma. It is in the self-interest of individual polluters to continue polluting,
because the costs of their pollution are borne by downstream users. The LAB appears to pro-
vide a classic example of just such a social dilemma. The most upstream irrigators along the
Arkansas River can make use of extremely high quality water, with a very low dissolved salt
content. Irrigators at the downstream end of the system, on the other hand, make use of water

that is so salty that certain crops will fail entirely. The problem of salinity in the LAB is also
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one of long term sustainability: by threatening crop yields, salinity depresses an already fragile
agricultural economy and contributes to a demographic decline among farmers and the rural
communities dependent upon farming; by reducing biodiversity in riparian settings and in the
High Plains soils, salinity reduces the resilience of the system to invasion by exotic species, and

reduces the potential for more diverse land uses.

If we take the assumptions of the social dilemma formulation to be correct, achieving sus-
tainability becomes a matter of finding the right institutional design/mix which ensures that
the propensity for individuals to pursue their self-interest is mitigated, and that (dis)incentives
are deployed to encourage individual action in the cause of the common good. The debate then
often boils down to market-based versus regulatory systems: markets leverage self-interest to
minimize the social cost of sustainability, while regulations curb self-interest for the common
good. Arguments for and against either institutional option (or a mix of the two) are predicated
on the assumptions inherent in the rational choice theorem (Geanakoplos, 2004) (or its princi-
pal variant, the theory of bounded rationality Simon (1990)). It is important to emphasize that

the space of conceivable institutions is constrained by these behavioral assumptions.

In this thesis, I implicitly pose the question: what if the social dilemma is no dilemma at all?
If we dispense with self-interest as being necessarily the prime mover of resource use, the con-
cept of a “social dilemma” needs to be reformulated. Instead of starting from the presumption
that all individuals act self-interestedly, and so need to be enticed or cudgeled into cooperative
behavior, we could start from the presumption that some individuals will act in ways that do
not a) necessarily attempt to maximize a single or even multi-utility function, and b) are not
necessarily solely motivated by self-interest, either in the short or long term. By relaxing our
assumptions on the homogeneity of behavioral strategies across a population, we open up the

CPR debate to more inventive and flexible institutional forms.

This is not an outlandish proposal. A wealth of empirical studies suggest we should move
beyond traditional assumptions of either rational or boundedly rational choice as constituting
the behavioral models of resource users. Such studies indicate that pro-social, longer term,
and dynamic behavioral strategies really do exist among resource users (Norton et al., 1998;

Bowles & Gintis, 2004; Guagnano, 2001; van den Bergh et al., 2000). This empirical evidence is
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directly antithetical to neoclassical assumptions of self-interest, rigidly short term discounting
and non-transitive preferences. Such studies also indicate that resource users may not even
behave as if they are following these strategies, regardless of what their actual motivations
are (Gowdy, 2008). Theoretical critiques of the foundations of rational and boundedly rational
choice theories point out that such theories are based on untestable and tautological assump-
tions: the assumption of self-interest can be extended to any potential human motivation (in
this framing, even non-self-interested motivations are self-interested), and so essentially con-
tributes nothing substantive to our understanding of how resource users come to decisions
(Chouinard et al., 2008). In Sen’s words, this is a “robust piece of evasion” (Sen, 1977, 323).
Many rational choice theoreticians have argued that even in the absence of empirical evidence
to support their choice of behavioral model, the self-interest hypothesis is justified by method-
ological parsimony (Tirole, 2002). But even acknowledging Friedmans tenuous argument that
the plausibility of assumptions is less important than their predictive power (Friedman, 1953),
we are left with the reality that rational and boundedly rational choice theories consistently
fail to predict resource use behavior when their restrictive governing assumptions are relaxed.
Furthermore, following such traditional assumptions can have damaging effects on the way
we pursue stable and sustainable societies (Sanchez-Cuenca, 2008). Note that the focus of my
critique is not on the normative component of the neoclassical hypothesis, which suggests that
resource users should behave in an economically rational manner because economic rationality
is more natural or simply “better” in some dimension (Coase, 1960; Parisi, 2004). My concern is
with what it takes to incentivize sustainable behavior; whether or not the behavior is econom-
ically rational is beside the point. I simply argue that all discussions of appropriate incentives

must be rooted in a proper understanding of how resource users actually behave.

Assuming more behavioral heterogeneity among resource users has implications for how
we study and design institutions for sustainability. By “behavioral heterogeneity” I mean a
departure from rational and boundedly rational choice theories, and a more eclectic attitude
towards what actually drives resource user decision making in a given setting. Exploring the
institutional implications of this departure constitutes the central theoretical theme of this the-

sis.
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1.3 Practical approach

The Lower Arkansas Basin of Colorado is a complex social-environmental system, incorporat-
ing a diversity of actors and biophysical processes. In pursuing the theoretical goals outlined
above, I also seek to explore the practical benefits of institutional intervention in a complex
system for the benefit of local and global sustainability. I develop an agent-based model and
integrate it with a hydrogeological simulation tool, so that I can represent both social dynamics
- the decisions and actions of farmers, ditch managers, municipal and federal water officials -
and environmental dynamics - the movement of water in surface and subsurface, and the fate
and transport of dissolved salts. I apply this integrated modeling tool to explore variations on
one potential solution to the salinity issues in the LAB, an institutional intervention relying on
market mechanisms. While my hypotheses are principally designed to develop my theoretical
arguments, an important benefit of their formulation is to demonstrate the potential environ-

mental and social benefits to an institutional intervention in the salinity problems of the LAB.

“ArkAgent” is an agent-based model developed primarily using collaborative modeling
techniques, eliciting stakeholder knowledge and opinion on the social systems in the LAB.
Agent-based modeling is a computational technique allowing more accessible and intuitive
representation of human actors through the use of sophisticated behavioral algorithms and
a one-agent-one-actor philosophy. ArkAgent simulates a range of actors from the real world
who would likely have critical roles to play in a salinity solution: the farmers, whose irrigation
activities drive salt loading; the ditch managers, who help maintain the infrastructure through
which irrigation is possible; the municipalities, whose interest in basin water has been shifting
its primary use away from irrigation for several decades; and the federal water manager, who
controls the inflow of water to the system, and may have statutory authority to support efforts
to combat salinity. I discuss these actors, why they are included, and more importantly why
others are not included, in Chapter 2. I also simulate major pre-existing institutions in the
basin, in particular the system of prior appropriations in the form of ditch and farmer water
rights. Into this complex social mix I introduce a water quality trading market (WQTM), with

the focus not on what it would take to establish such an institution, but what would happen if
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it were.

The social component of ArkAgent is linked to the GeoDSS, a simulation tool developed
by researchers at Colorado State University based on over a decade of work in the LAB (Triana
& Labadie, 2007). The GeoDSS simulates the movement of water within the LAB (including
delivery of water to ditch and lateral headgates), the return flows of water after irrigation, and
any subsequent changes in salt content of the return flow and river water. Linking the GeoDSS
to ArkAgent allows the realistic simulation of water availability for agent use, and the credible
simulation of system responses to changed agent behavior. This is critical, since ArkAgent
is intended to be used to test alternative behavioral assumptions and institutional strategies.
ArkAgent runs over an 8 year historic period (1999-2007), at a weekly time step.

I apply ArkAgent in 13 separate main experiments (often referred to as “scenarios” in later
chapters), each one exploring a unique set of actor assumptions and parameters for my cho-
sen institutional intervention, the WQTM. ArkAgent returns detailed results, week by week
over the simulation period, on actor decision making as well as broader social and environ-
mental conditions. Social results returned include economic conditions (agent incomes, assets,
debts), social trends (perception of conflict, equity of resource distribution) and environmen-
tal responses (salt load from the various irrigated regions of the basin, volumetric flow in the
river). I use the diverse set of response factors ArkAgent provides to rank the various experi-
mental scenarios in terms of overall sustainability, and also to dig deeper into the underlying
agent and environmental processes. I apply these rankings and analyses to proving or refuting

the 5 main hypotheses.

1.3.1 Chapter Structure

In Chapter 2 (Literature Review), I review the literature to support my chosen approach, as well
as provide more detail on the nature of the LAB and its salinity problem. In Chapter 3 (Hy-
potheses), I outline my hypotheses, reviewing additional literature where necessary. In Chap-
ter 4 (Methodology), I articulate in comprehensive detail the various techniques I am using to
test my hypotheses. In Chapter 5 (Results), I outline the results of the simulation experiments

and what they suggest for my five main hypotheses. In Chapter 6 (Discussion), I review the
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simulation and empirical results in light of the hypotheses I posited in this chapter, suggesting
the theoretical and practical implications of the results and any new questions or further work
this raises. Finally, in Chapter 7 (Conclusions), I reflect on how well I affirmed or refuted the
hypotheses, answered the questions, and contributed to the resolution of the central problem.
The Appendix materials contain the model code; the model platform; detailed instructions for
running and collecting data from the model; model results from all 13 experiments plus addi-
tional sensitivity testing; Stata do-files for generating analyses and plots; and any additional

text or graphic material referenced in the main chapters.
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Chapter 2

Literature Review

In this chapter, I conduct a targeted review of the literature associated with some of the major
theoretical and practical themes raised in Chapter 1. I also lay the groundwork for the hypothe-
ses, which are articulated in Chapter 3. I outline the broad problem of hydraulic sustainability,
and the specific nature of the salinity challenge in the lower Arkansas Basin. Based on a review
of existing practical and theoretical approaches to solving these problems, I argue that we are
insufficiently inventive in our studies of institutional solutions for hydraulic sustainability, and
part of the reason for this is that we are excessively bound by mainstream theories of human
cognition and behavior. Based on a variety of empirical studies, I build an alternate concep-
tualization of water resource systems, which recognizes the diversity in resource user goals,
attitudes and behaviors. I apply this alternate conceptualization in a simulation model, Ark-
Agent, which explores the real world implications for hydraulic sustainability - the potential

benefits as well as costs - of changing our theoretical assumptions on human behavior.

2.1 Hydraulic sustainability: definition, precedent, importance and
analysis
I define a “hydraulic society” as a modern social-hydrologic complex, the result of large pop-

ulations becoming dependent on extensive infrastructure for their water supply needs. This

definition has roots in studies of ancient irrigation civilizations, but has renewed applicabil-
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ity. Many of the large population centers of the western United States face challenges derived
largely from their own over-exploitation of regional hydrologic systems. I define “hydraulic
sustainability” as meeting the water supply needs of large social-hydrologic systems in a man-
ner which does not damage underlying hydrologic systems, while minimizing supply inequity
and associated social conflict. Simulation modeling of such systems is not yet advanced, de-
spite the considerable potential for new insights. I develop ArkAgent as an agent-based simu-

lation tool to address this.

2.1.1 Introducing the concept of the “hydraulic society”

The term “hydraulic society” was first coined by Steward in 1953, and added to the lexicon of
anthropology by Wittfogel in 1957 (Wittfogel, 1957; Steward, 1953). Both authors applied the
term in the context of studying differential survival rates among the great irrigation-based civi-
lizations of the past, and it was briefly in vogue: Herman explored hydraulic societies in China
(Herman, 1959), and Leach did the same for Sri Lanka, then Ceylon (Leach, 1959). An article
in 1959 reviewing Wittfogel’s work characterized “hydraulic society” as referring to a social
system “based on large-scale irrigation with its demand for large-scale managerial organiza-
tion” (Spate, 1959, 90). The term in the late 1950s is in every instance used to refer to ancient or
“foreign” civilizations, and in an anthropological light. Wittfogel has been critiqued on several
grounds, including the evidence that irrigation-dependent societies do not necessarily require
the top-heavy bureaucracy Wittfogel posits (Hunt, 1988) and so presumably are not necessar-
ily as vulnerable to wholesale collapse. Soon after his initial publication, Wittfogel was also
heavily criticized for his interpretation of east Asian history, upon which much of his analysis
was based (Meisner, 1963). Nevertheless, the idea was sown, and Worster revived the term for
application to modern, western US populations highly dependent on water delivered through
extensive infrastructure. Worster argues that California during the 20th century exemplified
a modern hydraulic society, “a social order founded on the intensive management of water”
(Worster, 1982, 504). Worster goes on to say: “I take this to be the essence of the hydraulic
thesis: the domination of nature is an ambition that first appears stark and unchecked in the

archaic desert empires” (Worster, 1982, 506).
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2.1.2 Introducing the concept of “hydraulic sustainability”

The issue of sustainability was one that Worster explicitly raised: “most ancient hydraulic
empires...had fallen into the infrastructure trap, building a bigger and bigger water system
until they could no longer keep pace with the ecological backlash they were creating...The
State of California, some recent evidence indicates, may be approaching a similar alkalinity
fate” (Worster, 1982, 514). Worster later re-visited this idea in his 1985 work on western water
(Worster, 1985) and has since been followed by Postel’s thesis that the “irrigation miracle” can
be pursued too far, along with extensive scientific study into the perils of salinization (Khan
et al., 2006). The idea that technologically-dependent societies risk their own downfall by ig-
noring environmental systems is well explored elsewhere (Mumford, 1967). Out of this broad
narrative comes the idea of “hydraulic sustainability”: melding the broader concept of sustain-
ability with the context of populous and structurally complex water systems. The World Com-
mission on Environment and Development defined sustainability as pertaining to any human
activity which “meets the needs of the present without compromising the ability of future gen-
erations to meet their own needs” (Brundtland, 1987, 43). The sources of such compromise can
be environmental degradation (Ehrlich & Holdren, 1971; Swart et al., 2004; Tilman et al., 2002;
Turner, 2008), but also conflict and other social dimensions (Sneddon et al., 2002; Turner, 2005;
Wils et al., 1998). Historically, the study of hydraulic societies was examining what ancient irri-
gation civilizations did wrong. The contemporary study of hydraulic sustainability focuses on
what modern water-dependent societies can do to avoid both old and new problems that will
otherwise preclude their long term survival. A sampling of the literature identifies some of the
problems facing western US hydraulic societies: salinity (Bouwer, 2002), shrinking snowpack
(Barnett et al., 2005), collapsing biodiversityBelsky1999, emptying aquifers (Bolin et al., 2008),
valley subsidence (Zekster et al., 2005), economic disaster (Barbier, 2004; Booker et al., 2005)

and water conflict (Boronkay & Abbott, 1997).
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2.1.3 Critiquing and refining the concept of hydraulic sustainability

The perspectives of Wittfogel and Worster are only one among many, and I do not adopt the
concept of hydraulic sustainability wholesale and uncritically. Wittfogel’s analysis is archaic in
the context of modern urban and agricultural systems. California does not resemble ancient
cases, and in more ways than just having technological tools for dealing with ecological col-
lapse: the governing institutions are considerably different, and have (at least theoretically)
considerably more adaptive capacity than ancient feudal hierarchies ever had. Thinking of
modern western US communities as Wittfogel-type hydraulic societies is attractive in its sim-
plicity, but cannot account for the true complexity in social and environmental dynamics we see
in these systems. Sherow argues that Worster was reacting to the utilitarian philosophies ad-
vanced by the Harvard Water Program (HWP), and in so doing becomes excessively dogmatic
(Sherow, 1990). The members of this research initiative argued that the single most important
objective of water resources management was the maximization of economic benefit, and that
objectives falling under this effort should be achieved through efficient and effective engineer-
ing and economic study (Maass et al., 1962). The work of Maass and the HWP was pioneering
in establish benefit-cost analyses as an important tool in water project planning, and along
with Maass’ critique of massive inefficiencies and unprofessional conduct among the “Army
Engineers” (Maass, 1951), laid the basis for the widespread use of benefit-cost analysis by the
US Army Corps of Engineers (Hird, 1991; Tarlock, 2003). While there is plenty of evidence
the principles advanced in Maass” work were occasionally used by both the Army Corps and
the Bureau of Reclamation to justify projects with devastating social and environmental conse-
quences (Reisner & Bates, 1990; Reisner, 1993), Worster appears to respond by implying grand
conspiracy between the economic, engineering and governing disciplines exemplified by the
Maass school. Sherow, Ingram and others have developed more sophisticated accounts of the
development of western water. For Sherow, the historical narrative speaks to shortsighted, ex-
ploitative but largely parochial development of water to meet perceived economic and cultural
needs. For Ingram, the special status of water in society meant communities small and large
in the western US were driven to seek control of and exploit their water resources, often to

the exclusion of competing needs, and often at great environmental cost. She outlines, by way
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of example, the extremely complex process by which one of the last big federal Reclamation
projects was created, which suggests if nothing else that conspiracy would have required such
a mammoth feat of coordination among conflicting interests that we can discount its possibility

(Ingram, 1967).

A further critique of Worster’s definition of hydraulic sustainability is that neo-Malthusian
warnings of impending disaster have a history of failing to come true. For example, “The Lim-
its to Growth” report by Meadows and others (Meadows, 1972), which predicted global crisis
as a result of population growth and environmental degradation, has mostly not been borne out
by real events. Worster’s arguments are excessively simplistic, and do not specify exactly how
“ecological backlash” will succeed in bringing down modern as opposed to ancient civiliza-
tions. The Anasazi, for example, were rather more vulnerable to problems of salinization and
scarcity in the absence of appropriate technologies to reverse technological decline, of which
modern hydraulic societies can now avail themselves. Linner recently advanced a thesis of the
neo-Malthusian “discourse of crisis”, in which prominent researchers have warned of impend-
ing crises of various descriptions due to population growth reaching resource limits (Linner,
2004). There are plenty of dissenting voices to this discourse, of course. Some authors have
argued that such narratives are overly negative, not supported by evidence, and damage our

ability to properly prioritize issues of concern to society (Lomborg, 2001).

On this basis I could argue that “hydraulic sustainability” — in Worster’s definition — is un-
founded because existing systems are not particularly threatened, and in any case what matters
most is that social benefits (typically economic) are maximized. I reject these premises, how-
ever. In the first place, it is factually indisputable that the major water development initiatives
of the west have caused significant damage to many ecosystems across the region. The Cali-
fornia Bay Delta; the Colorado River Delta; the Grand Canyon; and the Columbia and Snake
basins have all yielded extensive and empirically documented evidence that large engineered
water systems are ecologically unsustainable. There is also clear evidence that ecological dam-
age can be directly linked to societal damage in various economic and non-economic forms
(Lichatowich, 1999; Presser & Ohlendorf, 1987; Johnson et al., 2006), without even considering

the evidence for indirect linkages through reductions in ecological resilience (Folke, 2003). In
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the second place, as Ingram, Gleick and others have pointed out, there is far from global agree-
ment that single or even multiple economic objectives are appropriate grounds for assessing
the benefits of a given project (Ingram, 2006; Gleick, 2000).

Consequently, I critically refine my use of the terms “hydraulic society” and “hydraulic
sustainability”. I follow Ingram, Sherow, Reisner and others in imparting more complexity to
the way I define hydraulic societies and discuss their sustainability. Western US water systems
are not the “Orientally despotic” feudal hierarchies of 1950s anthropological lore. Nor are they
the product of a sinister plot by economists and water engineers to concrete over the west, as
exciting as that sounds. But they do possess remarkable dependence on very extensive engi-
neering structures and such considerable sums are expended in maintaining these systems, that
we would be unwise to discount the problems they might face in future. While Worster, Pos-
tel and others do a good job of articulating concern and pointing out risks hydraulic societies
face, the future of the modern hydraulic society is not immediately threatened. My adoption
of “hydraulic sustainability” acknowledges that these systems have a level of resilience born
of the sophistication of the technology involved, and the complex institutional structures de-
veloped to manage them. I focus not on system-wide breakdown, since the chances of this
happening (in the short term, at least) are small. The slim likelihood of Worster-style ecolog-
ical collapse does not mean, however, that these systems will not face urgent problems that
will incur considerable costs and consume substantial resources in their resolution if not dealt
with soon. Salinity is one such problem. It simply is not worth ignoring, since along with
climate change and invasive species, salinity can cause creeping problems that affect regional
ecosystems, economies, land use and settlement patterns, and the usability of large quantities

of freshwater.

2.1.4 Precedent in the treatment of hydraulic sustainability

The concept of hydraulic sustainability as I define it here has not received much attention in
the literature. There has been a tendency to treat issues of sustainability and water separately.
There are plenty of studies focusing on urban systems, rural systems and networks of infras-

tructure, but in a segregated fashion rather than gathering these systems under the hydraulic
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society umbrella (Delleur, 2003; Vincent, 2003; Kandiah & Rao, 2004). Integrated Water Re-
sources Management (IWRM; GWP (2000)) and social-ecological resilience (Carpenter et al.,
2001; Gunderson & Holling, 2002) are two research areas which have got closest to the concept
of hydraulic sustainability. However, INRM misses Worster’s point that hydraulic societies
exist at the grace of a hydrologic system: IWRM literature persists in the hubris dominating the
hydraulic and hydrologic engineering disciplines, emphasizing the importance of integrated
environmental “management” (Born & Sonzogni, 1995). Social-ecological resilience focuses
more on the biological dimensions of sustainability, and often fails to conceptualize water
systems as complexes of social and environmental forces. Consequently, my use of the term
“hydraulic sustainability” is novel. The lack of a hydraulic society framing for sustainability
questions has led to a dearth of theory and few studies which explore system dynamics at the

scales relevant to western US water systems.

The use of simulation models to study complex social-environmental systems is common
(An et al., 2005; Barthel et al., 2005; Gimblett et al., 2001; Hansen, 2007), and their potential to
ease analysis and the search for sustainability solutions is widely acknowledged (Costanza &
Wainger, 1991; Pahl-Wostl, 2007a; Rauch et al., 2005). However, few such models have been
developed for large-scale hydrologic systems, largely because of the technological challenges
in developing and integrating simulation modules for the large variety of physical and societal
processes in such systems (Parker et al., 2008). Still fewer models address such systems in the
context of hydraulic sustainability, largely because the concept lacks an established body of
theory. Virtually no models embody the sophistication needed to examine the consequences of
more complex assumptions, as we explore these largely unknown systems (Janssen & Ostrom,
2006). In answer, I develop ArkAgent, an agent-based simulation tool which integrates social
and hydrologic models. ArkAgent tackles the technological challenges of model integration,
builds theory surrounding the analysis and resolution of hydraulic sustainability issues, and
contributes policy analysis to a practical instance of hydraulic “un-sustainability” (Sugden,

2000; Maki, 2002).
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2.2 Problem focus: the lower Arkansas Basin

The practical context for ArkAgent, the lower Arkansas Basin (LAB), suffers from a problem
of irrigation-induced salinization which presents a fundamental challenge for hydraulic sus-
tainability. This particular context is especially appropriate for a study of hydraulic societies
and sustainability, not just because of the severity of the problem and the chance to contribute
meaningfully to a solution.

First, a major focus of my study is exploring the systemic implications of changing some of
our fundamental assumptions on the cognition and behavior of resource users within hydraulic
societies. The LAB provides empirical material particularly appropriate to this effort. The basin
embodies the confluence of a rich history (Sherow, 1990), complex sociology (Lepper, 2008) and
an unusually extreme physical environment.

Second, the LAB provides a blank slate for the kind of institutional solution I focus on,
the water quality trading market. It is a solution that has not been tried in this context, and
its complexities provide an opportunity to test out alternative designs for the institution that
might address failings which have emerged elsewhere. This prospective approach is distin-
guished from the wealth of post mortem examinations of the failure of water quality markets
(Pharino, 2007).

Finally, as a candidate system for model development, the LAB greatly benefits from al-
ready being the subject of a lengthy study by local scientists (Gates et al., 2006). This has re-
sulted in sophisticated regional ground and surface water quantity and quality models, avail-
able for use by and integration with ArkAgent. This provides an opportunity for more sophis-

ticated use of social-environmental modeling than has hitherto been possible.

2.2.1 The lower Arkansas Basin: environmental and social context

The lower Arkansas Basin is a classic western hydraulic society: semi-arid; dependent on exten-
sive infrastructure for all aspects of water management; and situated within a geographically
extensive, crowded and growing metropolitan region. Product of a long history of develop-

ment, water resources in the system are over-allocated. Existing water institutions are highly
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structured, complex and resistant to change. Agriculture dominates water use in the basin, but

municipal demands are growing.

The lower Arkansas Basin is defined as that portion of the Arkansas River Basin lying be-
tween Pueblo Dam and the Colorado-Kansas state line. The Arkansas River has its headwaters
(and derives most of its flow) from the snowpack in the Rocky Mountains near Leadville, Col-
orado, flowing 2,364 km through Colorado, Kansas and Oklahoma before joining the Mississippi-
Missouri river system in Arkansas. Once it leaves the mountains, the Arkansas River is a semi-
arid (Goff et al., 1998) Great Plains river characterized by gentle meanders, shallow canyons
and low average flow volumes (Schumm, 1963; Webb, 1981). The geomorphology and vegeta-
tion of the river have been heavily altered by over a century of irrigation diversions and other

engineered structures (Friedman et al., 1998; Culver et al., 2007).

The LAB supports a population of several million in one major city (Pueblo) and several
smaller cities strung out along the course of the Arkansas River (see Figures 2.1 and 2.2). It
is also the primary conduit for water supplying an extensive system of irrigated agriculture,
consisting of six major and 28 minor ditches. Historically up to 400,000 acres were irrigated by
water from the mainstem Arkansas, but due to two decades of water transfers to urban areas,
around 311,000 acres remain (Woodka, 2007). Dominant crops in the valley include wheat,
sorghum, alfalfa and corn. Other economic forces within the LAB include federal and state

prisons, healthcare facilities, wind farms, manufacturing and the BNSF railroad.

LAB water also contributes to the water supplies of Colorado Springs, located within the
basin, and Aurora, located outside of the LAB, with combined populations of over 680,000.
The LAB consequently takes a role in one of the largest hydraulic societies in the United
States: the Front Range Urban Corridor (Colorado-Wyoming) includes over 4 million people,
24 major cities, and dependency on three major river systems (the Colorado, the Platte and the
Arkansas).

Water in the Arkansas River is fully appropriated through water rights that date back to the
mid 19th century; it is also over-allocated, meaning that even in the best hydrologic years, water
rights with lower priority do not receive all the water they need. The Colorado water rights

system (the “Colorado doctrine”; Hobbs (2007)) operates on the basis of prior appropriation
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tation is the lower portion of the basin.
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law (Lueck, 1995; Grigg, 1996; Hobbs, 1997): the first appropriator to arrive at the river and
make a diversion for beneficial use receives a water right with a priority date and flow rate at
that diversion point. All subsequent appropriators also receive priority dates and flow rates,
with descending seniority. The Colorado doctrine has largely resisted any substantial change
for over a century (Kenney, 2005; Nichols et al., 2001), although there have been modifications
to allow municipalities to condemn water rights that usurp domestic needs; to allow instream
flows to count as beneficial use; to enable the state to acquire rights to meet minimum flow
requirements; to allow cities, counties and water districts to appropriate water for recreational
needs; and to address the different management needs of groundwater (Hobbs, 2003). The
system remains in tension, however, as exemplified by the contrasting perspectives of State
Supreme Court Justice Gregory Hobbs Jr (advocating the preservation of traditional priority
doctrine and against the use of the public trust to justify changes in use; Hobbs (1985, 1994,
2002)) and Charles Wilkinson (advocating for a reconceptualization of the priority doctrine

into a more comprehensive, watershed based approach; Wilkinson (1989, 1991)).

Despite these rumblings of change, irrigated agriculture remains the primary user of Arkansas
River water, with local municipalities also holding some very senior rights to some of the flow.
Irrigated agriculture is supplied by diversions into canal systems branching off from the main-
stem river. The majority of these ditches formed between 1860 and 1910 (Lepper, 2008), and
some of them undertook to build storage reservoirs and transmountain diversion tunnels in
the upper and lower basin (Milenski, 1990), adding up to a total capacity of over 600,000 acre-
feet. The size and influence of the lower Arkansas Basin ditch companies has declined in recent
years, as a considerable number of farmers have sold up land or water rights or both, leading to
the closure of several canals. Municipalities either hold rights to LAB flows (such as for the city
of Pueblo), or rights to flows from the upper basin (such as for the city of Colorado Springs), or

both.

An important development in the social history of water in the LAB was the creation of the
Fryingpan-Arkansas Project in 1953 (USBR, 1973). This is an extensive and federally-funded
transmountain diversion project, consisting of five storage dams/reservoirs and sixteen diver-

sion structures, of which nine are tunnels under the continental divide. Pueblo Reservoir is
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the major project storage within the lower basin, and delivers water to Colorado Springs via
the Fountain Valley conduit and to Pueblo via river flow. Water diverted from the western
slope and added to Arkansas River flows provides supplemental irrigation for over 280,600
acres in the LAB, although significantly less than those total acres are actually irrigated (USBR,
1973). More recently, the Southern Delivery System pipeline project has been proposed to allow
Colorado Springs Utilities to pump water out of Pueblo Reservoir, taking advantage of water
rights the municipality already owns in the river.

While the LAB has all the properties most commonly associated with a hydraulic society,
it is much smaller in all dimensions than the classic example of a modern hydraulic society,
California. Yet the basin suffers from similar problems of hydraulic sustainability, and dis-
proportionately so. The LAB has been suffering from salinization issues for longer and more
seriously than much of the Californian agricultural system (Schoups et al., 2005; Gates et al.,

2006).

2.2.2 The salinity problem in the Arkansas River

The Arkansas River in the LAB is one of the most saline rivers in the United States (Miles, 1977).
The high levels of salts in basin soils and water contribute to serious economic and environ-
mental damage, and are the result of a long struggle to cultivate marginal areas through heavy
use of water infrastructure. Existing studies of the problem have failed to develop solutions
that are workable in the complex social and environmental conditions within the basin. Many
other hydraulic societies around the world are just beginning to grapple with similar problems,
and so studying the LAB may derive lessons applicable both locally and globally.

The severe problem of salinity in the Arkansas River within the lower Arkansas Basin is
derived from the concentration and re-concentration of salts in return flows from canal-based
irrigation. Salts in these waters are moved close to the surface by upflux to a high groundwater
surface, then concentrated by evapotranspiration. A percentage of water extracted from canals
then returns to the river via surface flow and throughflow in the subsurface. Naturally occur-
ring salts in local shale beds further add to the salt concentration, and the cycle begins again

further downstream when water is drawn out of the river once more. Average salinity in the
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river ranges from 500 mg/L near Canon City to over 3,500 mg/L near the Colorado-Kansas
state line (Goff et al., 1998). Miles (Miles (1977)) reported that over 81,000 hectares within the
lower Valley were classified as C4, the US Salinity Laboratory’s highest classification for inland
waters. More recent work (Gates et al., 2002) has shown that the average salinity concentration
of ground water is above 3,100 mg/L. All six major irrigation canals in the valley have low
irrigation efficiencies and high rates of salt loading (ibid). Average soil salt concentrations up
to 2005 ranged between 4,800 to 5,600 mg/L throughout the valley, a significant contribution to
reduced crop yield and other environmental damage (ibid). Selenium (Se) concentrations are
of particular concern: in the recent work by Gates et al. (2006), all but two of the samples taken

of Arkansas river water from across the LAB exceeded state and federal standards for Se.

Salinity is a problem for a number of reasons. The high levels of salts in the soils and water
of the LAB mean reductions in crop yields (Childs & Hanks, 1975), damaging the primary eco-
nomic base of the LAB community. Also important is the variety of seriously damaging effects
high levels of aquatic salinity can have on riparian and aquatic ecosystems (Rysgaard et al.,
1999; Nielsen et al., 2003; Vandersande et al., 2001; Magdych, 1984; Nielsen et al., 2003). Fi-
nally, under Article IV of the Arkansas River Compact, Kansas has the legal sanction to disrupt
agriculture in the Colorado portion of the Arkansas Valley by demanding that water delivered
across the state line be “usable”. While it is arguable that such sanction might actually moti-
vate change in the system, this is not generally how it is viewed by the agricultural community

(pers. comm. Valliant 2007).

Salinity is a classic problem facing hydraulic societies globally, particularly those incor-
porating extensive irrigated agriculture (Schoups et al., 2005). It is a unique and compelling
challenge to sustainability because it threatens the very substrate of a productive food system,
the soil. Salinity has a certain resonance as an environmental issue, because there is strong
evidence that past irrigation-dependent civilizations have collapsed at least in part because of
salinity (Hillel, 1992; Binford et al., 1997). Modern hydraulic societies are predisposed to salin-
ity problems because of their tendency to over-abstract ground water and over-apply surface
water, but salinity is also a major problem because it so difficult to avoid in the arid climates

that are the setting of most hydraulic societies. Salinization is also tremendously difficult to fix
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once it has begun, without causing considerable disruption to agricultural economies and com-
munities. Salinity works itself into all elements of a hydraulic society by affecting the viability
of rural communities and also threatening urban water supplies: it is a true existential threat.
Existing studies of the salinization problem in the LAB have focused exclusively on charac-
terizing the nature of the problem and exploring technological solutions at the field level (Miles,
1977; Burkhalter & Gates, 2005; Gates et al., 2002, 2006; Goff et al., 1998). Efforts to implement
these solutions have run up against what appear to be a mix of economic, institutional and
behavioral obstacles (pers. comm. Gates 2009). Such efforts have lacked grounding in a deeper
understanding of how technological and other “pipe-end” solutions can be embedded within
an institutional context, and there is considerable scope for work that would demonstrate the

possibilities of using more sophisticated interventions to reduce salinity.

2.2.3 Principal Actors, Responsibilities and Behaviors

To provide material for populating the artificial agent populations in ArkAgent, I identify the
principal actors in the basin, and review evidence for their responsibilities and behaviors. The
principal actor in the LAB at a national level is the US Bureau of Reclamation. The Bureau
is primarily responsible for operating the Federal supply project in the basin, and is typically
conservative in interpreting its mission. At a regional level, the major municipal utilities are
important actors: Colorado Springs, Aurora and Pueblo. These utilities are primarily respon-
sible for meeting their own water supply needs, but display complex behavior that belies easy
categorization. Finally, at a local level, ditch companies and farmers represent the principal
users of water in the LAB. I focus on these actors most closely in my simulation model.

At a national level, the US Bureau of Reclamation (USBR; Department of the Interior bu-
reau) operates the Fryingpan-Arkansas Project, which delivers extra water from the Leadville
region of the Rocky Mountains into the Arkansas River. USBR is responsible for water deliv-
ery as part of this project, and for flood control through manipulation of water levels in the
Pueblo Dam, but is statutorily limited in getting further involved in water management de-
cisions downstream of the dam. The USBR has long been known as a conservative force in

water across the western United States, with an overwhelming focus on supply management.
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The legendarily brash technocracy (Reisner, 1993) and supply-side “ideology of Reclamation”
(Pisani, 2002, 13) has long been diluted by a collapse in funding, an exodus of staff, no major
new storage or diversion projects in more than two decades, and the devolution of many of
their existing facilities to private hands (Simon, 2002). Within the Arkansas Basin, the USBR
has been most recently involved in providing space in its Federal reservoirs for new water des-
tined to supply Colorado Springs and Aurora. All recent actions by the USBR in the region
demonstrate its primary strategy of meeting existing needs through supply-side solutions, and
relatively little interest in expanding the scope of its operations. I simulate the Federal water

manager in solely a supply-side role,.

In Colorado, the state water quantity/quality apparatus is important. While the state does
not have the same powers that other western US states have in terms of reassigning alloca-
tions (Wescoat, 1986), the state engineer’s office is broadly empowered to shut down wells or
headgates where the appropriation is deemed to be out of order or in exceedance of historical
rights. The state relies on an elaborate legal system of water courts for resolving most dis-
putes between rights holders. On the quality side, the Colorado Water Control Commission
(CWCCQ), in partnership with the state Board of Health, has the power to develop specific wa-
ter quality standards in line with the Colorado Water Quality Control Act (CDPHE, 2002). This
Act argues that the beneficial use of water (a central tenet of the prior appropriation doctrine,
which governs water allocation in Colorado) is maximized when water quality is improved,
but does not specify how this squares with the more traditional legal definition of “beneficial
use” in Colorado, which does not explicitly include water quality. The Act provides for basic
standards in an array of salts affecting the LAB, including selenium and magnesium, but these
standards are based on public health concerns and not riparian health. Furthermore, actual
control efforts particularly in agricultural systems are subject to economic reasonability tests,
and are frequently subordinate (in the absence of a pressing public health concern) to concerns
over preserving extant water rights. Water quality control in Colorado for non-point source
agricultural systems is a tangle of conflicted interests, and the CWCC has not played a particu-
larly decisive role so far. See the specific discussion of Colorado water quantity and quality law

for further treatment of these and other issues (section 2.2.4.1, below). In ArkAgent, I do not
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simulate the CWCC or the Water Control Division more generally, because over the historical
period of simulation these agencies played very little role; and because of the technical chal-
lenge arising from the necessity to implement the water courts system along with these agents.
Whether or not they will play a larger role in future remains to be seen, although it must be
assumed that they would be involved in implementing a water quality trading market were it
to come into existence. But for the purposes of the simulation and the questions/hypotheses I pose, it

is not necessary to simulate these agencies.

The regional municipalities play a critical role in the current and future state of water man-
agement in the LAB. Colorado Springs Utilities (CSU) has been a major customer of farmers
selling their water rights in the LAB, and is currently working on the Southern Delivery Sys-
tem, a proposed pipeline from Pueblo Dam up to Colorado Springs. CSU holds many senior
water rights, as well as a storage and delivery infrastructure of its own. The Board of Water
Works of Pueblo has less volumetric punch, but retains some senior water rights and has a
priority call on Pueblo Dam for domestic supply. Aurora Water, serving the city of Aurora,
has increasingly been involved in water supply discussions in the LAB; it is a fast growing city,
with only limited domestic supply support from the Denver Water Board, and so has been in-
volved in numerous water purchase deals in the past. Inferring from their past behavior, all the
regional municipal utilities appear to be exploring options for additional water from the LAB
agricultural community, although in response to public controversy the utilities have become a
great deal less aggressive. In reality, however, the true objectives and strategies of the utilities
are substantively unknown. Naively, the actions utilities take are fundamentally constrained
by the legal responsibilities they bear to their respective citizen bodies: they must meet ac-
tual present and perceived future needs. Realistically, however, this might limit but does not
determine utility behavior. For one, “future needs” is a flexible concept, and utilities have in
the past used growth projections to justify additional water supply (Anderson & Hill, 1975;
Worster, 1985; Ellison, 1995). Second, urban water politics are complex, with effects often hid-
den by the technocracy of modern utilities (Oshio, 1997). Third, motivations for bureaucratic
behavior are not always predictable (Moe, 1997), particularly so for managers within public

utilities (Perry, 1996). Fourth, each utility has a different income base, a different portfolio
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of water supply, different demand profiles and different operational strategies (Kenney et al.,
2004). I develop a model of utility behavior which is fundamentally constrained to meeting
urban water needs. However, in keeping with the uncertainty and apparent variation in utility
strategies, I assign variable degrees of aggressiveness with which utility managers pursue new

supply, and variable philosophies towards demand management.

Key stakeholders at a more local level, but also regionally when they collaborate, are the
ditch companies. These are cooperative entities designed to spread the considerable cost of
constructing and maintaining diversion ditches, and some of the larger ditches are over a cen-
tury old. The largest of the ditches have very senior rights on the Arkansas River, and supply
a large proportion of the 311,000 acres of total irrigated agriculture in the LAB. The ditches are
responsible for supplying their shareholders (farmers up and down the lower Arkansas val-
ley) and maintaining their infrastructure, but they also take an active interest in water use and
management issues in the valley. It is important to note that ditches are non-profit cooperatives
with strong identities. They have a long history of both fiercely defending and shrewdly using
their water resources (Milenski, 1990). The motivations of these institutions may extend well
beyond the economic calculus: historically such ditches were viewed (and viewed themselves)
in the light of a hydrologic manifest destiny (Smythe, 1969), a means to “reclaim” the prairies
of the Front Range for productive use (Reisner, 1993; Sherow, 1990). Sherow highlights how
different ditch companies in the LAB had very different complexions in their early days: “con-
tentment with their circumstances” for the Rocky Ford Ditch versus a “litigious tendency” for
the Fort Lyon Canal and a “willingness to extend their control over nature” (Sherow, 1990, 27).
Mutual irrigation companies differed then, and continue to differ in their canal length, the size
and priority of their water right, the physical conditions of their ditches, their links to other
industries, the various costs they have to meet (Wilkins-Wells et al., 1999) and the nature of
the personalities running the canals. Given this diversity, it would be absurd to characterize
ditches as possessing common motivations and behavioral strategies: all are clearly interested
in surviving and fulfilling their water supply duty to shareholders, but the diverse courses the
various companies have charted since the early 1900s indicates great complexity in their deci-

sion making (Sherow, 1990). For the present study, ditches are treated as sharing a common
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goal — fulfilling water supply obligations to shareholders — but are equipped with variable
attitudes towards their own and the basin’s water management. Variation in these attitudes is
connected as far as possible to their physical properties, since there exists no modern accounts
of the bureaucratic personalities of each ditch.

The farmers of the LAB are the core focus of salinity concerns. They are both the primary
source and the primary victims of high levels of salinity. Recent work suggests that farmers
are losing an average of $232 /hectare/year due to waterlogging and salinity, 10-15% of annual
crop yield (Gates et al., 2006). Farmers certainly have the most power to alter water quality
trajectories in the LAB. It is their daily and annual business and agricultural decisions that
largely determine salt loadings in the river. While the potential impact they could have is clear,
understanding what would motivate them to participate in such efforts is less so. No specific
behavioral studies of irrigators in the LAB have been conducted, although there have been a
variety of studies examining economic dimensions of farming in the basin (Gorelick & Lefkoff,
1990; Howe et al., 1990; Wilkins-Wells & Epley, 2003). Nevertheless, various authors have their
theories on the irrigators of the LAB: Sherow argues for a contradictory mix of cooperative ten-
dencies and competitive market culture, in which irrigators have always struggled to find the
right attitude towards their harsh environment, and the right set of behaviors for successful
farming (Sherow, 1990). Lepper argues that cooperative behavior dominates (Lepper, 2008),
while others suggest irrigators are driven by economic self-interest (Gorelick & Lefkoff, 1990;
Gates et al., 2006). These are positions advanced largely without empirical support. Fortu-
nately, there is a very extensive empirical literature on farmer decision making, particularly in
relation to pro-environmental behavior (see section 2.3.12). In developing the detailed mod-
els of farmer agents, I rely heavily on a review of this material, as well as the empirical data

gathered in interviewing, surveying and collaborative modeling workshops.

2.2.4 Salinity Reduction: Potential Solutions and Stakeholder Roles

In the absence of major desalination infrastructure, salinity reduction in the LAB must be op-
erationalized through changes to behavior and technology at the on-farm and on-ditch level.

For farmers, available options include upgrades to irrigation equipment, changes to farming
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practice, and installation of drainage tiles. Ditch managers can choose from various means to
seal or otherwise reduce seepage through the bottom of their ditches. Municipalities also have
a role in reducing salinity, through their water purchase efforts and their considerable financial

muscle.

Salinity reduction in the LAB can only happen through changes to practice and technology
on the farm and on the ditch. I focus on the institutional framework within which such changes
would be embedded, but I also need to simulate the on-the-ground modifications: a sophisti-
cated simulation of the institutional framework would lack credibility if the physical changes
to practice and technology were not also scientifically valid. The physical mechanisms for salt
buildup involve a flux of salt to the surface, and high ground water levels facilitate this. The
literature indicates that over-irrigation contributes the most to high ground water levels, and so
excess application of water is the primary mechanism for salt concentration in the basin (Goff
et al., 1998; Gates et al., 2006). Over-irrigation largely results from the persistence of highly
inefficient furrow (flood) irrigation (Pereira et al., 2002), and the elimination of these practices
is a primary goal of salinity reduction efforts. An additional contributor to high groundwater
levels is seepage through thousands of miles of unlined canals and ditches. A secondary op-
tion, then, is to reduce this seepage. Some solutions can be achieved through behavioral, some
through technological change, although in practice it is artificial to segregate the two. Many
technological changes require significant adjustments to farmer and ditch manager attitudes
and behavior. Figures 2.3 and 2.4 below describe some of the more feasible options for farmers

and ditch managers in the LAB.

ArkAgent does not simulate all options, on the basis of what regional experts expect to be
feasible and acceptable in the agricultural community. Installation of drainage tiles, for exam-
ple, is relatively expensive and less well known in the community (pers. comm. Gates 2009).
Targeted pumping can be logistically demanding, while removal of vegetation has very limited
effects. Through their on-farm decision making, farmers have a central role in any solutions
to reduce salinity. But they can also have effects as shareholders on mutual irrigation ditches.
Ditch managers must be responsive to shareholder wishes, but also have some autonomy to

push through canal lining/sealing efforts. Assuming maximum uptake of irrigation efficiency
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Option

Description

Change in
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Change in
behavior
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vegetation upflux of salts
) Groundwater Investment in
Targeted pumping pumps lower water None
pumps
table
Lowers water table Investment in
Install drainage tiles | by draining water None

away from fields

under-field drains

Adopt drip irrigation

Reduces water
waste and reduces
water needs

Investment in drip
technology

Shift towards drip-
irrigable crops
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Figure 2.3: Description of the more feasible options for reducing over-irrigation by farmers in the LAB




Change in Change in

Option Description technology behavior

Use polyacrylamide
or polysaccharide | Minimal: purchase | Moderate: requires

Seal canals to cause of cheap spreading semi-annual re-
flocculation of equipment application
sediment
Line canals Add a concrete bed Large_: very . Minimal: once
- expensive and installed, lasts for
with concrete to canals ) -
disruptive several decades
Add an Moderate:
Line canals impermeable reasonably Moderate: requires
with geotextile membrane to expensive, but maintenance
canals easy to apply

Figure 2.4: Description of the more feasible options for reducing canal seepage by ditches in the LAB

technologies and practices, and extensive sealing of ditches, up to a 90% reduction in ground
water contributions could be expected (pers. comm. Temeepattanapongsa 2009).

Actors of secondary importance are the municipalities, who can effect dramatic reductions
in over-irrigation (and salinity) simply through buying up water rights. The municipalities
have not, in the past, been willing to maintain farms after assuming control of their water
rights, and so some 60,000 acres of farm land went out of production between 1970 and 2000
(Howe, 1998). Increasingly, however, new transfers are occurring as leases, with some land
remaining in cultivation. Expected irrigation reductions from transfers will be less in these
cases. Additionally, municipalities have the financial resources and bureaucratic flexibility to
support and participate in valley water management directly. A municipality may have an in-
terest in ensuring a ditch remains in operation, to safeguard any rights it has bought under that
ditch, for example. ArkAgent includes municipalities, mainly acting as sources of investment
for the basin in the form of water transfer agreements and potentially in supporting irrigation
equipment upgrades. Municipalities do also contribute salt load through their water treatment
plant discharges: Pueblo, Fountain Creek and Colorado Springs are principal contributors in
this manner. Technical limitations in the physical simulation model mean that changes to this

contribution cannot be simulated, however.
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Water is allocated and consumed in the Arkansas Basin within the prior appropriation
framework, constituted by a century of accumulated Colorado and western water law. Quality
dimensions of water management fall mostly within state-level regulations, as outlined earlier.
Pertinent regulatory or otherwise empowered actors therefore include the state of Colorado (in
the form of the state engineer, the Governor’s Office, the Legislature and other governmental
and quasi non-governmental agencies), the federal Environmental Protection Agency (EPA),
the State of Kansas and the U.S. Supreme Court. Of all these actors, the Supreme Court has
the greatest capacity to inflict change on the Arkansas Basin, but the likelihood of a dramatic
shift in the existing Colorado-Kansas compact is slim. The EPA lacks any significant regulatory
power to improve sustainability in the system. The many state-level agencies, with support
from the legislature, could theoretically contribute a great deal to the sustainability of the sys-
tem. For example, the Colorado Water Control Commission could raise the salt standards and
make them less susceptible to compromise by the water courts and more in line with evidence
on riparian damage. However, given that state agencies have long shown a conspicuous lack of
enthusiasm for regulating salinity in the non-point source agricultural context, state-level reg-
ulatory action is an unlikely source of sustainability change in the Arkansas basin. State-level
actors other than the state engineer (with a limited policing role) are, consequently, not repre-
sented in ArkAgent. Note, however, that despite the lack of these state actors, the allocation of
water in ArkAgent is still governed by the existing institutional frame of Colorado water law,
and agent actions in relation to water use are circumscribed by what is customarily possible
under Colorado water law. See the sub-section 2.2.4.1 below for a more detailed discussion of

the interplay between water quantity and quality in Colorado.

In many other U.S. settings, non-governmental environmental and agricultural organiza-
tions often have significant roles to play in fomenting sustainability change. The Arkansas
Basin, devoid of any particularly unique ecosystems or endangered species, has not attracted
much attention from national or local environmental organizations. The Nature Conservancy
has had a recent role in promoting conservation easements as a way to protect and enhance
riparian lands in the Arkansas Basin (Woodka, 2009), but is not a major player in salinity re-

duction efforts generally. Similarly, non-governmental agricultural interests in this family-farm
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dominated system are not major institutional players. There is no doubt that, in the event of
a renewed focus on salinity in the basin, more state and national non-governmental attention
might be drawn to the basin. But at present, it is difficult to see where this would come from,
and how to simulate it. For these reasons, non-government organizations of all kinds are ex-

cluded from ArkAgent.

2.2.4.1 Water quality and quantity laws in Colorado, and impact on potential salinity solu-

tions

A brief review of the prior appropriation framework is in order, since this provides the back-
bone to water use and management in Colorado. The concept of “first in time, first in right”
allows for the ordered allocation of water among users when the total availability is exceeded
by demand: the first appropriator on the watercourse is granted a decree to use the water, and
all appropriators after this time receive priority dates and appropriation amounts in deference
to the more senior appropriators. Central to the smooth operation of the system is the “call”,
which describes a request by a senior appropriator — made to the District Commissioner or
Division Engineer — that another appropriator or appropriators modify their appropriations
until the decreed rights of the senior appropriator are met. Junior appropriators may also make
“calls” to ensure that senior appropriators only divert their decreed amount. While all water
in Colorado is considered to be owned by the state, the prior appropriation system allows for
“beneficial use” of the water resources for private gain. The definition of beneficial use has
been shaped by what originally bore social and economic value in the formative years of the
state, namely, irrigated agriculture (Hobbs, 2002). More recently, instream flows for ecosystem
health and recreational use have become institutionalized, but rarely to the extent that it has
subverted clearly defined existing appropriative rights. An elaborate system of water courts
with over a century of experience presides over disputes between rights holders and indeed
any change to a water right whatsoever (Nichols et al., 2001).

The water rights system also provides for the trading of appropriation decrees, as long as
the trade does not injure other water rights holders and is limited to the historically-defined

beneficial use (ibid). This is one way in which the water rights system might support reduced
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salt loads, and municipalities in the Front Range have been seeking additional water sources in
this way for decades (Tarlock & de Wetering, 1999). Front Range municipalities have not (until
relatively recently: USBR (2010)) had the means to physically move Arkansas River water out
of its basin, and many leases and purchases are hedges against future needs. Consequently,
the effect of leasing water from farmers is often to cause fallowing and reduced diversions. In
principle, because much of the salt load arises from return flow dissolution, reduced diversions
may result in reduced salt loads. Also, any unappropriated water will remain in the river,
diluting existing salt loads and reducing point concentrations. However, since the Arkansas
Basin is over-appropriated, there is the possibility that other appropriators will soak up this

extra water, mitigating any potential benefits (pers. comm. Wescoat 2010).

The legal system for water quality in Colorado is separate from and supplemental to the
water rights framework, and evolved through the Clean Water Act (CWA) of 1972. A later
court case (A-B Cattle Co. v. United States) underlined the superiority of beneficial use provi-
sions over water quality concerns (Brown, 1979). Given its genesis in and dependence on the
CWA, Colorado’s water quality laws have been focused on point source discharges that the
CWA handles relatively well. More complex non-point sources have not been well integrated
into Colorado law, particularly since Total Maximum Daily Load (TMDL) levels — one of the
principal instruments for combatting point and non-point sources — have been repeatedly de-
layed in implementation (GPO, 2001). The Lower Arkansas River has been added to the 303(d)
list for impaired streams by the EPA, an action which is supposed to precipitate TMDL devel-
opment, but this has not yet happened. Through a combination of state inertia, federal delays

and community resistance, the Arkansas salinity problem has remained largely unaddressed.

The late arrival of water quality laws in Colorado mean that water quality issues tend to
struggle in relation to water quantity. Both federal (U.S.C. §1251(g) 2000) and state regulations
place water rights above water quality in relative importance (Nichols et al., 2001), and greatly
limit what the state can do to require water rights holders to comply with controls (Colo. Rev.
Stat. §25-8-104). Improvements to water quality can force changes in diversion volumes and
patterns, which limits what quality controls can be instituted (Wescoat, 1986). Of particular

importance to the Arkansas Basin is what happens to water which is gained through increases
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in irrigation efficiency, and whether or not irrigation efficiency in fact drives increased use of
water and injury to other appropriators. These issues have so far served to complicate and
slow the search for solutions.

In summary, the legal framework for water quality in Colorado is fairly weak in relation
to the powerful political and legal forces supporting prior appropriations. While the EPA con-
tinues to push for better integration, the status quo prevails for the Lower Arkansas Basin. I
have noted earlier that ArkAgent simulates the water rights system as accurately as historical
records allow, but ArkAgent does not explicitly simulate the water quality legal framework nor
the state and federal agencies associated with it. It does so implicitly, however, in the simula-
tion of a water quality trading market, which would by necessity include TMDLs. In the case
of the simulated WQTM, the TMDLs are annual rather than daily, and the enforcing authority
is the state of Colorado. Given the tangled state of water quality laws in Colorado, this is some-
thing of a suspension of disbelief. But I argue that the stagnant state of water quality /water
quantity relations in Colorado is even more reason to demonstrate how improved water qual-
ity regulations can work in support of the prior appropriation system, rather than against it.
Changed perceptions among appropriators will be necessary before state legislators or even

the EPA feel confident in mandating more significant water quality improvements.

2.2.4.2 Previous salinity control efforts in Colorado

Salinity control in Colorado has hitherto been limited to direct regulation of point sources,
including the establishment of trading programs. There have been no major state-driven at-
tempts to regulate or otherwise address agricultural salt loading, while the federal government
has invested considerable resources in improving irrigation efficiency in the Grand Valley of
the upper Colorado River basin.

Major attempts to control salinity in Colorado are divided into two broad groups: isolated
market-based point-source control efforts, like the Lake Dillon Trading Program; and broader
non-point source, non-trading efforts, of which there is in effect only one of significance, the
Colorado River Basin Salinity Control Program. With regard to the first group, a recent survey

of WQTMs in the United States identifies six active and one nascent effort to establish point
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source/non point source trading programs. Five of the six are located in the Front Range, and
all primarily address urban and industrial effluents. According to Pharino’s account, trades
within these programs have been sparse, and some of the greatest water quality benefits have
come from wastewater treatment plant upgrades prompted by increased regulatory attention
(Pharino, 2007).

The Colorado River basin suffers from serious agriculturally-derived salinity issues (Glen-
non & Culp, 2002). Agriculture in Colorado, Wyoming and Utah is thought to contribute at
least 30% of the excess salt in the system (Gardner & Young, 1988), and so has received partic-
ular attention in Colorado. Much of the on-farm efforts to improve efficiency and reduce salt
loading have come through federal efforts originating in the 1974 Colorado River Basin Salinity
Control Act (Wescoat, 1986), and in particular through the efforts of the NRCS and the Bureau
of Reclamation (Gardner & Young, 1985, 1988). The state role in relation to agriculture has been
limited to supporting existing NRCS and Bureau of Reclamation efforts, and taking a seat on
the Salinity Control Forum for the basin.

The implication for the present study is that there remains considerable room — in both
theoretical and practical terms — for the study of salinity control in Colorado. Existing salinity
control institutions are either exercises in federal statutory authority or simple trading arrange-
ments between cities and regulators; the potential for institutional innovation, particularly in-
volving farming communities, is considerable. This is particularly true in eastern Colorado,
where the state and federal governments have shown very little interest in tackling the salin-
ity problem. In the next section, I discuss what general role institutions have in the search for

solutions to sustainability challenges like salinity, laying the foundations for the present study.

2.3 The role of institutions in the search for sustainability solutions

Following Ostrom (Ostrom, 2005), I define institutions as any sort of prescription, implicit or
explicit, used to organize repeated and structured interactions between individuals and groups.
In water resources management, institutions have long been of secondary interest relative to

infrastructural solutions. However, institutions have potential advantages over infrastructure,

44



as solutions for issues of hydraulic sustainability. These include scope, flexibility, reversibility

and reduced cost.

Institutions, webs of legal, cultural and behavioral rules, norms and traditions, provide the
context for the technological and behavioral solutions. Needless to say;, if it were simply a mat-
ter of getting technology to the farmers, the salinity problem in the LAB would likely already be
resolved. However, just the single task of rolling out improved irrigation technologies, decades
after the invention of the center-pivot sprinkler (Zybach, 1960), has barely begun: less than 5%
of all farms in the basin have sprinkler irrigation, persisting in using a system of flood irriga-
tion which dates back to the 1860s (pers. comm. Gates 2009). The real challenge is encountered
in modifying behavior, in working against century-old water law and tradition. Institutions
can be significant obstacles to change, but institutions also provide some of the most flexible,
efficient and reversible options for sustainable change. Unfortunately, in water management

science and practice, institutions have long taken a back seat relative to infrastructure.

“Infrastructure” is used to mean physical structures designed to store, move, process or oth-
erwise handle water. Water management in the western US has long been dominated by the
concept of “water development”. Such development consisted of the development of dams and
pipelines to facilitate water supply, flood control, irrigation supply and hydroelectric power
generation (Barrow, 1998). Supply-side infrastructure in the western US has undoubtedly pro-
vided great public and private goods, yet at great cost: massive damage to riparian and aquatic
ecology, physical change to entire landscapes, as well as considerable social and economic dis-
ruption (Belsky et al., 1999; Libecap, 2008; Reisner & Bates, 1990). Gleick and others argue
that a combination of rising costs and changing public values have led to significant ques-
tioning of traditional approaches to water development: Gleick terms this the “changing water
paradigm”, while Torrecilla and Gil describe a “New Culture of Water” (Gleick, 2000; Torrecilla
& Martinez-Gill, 2005). These authors describe a rising interest in using non-development
approaches to meeting water challenges, most of which can be loosely described as new or

changed institutions.

“Institutions” are a major topic of study in several disciplines. Herbert Simon was one of the

tirst to examine rules of behavior within and between organizations (Simon, 1945), and stud-
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ies of institutions have since flourished in economics, political science, development studies,
public administration and resource management (Eggertsson, 1990; Moe, 1984; Ostrom et al.,
1988; Nabli & Nugent, 1989). In view of the great diversity of meanings for the word (see, for
example: Plott (1967); Riker (1982); Schotter (1981), I adopt a definition offered by Ostrom in
2005: institutions are “the prescriptions that humans use to organize all forms of repetitive and
structured interactions including those within families, neighborhoods, markets, firms, sports
leagues, churches, private associations, and governments at all scales.” (Ostrom, 2005, 3).

The institutions Gleick and others describe involve water resource management (WRM).
Broadly defined, a WRM institution is any collection of rules that is used to manage water re-
sources (Fox, 1976, Adger, 2003; Blomquist, 2006; Blomquist et al., 2004b; Boissau & Castella,
2003; Bretsen & Hill, 2006). The “management” of water resources is, simply, any manipula-
tion of the hydrosphere by and for society. Water institutions mediate the interactions between
humans and the hydrologic environment, and compared to infrastructure may have consider-
able benefits in supporting hydraulic sustainability. Institutions may have far smaller social,
economic and environmental cost (Gleick, 2000). Infrastructure may lack resilience in the face
of rapid or large-scale social and environmental change (Anderies et al., 2006), while institu-
tions retain considerable flexibility (Gunderson, 1999). In any case, institutions already have
powerful effects on water management. Examples include the prior appropriation doctrine,
the interstate water compacts and the Endangered Species Act (Tarlock, 2001; Muys, 1977; Sax,
2000).

2.3.1 Finding the right institutional form

Much research into water resources management institutions emphasizes the analysis of exist-
ing institutions at the macroscale. At more local scales, considerable effort is devoted to explor-
ing institutional solutions for addressing problems of scarcity, pollution and conflict. Common
Pool Resources studies have focused heavily on the institutions which can fix water allocation
problems. These studies frame the central problem as using institutional means to encourage
otherwise self-interested, rational individuals to cooperate in managing non-excludable, sub-

tractable resources.
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Much institutional research on western water resources has emphasized existing institu-
tions in the west, particularly those operating at the macroscale: prior appropriation, the En-
dangered Species Act, interstate water compacts, and the Reclamation Act. These have ex-
ercised many researchers who seek to critique, applaud, modify or replace these institutions
(Schlager, 2006; Ferge, 1999; Sax, 2000; Muys, 1977). At regional and local scales, there is
also much debate over what alternative models can replace these existing institutions: wa-
ter quantity and quality trading markets; public trust doctrines; adaptive management; inte-
grated management; in-stream allocation and so on (Ryan, 2001; Griffin & Hsu, 1993; Norton &
Steinemann, 2001; Durham et al., 2002). Many of these solutions focus on addressing enduring
problems in hydraulic societies: over-allocation of scarce resources, degraded water quality
and damage to riparian environments, and social conflict through the emergence of compet-
ing uses. Some of the most theoretically and empirically rigorous approaches to institutional
analyses have come from the Common Pool Resources (CPR) literature. Studies in this genre
have paid extensive attention to local scale water resource management, particularly irriga-
tion schemes in the developing world (Ostrom, 1990), attempting to diagnose both reasons for

failure and providing prescriptions for success.

Within the debate over new institutional forms in western water resources, there has long
been a tension between two families of institutional solutions: government and market. The
tension has often been manifested as opposing camps arguing for, on the one hand, privatized
access to water resources (e.g. Rogers et al. (2002)), and on the other, increased roles for gov-
ernment in managing those resources (e.g. Richter et al. (2003)). Many others argue for hybrid
institutional forms, and in practice most water resource institutions in the western US take
this form: most typically, the state government provides a legal framework of allocation and
enforcement, while diversion rights are owned by individual appropriators. Public incursions
into this regulated private market have been seen in the form of the public trust doctrine (Ryan,
2001), and in-stream flow allocation requirements. This tension has also been seen within the
CPR literature: the early proponents of Hardin’s “tragedy of the commons” theory (Hardin,
1968) were dominated by microeconomic studies arguing that private ownership and clearing

markets were the most efficient institutional forms for resource management. Critics were soon
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to emerge, however, pointing out that the conditions under which these forms were theoreti-
cally efficient rarely existed in real situations, and that the resource economists typically failed
to acknowledge that resources can be valued by humans in many different ways, which might

motivate more cooperative behavior.

The CPR literature has, indeed, been the venue for the most focused debate on which insti-
tutional forms work best to manage resources that are subtractable but not excludable, i.e. one
person’s use diminishes the resource base for other users, and yet that use (or misuse) cannot
easily be excluded (Feeny et al., 1990). The traditional hydrologic example for this kind of re-
source is ground water (Holland & Moore, 2003; Ostrom & Ostrom, 1999), and water quality
is also generally treated as non-excludable (Sarker et al., 2008). According to this frame, the
water quality problem is that individually rational appropriators continue to pollute because it
is in their self-interest to do so. Their diminishment of the “quality pool” is not excludable, and
so no individual has any incentive to stop polluting. The institutional problem, in this case, is
finding systems of rules or norms by which individuals can be incentivized to collective action,
internalizing the costs of pollution to every appropriator (Ostrom, 1990). Studies have recog-
nized that collective management of common pool resources does occur in many settings, and

have focused heavily on identifying why (Ostrom et al., 1999).

Out of this work, the CPR community has developed competing profiles of institutions that
work, in general, to address what the literature sees as the central problem of collective action
(Adams et al., 2003). Several sets of design principles were reviewed in Ostrom et al (Ostrom
et al., 2002), with a synthesis grouped under several themes: resource system characteristics;
group characteristics; institutional arrangements; and external environment. These principles
were typically drawn either from the meta-analysis of existing case studies of local resource
management efforts, or from new empirical studies. The theoretical framework on which such
work hinges, Ostrom’s Institutional Analysis and Design framework (Ostrom, 2005), has come

to dominate the study of institutions and natural resources management.
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2.3.2 The Institutional Problem: Theory Failing in Practice

Sustainable water resources management through institutions, particularly regarding quality,
has not yet been achieved. Institutional study has failed to develop the predictive capacity to
determine which solutions will work where, despite considerable effort. This is no more true
than in the case of market-based institutional solutions for water quality, which promise much
yet have delivered little.

Despite several decades of extensive theoretical and practical debate over institutional forms,
we appear to be no closer to sustainable management of water resources through appropriate
institutions. The idealized role of the institution in ensuring sustainable resource manage-
ment remains an ideal. A number of studies have documented dwindling ground water stocks
(Konikow & Kendy, 2005), extensively damaged riparian environments (Belsky et al., 1999),
and the collapse of major freshwater fisheries (McClure et al., 2003), among other problems.

Existing theory appears to be far better at post-hoc explanation than offering clear predic-
tions for policy makers as to what will work. Economic theory provides plenty of reasons why
institutions fail, but these are usually variations on the theme that the real world makes incon-
venient departures from the assumptions of economic theory. Such explanations are unhelpful
in formulating institutional designs which work in the real world. Similarly, CPR researchers
have labored mightily to uncover cases where collective action succeeded, and continues to
focus on comparative analysis to produce generalizable principles (Blomquist et al., 2004a;
Schlager, 45) and more coherent theory (Ostrom, 1995). The dizzying array and ambiguous
formulation of such principles (e.g. Baland & Platteau (1996); Ostrom (1990); Ostrom et al.
(2002); Wade (1988)) can be difficult to translate into practice.

The most disappointing aspect of this failure is the considerable benefit to be derived, in
theory, from the success of institutional forms. In particular, market-based instruments promise
greater efficiency, precision and speed in pursuing a sustainability goal. Theoretically, market-
based instruments can generate a correct price for a resource, ensure that allocation of this
resource is pareto-optimal, and achieve all this through the very simple mechanism of an open
marketplace (Daly & Farley, 2003). While trading institutions have met with some success in

areas as diverse as air pollution reduction and ground water management, they have singularly

49



failed in the area of water quality.

2.3.3 Market-based Institutions: Examining the Evidence

On the strength of a very successful sulphur dioxide trading program in the early 1990s, water
quality trading markets (WQTMSs) have been repeatedly instituted across the United States.
This solution is often advanced on the bases that a market can lead to the lowest marginal
abatement costs, incentivize technological innovation, and handle informational costs that can
otherwise be prohibitive. WQTMs have, in practice, largely failed. Explanations for this failure
are diverse, but generally emphasize the details of the institution itself, and rarely questioning
the underlying assumptions on individual resource user behavior.

The most commonly cited example of a successful market institution is the sulphur dioxide
(SO2) permit trading program implemented in the US in the early 1990s. Implemented under
Title IV of the Clean Air Act Amendments 1990, the Environmental Protection Agency (EPA)
administered a SO2 allowance trading system. Under the program, allowance holders were
able to trade their excess allowance with other companies, or purchase additional allowance
to avoid violating their maximum. The theoretical outcome is that the emitters with lowest
emissions reductions costs will do so, and sell their allowances to those for whom emissions
reductions are more expensive, leading to equal marginal abatement costs and minimal total
abatement cost (Stavins, 1998). Further, because the informational requirements are distributed
among polluters, a considerable informational load is removed from the government (Burtraw
et al.,, 2005). The program has exceeded emissions reductions targets, built up an allowance
excess, saved up to $1 billion annually (Burtraw et al., 1997), and come in cheaper than com-
parable purely regulatory programs (USEPA, 1997; Gomez-Ibanez & Kalt, 1986). Studies have
found the market to be generally efficient, to achieve cost reductions relative to alternatives,
and deliver considerable environmental and health benefits (Burtraw & Mansur, 1999; Burtraw
et al., 2005).

In the wake of the relative success of the SO2 allowance trading system, water quality trad-
ing markets (WQTMs) were seen as highly viable mechanisms for reducing water pollution.

By 2005 there were more than 70 WQTMs active in the US (King, 2005), supported by favorable
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1996 and 2003 directives from the EPA (USEPA, 1996, 2003). Most of these programs did not
exist prior to 1989 (Woodward & Kaiser, 2002), and have focused exclusively on surface water
pollution. Woodward and Kaiser argue that the driver for most programs was the increasingly
widespread adoption of total maximum daily load (TMDL) programs, which despite being
originally required in the Clean Water Act had not been extensively implemented until the
late 1990s. Water quality trading markets have been established in states as hydrologically di-
verse as Colorado, Wisconsin, New Jersey, Florida and California, with most markets focused
on trading between point sources. As with air quality permit trading, theoretical benefits of
WQTMs are cost-effectiveness and incentives for technology innovation and diffusion (Stavins,
2000; Atkinson & Lewis, 1974; Hoag & Hughes-Popp, 1997). Other theoretical benefits include
lower conflict with regulators, since individual polluters are free to meet their quota in any way

they see fit (Wolf, 1998).

Despite the considerable theoretical benefits of WQTMs, actual implementations have sin-
gularly failed to meet expectations (Pharino, 2007). Most established trading markets have seen
dismal trading activity among point sources, and no trading involving agricultural non-point
sources (King, 2005). A few programs have achieved their pollution reduction goals, but this
typically occurred without much trading activity (Woodward, 2003). Fang et al report on only
one relatively successful experimental program implemented on the Minnesota River, which
in three years generated five major transactions (Fang et al., 2005). Nelson and Keeler describe
how most of the 40 water quality trading initiatives reviewed in 2003 have failed to generate

any significant cost savings over traditional regulatory programs (Nelson & Keeler, 2005).

Within the frames of both CPR and resource economics, there is a clear emphasis on insti-
tutional details as explanations for this widespread failure. CPR studies emphasize how the
“rules of the game” (Ostrom et al., 1992, 404) may fail to adequately incentivize sustainable
behavior (Ostrom & Ostrom, 1999), or how they may fail to appropriately restrict access to the
common pool (Schlager, 2006). The economics literature is similarly focused on details of im-
plementation: transaction costs (Fang et al., 2005; Stavins, 1995), definition and enforcement
issues (Fang et al., 2005; King, 2005; Horan & Ribaudo, 1999), handling of uncertainty (Nguyen

et al., 2006) and other inappropriate institutional design choices. To be clear, this approach
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is not in itself a problem. Addressing these concerns is an important area of work, particu-
larly in the Colorado basin setting: transaction costs within the prior appropriation framework
are high; enforcement is a critical problem when state agencies are underfunded and under-
resourced; and there is considerable uncertainty in water use and management derived from
complex climatic signals, poorly understood geology, and a complex legal system. My argu-
ment here, however, is that a neglected area of concern is the implicit assumptions regarding
resource user behavior. It is possible that even if we succeeded in reducing transaction costs,
achieving perfect monitoring and enforcement, and eliminating uncertainty, we would still fail
to appropriately incentivize institutional participation and sustainability gains without the right

understanding of resource user behavior.

2.3.4 Implicit Behavioral Assumptions and Analytical Limitations

Studies of institutional failure typically make unquestioning use of assumptions regarding the
behavioral characteristics of resource users. This is particularly true for economics, but also
for more nuanced common pool resources studies. Empirical work, however, is beginning
to question these assumptions, and develop an alternative body of theory on resource user
behavior. This alternative body critiques rational self-interest as the necessary foundation of
institutional analysis.

Implicit in many studies of the failure of markets is the assumption that individual traders
conform to a particular behavioral model. In economics, critiques generally assume that traders
are rational actors who are seeking to minimize their pollution abatement costs, not to mini-
mize the pollution itself (I am concerned here with the positive assertions of many economists
that this is how traders do behave, rather than the similar but separate and normative assertion
that this is how they should behave; see also section 2.3.9). For example, Fang blames trans-
action costs for market failure: high transaction costs mean costs for traders are higher, which
according to rational actor logic, means the traders will demur (Fang et al., 2005). This, how-
ever, is self-evidential reasoning. The hypothesis on the damaging effects of transaction costs
is self-evidently true once one finds evidence that transaction costs exist, if the whole analy-

sis is conducted on the basis that self-interested actors react aversely to transaction costs (see
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similar arguments from King and Nguyen for uncertainty and monitoring/enforcement; King
(2005); Nguyen et al. (2006)). Again, this is not to dispute the existence of transaction costs (or
uncertainty, or monitoring/enforcement), or their potential negative impact on trading, par-
ticularly in the LAB setting. But because these approaches hold fixed, narrow assumptions
on behavior, they may overestimate the impact of transaction costs (or uncertainty, or mon-
itoring /enforcement), and will certainly ignore behavioral change as a way to address such

problems if they do exist.

The behavioral assumptions of the CPR literature, while proceeding from economics, allow
for considerably more sophistication. CPR now allows for dimensions of reciprocity, repu-
tation, trust, altruism, collective rationality through communication, and bounded cognitive
resources (Ostrom, 1998; Schlager, 45). But even this more nuanced set of assumptions is still
based on a basic model of self-interested rationality. This extends back to the original CPR
study, Hardin’s “Tragedy of the Commons” (Hardin, 1968), which did not question the assump-

tion that the behavioral foundation of resource over-exploitation was rational self-interest.

Unfortunately for these critiques, empirical evidence indicates that the rational, self-interested
model (as developed in rational choice, and boundedly rational choice theories) is far from a
fundamental element of human decision making. It is likely, instead, to be a special case of
a broad set of alternative behavioral regularities (Gintis, 2000). Studies from behavioral eco-
nomics and cognitive science document that behaviors departing from the RCT/B-RCT sta-
ble are not just anomalous supplements to rational actor theory (Ostrom, 1998; Schlager, 45;
Smith, 1991). The effect on analysis is subtle, but important. With different behavioral models,
the problem still remains one of creating incentives for sustainable action (Ostrom & Ostrom,
1999), since it is clear that individuals do not always behave in sustainable ways. But the range
of solutions changes, because we are able to explore systems of rules which work to handle
(and even exploit) far more than just self-interested, rational action. It also opens the way for
explanations of institutional failure to go beyond examining the rules, to focus more attention

on the actors.
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2.3.5 Reviewing the Evidence Against Traditional Behavioral Assumptions

The classical model of the self-interested rational actor (rational choice theory, RCT) was devel-
oped as part of Walrasian economics. This model holds that self-interested and rational actors
engage competitively in market institutions, leading to equilibrium conditions. This model has
held up extremely poorly to empirical testing, and has also faced severe theoretical critique.
Some even argue that the popularization of its fundamentally normative assertions has led to
more self-interested behavior, and consequent damage to society.

Adam Smith and Bernard de Mandeville (de Mandeville, 1924; Smith, 1937) were among
the first to argue that self-interest was the driving force for human behavior. Later, a procession
of economists — Walras, Coase, Friedman — worked this assumption into general equilibrium
theory, which argues that markets evolve out of individual agents exercising their self-interest
through economic preferences (Friedman, 1955). Such preferences are usually said to be tran-
sitive, complete, sovereign and static, in that the preferences are ordered, stable across possible
combinations of options, independent of external conditions, and invariant with time. “Wal-
rasian economics” describes self-interested, fundamentally rational actors engaged competi-
tively