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Abstract Urbanization, climate, and ecosystem change represent major challenges for managing
water resources. Although water systems are complex, a need exists for a generalized representation of
these systems to identify important components and linkages to guide scientific inquiry and aid water
management. We developed an integrated Structure-Actor-Water framework (iSAW) to facilitate the
understanding of and transitions to sustainable water systems. Our goal was to produce an interdisci-
plinary framework for water resources research that could address management challenges across scales
(e.g., plot to region) and domains (e.g., water supply and quality, transitioning, and urban landscapes). The
framework was designed to be generalizable across all human–environment systems, yet with sufficient
detail and flexibility to be customized to specific cases. iSAW includes three major components: structure
(natural, built, and social), actors (individual and organizational), and water (quality and quantity). Key link-
ages among these components include: (1) ecological/hydrologic processes, (2) ecosystem/geomorphic
feedbacks, (3) planning, design, and policy, (4) perceptions, information, and experience, (5) resource
access and risk, and (6) operational water use and management. We illustrate the flexibility and utility of
the iSAW framework by applying it to two research and management problems: understanding urban
water supply and demand in a changing climate and expanding use of green storm water infrastructure in
a semi-arid environment. The applications demonstrate that a generalized conceptual model can identify
important components and linkages in complex and diverse water systems and facilitate communication
about those systems among researchers from diverse disciplines.

1. Introduction

In an era of global climate change and population growth, water system managers face numerous sus-
tainability challenges. Water systems are coupled human–natural systems, being affected by both human
and natural system drivers, and thus exhibit complex systems dynamics involving feedback loops, unpre-
dictability, and uncertainties [Liu et al., 2007]. Across the western United States, climate change is shifting
precipitation from winter snow to rainfall and advancing the onset of runoff earlier in the year [Barnett
et al., 2008; Gillies et al., 2012; Bardsley et al., 2013], with significant consequences for water supply quan-
tity (e.g., decreased snowpack) and timing (e.g., runoff occurring earlier in the year [Barnett et al., 2008]).
At longer time scales, droughts are expected to become more frequent and more severe, while flood risk
is also expected to rise due to increased storm frequency and intensity [Karl and Knight, 1998; Allan and
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Soden, 2008]. Meanwhile, the American West is undergoing rapid population growth and urbanization, and
new residential, commercial, and industrial uses are placing competing and changing demands on water
resources [Gober, 2010]. Ecological disturbance regimes, such as fire and bark beetle outbreaks, may be
exacerbated by a changing climate [Melillo et al., 2014] and could have additional implications for the water
yield and water quality from mountainous and forested ecosystems prevalent throughout the region. As a
result, water resource managers must address shifting patterns of water supply and demand [Bardsley et al.,
2013] in addition to potential changes in the frequency and severity of disturbances such as fires, floods,
and droughts.

Exacerbating these challenges, the shifting patterns in hydrologic and ecological events are plagued
with inherent uncertainties and discrepancies among studies, which spur scientific debate and result
in inconsistent forecasts that complicate the challenge of water management in the face of changing
conditions [Vano et al., 2014]. These management challenges present an emerging scientific challenge to
forge an integrated, interdisciplinary understanding of coupled human–water systems. Solving this chal-
lenge requires describing the most important system components and linkages of coupled human–water
systems and the critical tools that water managers can use to cope with changes and sustainably manage
water systems.

Many scientific disciplines have already recognized that human, hydrologic, and ecological components of
water systems must be examined with integrated approaches. Attempts to illustrate these linkages have
led to a proliferation of conceptual frameworks, which focus on a variety of mechanisms through which
human and environmental systems are interconnected. Integrative approaches, described with varying
terminology, include human–environment systems [Acevedo et al., 2008; Bennett and McGinnis, 2008],
social-ecological systems [Collins et al., 2000; Ostrom, 2009], ecosystem services [Millennium Ecosystem
Assessment, 2005; Collins et al., 2010], vulnerability [Eakin and Luers, 2006; Adger et al., 2009], political
ecology [Robbins, 2004; Molle, 2007], hazards and risk [Haque, 2000; Berkes, 2007], and many others. These
frameworks usually identify a limited set of mechanisms through which human and environmental sys-
tems are coupled (e.g., ecosystem services [Collins et al., 2010] or hazards and risks [Eakin and Luers, 2006]).
Some frameworks have focused on land-use change as the primary linkage between humans and their
environment [Acevedo et al., 2008], while others focus on the role of built infrastructure [Anderies et al.,
2004]. Most frameworks have yet to take a broad approach that considers diverse theories and types of
human–environment interactions from more than a few disciplines.

Early frameworks for understanding human–water interactions specifically represented humans as static
and separate from large-scale drivers of hydrology rather than as part of a dynamic coupled system [Srini-
vasan et al., 2012]. Subsequent best practices for water management, such as Integrated Water Resources
Management, Adaptive Environmental Assessment, and Adaptive Management, recommended including
different research disciplines, stakeholders, and policy makers [Holling, 1978; Walters and Hilborn, 1978;
Global Water Partnership, 2000]. However, advocates of these frameworks have also suggested major
changes to governance (Integrated Water Resources Management) or management processes (Adaptive
Management) without rigorously evaluating the relationships between management strategies and water
outcomes [Biswas, 2004; Medema et al., 2008]. In fact, the principles proposed in these frameworks are
themselves hypotheses that need testing. Other researchers have highlighted the need for theories and
research on the relationships among water management and social, environmental, and water resource
outcomes [Biswas, 2004; Medema et al., 2008].

The emerging literature on sociohydrology [Wagener et al., 2010; Pataki et al., 2011b; Sivapalan et al., 2012,
2014] aims for a broader scope than management framework approaches, moving beyond static interac-
tions between water and human systems to understand the co-evolutionary dynamics and emergent prop-
erties of coupled human–water systems. While the sociohydrology literature has defined a new domain of
inquiry and an overarching theoretical framework for understanding coupled human–water systems, the
literature to date has focused on explaining observed dynamics and has made more limited progress in set-
ting forth concrete hypotheses to test predictions about current and future water sustainability challenges.
One key exception is Elshafei et al. [2014], who developed a prototype conceptual framework for agricul-
tural systems that describes the human system component at a lumped scale with aggregate indicators.
However, we still need a framework that considers heterogeneous actors and their behaviors and that

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 111

 23284277, 2015, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014E

F000295, W
iley O

nline L
ibrary on [21/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Earth’s Future 10.1002/2014EF000295

clearly links behavioral responses with endogenous physical and social structures. The framework should
identify or hypothesize the key mechanisms linking these various actors to other water system components
and enable monitoring of the effects of those linkages over time.

The diversity of approaches to study human–water systems also highlights the need for a conceptual frame-
work that explicitly links human, hydrologic, and ecological aspects of water systems and can be applied
to a wide range of water resource issues. The overarching goal of our work was to facilitate an understand-
ing of and transitions to sustainable water systems in a world driven by major climate, demographic, and
land-use changes. We did this by developing an integrated Structure-Actor-Water framework (iSAW) and
applying this framework to two case study examples in urbanizing Utah. This framework was designed to
be generalizable across all human–water systems, yet with sufficient detail and flexibility to be customized
to specific cases.

In this study, we: (1) produced an interdisciplinary framework for water resources research and man-
agement that is flexible and capable of focusing on water issues across scales (e.g., city to region) and
domains (e.g., water quantity and quality, transitioning, and urban landscapes); (2) found common ground
and facilitated collaborations by providing a nexus for building a shared understanding of the complex
water system in which we are collaboratively conducting research; and (3) identified key components and
linkages within human–water systems to identify and address knowledge gaps and guide collaborative
research designs.

2. Framework Development

2.1. Study System

This framework was developed as part of the Utah statewide iUTAH project (innovative Urban Transitions
and Aridregion Hydro-sustainability), an interdisciplinary collaboration in water sustainability research, edu-
cation, and outreach across academic disciplines and university institutions in Utah. The project is focused
on the rapidly urbanizing area along the Wasatch Range (Figure 1), where, as of 2010, 2.4 million people
(86% of Utah’s population) reside and where population is expected to reach nearly 5 million by 2060 (Utah
Governor’s Office of Planning and Budget, http://gomb.utah.gov/budget-policy/demographic-economic-
analysis). Annual precipitation in Utah ranges widely, from arid desert conditions to montane forests with
abundant snowfall. Human settlements in this region have historically been supported by snowmelt from
montane watersheds. Water management in the state has historically been and currently is driven by water
availability, regional water compacts, and prior appropriation water law where agricultural users generally
hold the most senior rights. Rapid population growth in combination with possible changes in water
supply due to climate change has uncertain consequences for the future of water resource management
in this region.

In response to these challenges, the iUTAH project was designed to address three key sets of research
questions: (1) What is the current water balance of the region, and how vulnerable are water resources
to changing climate and urbanization? (2) What is the current structure of land use and water manage-
ment, and how can these systems best adapt to future constraints on water resources? and (3) What are
the key linkages between the biophysical and human components of the water system, and how do these
linkages structure adaptation to water resource changes? The project involves a large interdisciplinary and
multi-institutional team that spans the biological, ecological, economic, engineering, hydrologic, planning,
policy, and social sciences. The work presented here addresses Question 3: the identification of linkages
among components of the water system for the purposes of better understanding of responses to changes
in water resources. This framework was used to refine and develop new sets of research questions and
hypotheses and to synchronize related project activities and guide coordinated data collection efforts.
The framework was also used to guide individual researchers in situating their particular research activities
within the larger integrated project.

2.2. Framework Development

Framework development took place over a period of approximately 1 year and followed principles and
best practices in conceptual and participatory modeling [Langsdale et al., 2013] including: (1) involving
all team members early and often to ensure their views were represented and (2) using an open and
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Figure 1. Wasatch range metropolitan area. Land cover data are from the National Land Cover Database [Jin et al., 2013].

transparent development process. We achieved these principles through frequent in-person meet-
ings and web-based conference calls. In-person meetings were held at different locations to allow
team members from distant institutions to participate. Web-based conference calls were essential for
more frequent meetings with larger groups, during which we were able to share documents and edit
the framework.

A core group comprising the authors developed and wrote up the framework with core group membership
open to all members of the larger project (more than 100 participants). Throughout the process, presen-
tations and framework and manuscript drafts were shared with the larger group, along with invitations
for feedback and participation. Initially, individual team members and small groups reviewed literature,
examined project documents, and met to identify both the study system’s principal components and link-
ages among the components. Next, these elements were organized into a draft conceptual diagram and
presented to the full team for feedback. The presentation was followed by small group discussions and
critiques of the framework, during which feedback was recorded and communicated to the organizers.
The core group further developed the framework through a series of smaller, half-day workshops where
the scope of major components was expanded and agreed upon, sub-components specified, and linkages
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Figure 2. The iSAW conceptual framework is organized around three main structure, actor, and water components (gray boxes), seven
key linkages (arrows), and a system boundary (light grey shaded box) that separates internal and external (box with dark shading)
components.

and labels revisited to clarify meaning and remove redundancies. One important workshop exercise was to
map ongoing water sustainability research onto the framework to confirm that the framework adequately
represented key linkages and components of ongoing research and identify additional components or link-
ages that were missing. The team reached a consensus on the framework (Figure 2) when all participants
agreed that no further changes were needed and that the accompanying text adequately described the
components and linkages.

Since participant input was at the heart of the process of developing the framework, there is always the
possibility that the individual biases of the participants shaped the structure, contents, and generalizabil-
ity of framework. To ensure the framework provided specificity while maintaining generalizability across
scales, domains, and participants’ differing areas of expertise and interest, we involved a large and diverse
set of participants. The framework underwent substantial changes as we iterated toward the consensus ver-
sion presented in this paper. Working with a broad and diverse team required coordinating among a large
number of people and finding a common language of communication; these challenges are often faced
by other large, interdisciplinary, multi-institutional research projects [O’Rourke and Crowley, 2012]. Section
3 describes the final consensus framework, while Section 4 presents two examples of how the framework
has been applied to ongoing research inquiries into key water issues.

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 114
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3. The Framework

The iSAW framework consists of the key components and linkages of a coupled human–water system.
Components represent major entities in the system: Water, Actors, and Structure. These components were
identified from project documents as being the key drivers and responders that were common across
project research interests and questions. As the iUTAH project focuses on water resource sustainability,
water quality and quantity were common responders, and most research was designed to address the
role of various types of structures (e.g., land use, built infrastructure, and ecosystem structure) and actors
in affecting water quality and quantity outcomes. Although water is a part of the structure of the envi-
ronment, we pull it out from structure to focus on the processes driving and responding to water quality
and quantity. These components are connected by linkages that describe the hypothesized interactions
among the major components.

3.1. System Components

Major components are enumerated by the numbers 1–3 on the diagram (Figure 2) and are underlined when
first introduced in the text. Sub-components are italicized.

3.1.1. Water

Water includes diverse aspects of both water quantity and quality. In terms of water quantity, we consider
how water is distributed in time and space. Metrics for water quantity include discharge in streams and
canals; the volumes of water in lakes, reservoirs, and groundwater aquifers; and spatial and temporal dis-
tributions of water, including precipitation, floods, and droughts. Equally important is the quality of water,
as measured by concentrations of pollutants, sediment, and limiting nutrients such as nitrogen and phos-
phorus, as well as bacterial or microbial populations that are related to human health or critical ecosystem
processes. Metrics for water quality include the spatial and temporal distribution of concentrations and
loads, including, for example, concentrations of nutrients along a montane to urban gradient or changes in
concentrations of sediment from base flow to stormflow in a stream.

From an ecological perspective, water quality parameters of interest include: total suspended and dissolved
solids, volatile suspended solids, dissolved organic carbon, dissolved inorganic nitrogen and phosphorus,
total nitrogen and total phosphorus, and dissolved anions and cations. Loads (i.e., total amounts) of these
constituents are useful for constructing constituent budgets to understand their sources and fates. Loads
are also common metrics for water quality regulations (e.g., total maximum daily load [TMDL]) and are
therefore targets for management. However, other possible contaminants are regulated based on their con-
centration (e.g., by the Environmental Protection Agency [EPA] Safe Drinking Water Act). The selection of
metrics for water quantity and quality monitoring is specific to individual studies.

3.1.2. Actors

Actors represent the individuals and organizations within the study system boundaries that make
water-related decisions, including operational (i.e., use and management) and planning, design, and
policy decisions. Although we consider individuals and organizations separately, it is important to note
the overlap between these categories. Organizations are made up of individuals, some of whom act as
representatives of those organizations, and many of the interactions between organizations are through
individuals. Individuals represent the smallest scale at which water management decisions and behav-
iors occur and include homeowners, residents, farmers, ranchers, business owners, community leaders,
representatives of water management and governance entities, and others. The behaviors of individual
actors within the water system can be driven by their objectives, knowledge, resources, beliefs, values,
and attitudes, although the balance of these attributes is still understudied and may vary across systems
[Braden et al., 2009]. For example, several studies have identified concern about environmental problems
(e.g., pollution, climate change) as a significant predictor of water conservation behaviors [Domene and
Saurí , 2006; Grafton et al., 2011], although others have found that attitudes were not as important as the
physical infrastructure by which people use water [Endter-Wada et al., 2008; Kilgren et al., 2010]. Individual
behaviors can also be affected by socioeconomic status [Larson et al., 2009] and perceptions or concerns
about what other people think [Braden et al., 2009]. Individuals may also act as part of social groups (such
as families, households, and neighborhood associations).
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Organizations are groups of actors that come together for a common goal. These groups can include
informal assemblages of individuals that are advocating on behalf of a specific water issue or more
formal entities that have socially recognized water management, allocation, enforcement, or other
responsibilities. Organizational actors span many scales of water management, from nongovernmental
to municipal to state to federal to international. Organizational actors include government agencies,
advocacy organizations (e.g., environmental groups, advisory committees), and various types of private
organizations (e.g., homeowner associations, engineering firms, and irrigation companies). Organizational
actions regarding water management have been considered from organizational theory [Braden et al.,
2009] and common pool resource perspectives [Ostrom et al., 1999], both of which focus on how internal
structures and rules within organizations affect water-related decisions. Less attention has been given to
how water organizations are interconnected with one another across space and time (for an exception,
see Muñoz-Erickson et al. [2010]).

3.1.3. Structure

Structure is a central component of water systems that shapes how water moves and water quality changes
through the system, enables or constrains water decisions, and patterns water-related behaviors. We identi-
fied the following three types of structure as key to the water system: natural (e.g., stream channels, ecosys-
tems, soils, topography, climate), built (e.g., land cover, building mix, landscaping, infrastructure), and social
(e.g., demographics, laws, norms, culture). The structural components of the conceptual framework are
illustrated as a Venn diagram to acknowledge that the boundaries between these three types of structure
overlap considerably. We further discuss each of the structural components below.

3.1.3.1. Natural Structure

The natural component of structure includes the topography, geology, soils, climate, composition and distri-
bution of biotic communities, and hydrology of the environment that have not been built by humans. While
we recognize that the term “nature” is problematic, we use it here as a succinct term to describe all nonan-
thropogenic aspects of the system. Important water-related natural structure in Utah includes watershed
topography, the spatial distribution of water bodies (streams, rivers, lakes, aquifers), soil structure, and the
distribution and composition of plant communities. Some of these features (e.g., watershed-scale topogra-
phy) are at the scale of the watersheds and are generally minimally affected by humans. Yet many aspects of
natural structure have been altered by humans in often large and observable ways, such as biotic commu-
nities (e.g., directly via forest management and indirectly through changes in climate). As such, the natural
sphere is deeply interconnected with the other two human structures (built and social).

3.1.3.2. Built Structure

Built structure represents the constructed features of the landscape that people design, create, oper-
ate, and maintain. Built structure can be considered across a range of scales, from outdoor irrigation
systems used by homeowners to regional reservoir and canal systems used to store and deliver water.
Built structure includes the constructed landscape of buildings, streets, and other impervious surfaces,
as well as centralized or decentralized infrastructure for water supply, wastewater, and storm water
conveyance, treatment, resource recovery, and reuse. Built structure also includes artificial groundwater
recharge basins and extraction wells. In Utah water systems, built structure can be described by land use
(e.g., urban, row crop agriculture, pasture, forest), land cover (e.g., imperviousness, landscaping types
as these affect water use and energy balances), aspects of buildings such as distributions and heights
(as these affect energy balances and therefore processes such as evapotranspiration), the distributions
and designs of conventional and green storm water infrastructure (as these can affect water balances,
nutrient cycling, and pollutant uptake and transformation), the distributions and designs of wastewater
infrastructure (collection, treatment, and reuse systems), and the distribution and designs of water supply
infrastructure, including reservoirs, canals, and aqueducts. In Utah, agricultural irrigation conveyance
infrastructure is a dominant landscape feature and often interacts with systems for municipal supply
and drainage.

3.1.3.3. Social Structure

Social structure refers to the relatively stable arrangements or relationships within society that system-
atically enable or constrain actors’ behaviors. Culture and institutions interact to create social structure.
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Cultural aspects of social structure include shared norms or understandings of how people should behave
and attitudes and values that are shared among groups of people in a social setting. Institutional aspects
of social structure refer to formal social arrangements such as property rights, laws, policies, programs, and
organizational procedures, as well as less formal social structure such as families, ethnic or racial groups,
interest groups, religions, and/or businesses. The stratification of members of society based on economic
or other attributes into relative positions of power represents social structural factors that influence (but
do not determine) relative positions of power and capacity for action among actors. Water-relevant social
structure in Utah (and much of the western United States) includes, for example, prior appropriation water
rights law [Huffaker et al., 2000], water pricing policies [Olmstead et al., 2007], patterns of economic and
social inequality [Jenerette et al., 2011], social networks [Muñoz-Erickson et al., 2010], and cultural norms
with regard to residential landscaping and conservation behaviors [Russell and Fielding, 2010]. Social struc-
ture directly influences built and natural structure through jurisdictional boundaries that set how, where,
and under what circumstances rules are applied to landscape and water systems [Endter-Wada et al., 2009;
Lookingbill et al., 2009].

3.2. System Linkages and Constraining and Enabling Factors

In iSAW, system components interact through several types of linkages, which are labeled A–G in Figure 2
and described below. Structure plays a central role in the model because the key linkages between actors
and water—water use (D) and perceptions (F)—are all enabled or constrained by the various configurations
of natural, built, and social structure of the water system. We discuss this idea more fully below.

3.2.1. The Role of Ecology, Biogeochemistry, and Hydrology

The structure of the environment affects water quantity and quality outcomes via a range of ecological,
biogeochemical, and hydrologic mechanisms (Figure 2, arrow A). Understanding the nature and extent of
these processes is important for understanding outcomes of both water quantity and water quality. The
distribution and composition of species, for example, influence water quality and quantity via effects on
energy, water, and pollutant balances from plot scales [Turnbull et al., 2008; Bradford et al., 2014] to regional
scales [Creed et al., 1996; LaMalfa and Ryel, 2008]. While many of these processes have been well studied in
natural systems, many aspects of the water balance and biogeochemical cycles are not well known in urban
and agricultural systems [Pataki et al., 2011a, 2011b; Bain et al., 2012].

Hydrologic processes—i.e., precipitation, infiltration, runoff, and evapotranspiration—are directly related
to features of the natural structure of the environment: topography, soil properties, vegetation composition
and distribution, and climate. The built structure of the environment alters the balance of these processes
through the explicit engineering of new flow paths (e.g., canals, storm drains), as well as through the modifi-
cation of surface characteristics (e.g., impervious surfaces), microlimate (e.g., urban heat islands), and plant
and soil communities [Pataki et al., 2011b]. Engineered infrastructure can affect groundwater infiltration,
evapotranspiration rates, or the transfer of water among basins, meaning that hydrologic models based on
topography may not represent actual flows and fluxes of water in many highly engineered water environ-
ments [Lookingbill et al., 2009].

Water quality is mediated by a wide range of biogeochemical processes, including nutrient uptake and
transformations. These processes are controlled by soil properties, the physical and chemical conditions of
the environment (i.e., presence of reactants and substrates as well as conditions necessary for reactions to
occur), and biotic communities. Many of these processes are well understood in natural watersheds and soils
[Hedin et al., 1998]. However, transitions to agricultural and urban land use alter water quality via changes to
both material transport pathways and opportunities for biogeochemical transformations [Groffman et al.,
2002, 2003]. Furthermore, urban and agricultural environments create novel biogeochemical settings (e.g.,
high inputs of nutrients in combination with pesticides in agricultural streams, or heavy metals in urban
streams) [Bernhardt et al., 2008] that are different than well-studied natural systems and which may not con-
form to models of ecosystem function developed in nonhuman-dominated systems. Finally, many aspects
of the built environment are designed to alter water quality, such as potable water or wastewater treatment
facilities and storm water control systems. The degree of treatment of potable water and wastewater and
the types and distribution of storm water control measures have important implications for water quality
as well as water quantity within a given hydrologic setting.
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Earth’s Future 10.1002/2014EF000295

3.2.2. Ecosystem and Geomorphological Change

While many processes and feedbacks in this coupled human–water system occur through the decisions
or behaviors of actors, water quantity and quality outcomes may directly affect natural components of
structure via ecological or geomorphological feedback processes (Figure 2, arrow B). For example, flood
conditions may alter geomorphological structure through the erosion and redeposition of sediment, and
this altered geomorphology may then affect the distribution of aquatic and riparian biota [Swanson et al.,
1998]. Research in semi-arid ecosystems has suggested that water quantity and quality conditions may
act as a positive feedback to natural structure, reinforcing vegetation patterns through the distribution
of nutrients, water, and sediment [Turnbull et al., 2008]. Another example is the effect of soil water con-
ditions on vegetation establishment, where long-term changes in hydrologic variables such as snowpack
(e.g., due to climate change) may lead to changes in vegetation communities [Kelly and Goulden, 2008].
Furthermore, as flow regimes in rivers and streams change due to natural or anthropogenic forces (e.g., cli-
mate change, water development, or land cover change), sediment transport and fluvial landforms are also
altered to bring these systems toward equilibrium. These processes affect riparian vegetation communities,
in-stream habitat, aquatic assemblages, and cycling of nutrients and organic matter [Brierley et al., 1999]. In
regions where increasing air temperatures are anticipated to shift precipitation from snowfall to rainfall,
hydrographs will likely become flashier with more frequent, larger winter storm pulses and longer, warmer
summer conditions [Null et al., 2010]. Variable precipitation and runoff could then, in turn, increase erosion
and sediment transport during winter in some reaches [Carpenter et al., 1992]. Warmer summer stream tem-
peratures from climate change could also be expected to affect photosynthesis and respiration in streams
[Carpenter et al., 1992], the distribution of fish and aquatic organisms, and riparian communities [Yarnell
et al., 2010; Null et al., 2013]. These ecological and geomorphological feedbacks may only be important for
built and social structures in extreme cases (e.g., major floods or storms). Most of the feedbacks from water
to social and built structure are expected to occur indirectly through social mechanisms (see arrows C and
F) as actors perceive and adapt to changes in the natural structure.

3.2.3. Planning, Design, and Policy

While much of the social-built-natural structure in any given water system enables or constrains different
forms of water decision-making over the short term, individual and organizational actors actively make
planning, design, and policy decisions, including decisions about governance, that shape the natural, social,
and built structure of the environment over medium and long terms (Figure 2, arrow C). These decisions
occur at and across a wide range of scales. For example, homeowners decide how to landscape their prop-
erty, cities determine pricing of their water supplies, water districts plan infrastructure improvements, and
interest groups engage with policymakers regarding water rights law and water quality policies.

Actors engaged in forest and watershed management, or those enforcing land-use regulations, make deci-
sions that can lead to transformative changes in both social and natural structure. For example, in response
to severe flooding and erosion during the 1930s in Utah, the Forest Service implemented new policies of
reforestation and erosion control measures (i.e., social structure). These new policies changed Forest Ser-
vice land management practices that in turn altered the composition and distribution of vegetation in the
surrounding mountains (i.e., natural structure) [Flores, 1983]. Logging activities also alter forest structure,
while the diversion of water through designed regional and local reservoir and canal systems also affects
the geomorphological and ecological structure of streams by altering flow regimes.

Built structure is created by actors and is affected by a range of actions, such as homeowner landscaping
choices, local zoning decisions, and reservoir planning. At the watershed scale, local water organizations,
including municipalities and water conservancy districts, make key decisions regarding the construction
and maintenance of irrigation, potable water, wastewater, and storm water infrastructure in Utah. Planning
conducted by municipal organizations directly impacts the built environment through permitting and zon-
ing [Nelson, 1978] and by setting policies such as urban growth boundaries [Bracken, 2007]. More generally,
individual and organizational actors frequently make decisions to build new infrastructure, repair existing
infrastructure, or decommission aging infrastructure.

Actors can also affect social structure through lobbying, voting, policy making, and other collective efforts
to alter knowledge and behavioral norms about water use, allocation, and management [Endter-Wada et al.,
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Earth’s Future 10.1002/2014EF000295

2009]. Regulatory actors, such as state agencies, enforce water rights and water laws, while policymakers,
including legislators, author legislation pertaining to water allocation and usage, conveyance, and safety.

Social structure, actors’ access to resources, and the risks they face critically influence actors’ abilities to
innovate and change policy, system designs, and planning processes. Changes in policy, design, and plan-
ning are often intertwined and the existing built and social structure of the environment favors the status
quo, often serving as a barrier to adaptation. Innovations may be difficult when costs and resulting sys-
tem performance are uncertain. [Roy et al., 2008; Brown and Farrelly, 2009]. However, most impediments to
innovation are social. Innovations may face barriers of social acceptance, such as the reuse of reclaimed
wastewater. Change in the built structure of the environment frequently entails changes to the social struc-
ture, particularly when shifting from centralized to decentralized designs. These changes may require new
institutional and governance frameworks, development of new standards and regulations, and allocation
of responsibilities that can alter the distribution of costs and benefits within society [Roy et al., 2008; van de
Meene et al., 2011].

3.2.4. Operational Water Use and Management

Given a particular structural context, actors affect water quantity and quality directly via their operational
water use and management decisions (Figure 2, arrow D). At the smallest scale, individual decisions about
indoor and outdoor water use (both residential and agricultural) can be aggregated to comprise the
“demand” for water that directly impacts the quantity and quality of water in the system across temporal
and spatial scales. Individual homeowners, residents, farmers, and ranchers make water use decisions, such
as when and how to irrigate their property. These individuals also decide how much fertilizer to apply to
their landscape and how to dispose of unwanted substances such as paint and pharmaceuticals—decisions
with implications for water quality. At larger scales, short-term operational decisions about the manage-
ment of built water systems by municipalities, conservancy districts, and reservoir managers also have a
direct influence on patterns of water availability and use. The volume, timing, duration, and purpose of
operations depend on the goals of the actor and intended water use(s) [Loucks et al., 2005]. For example,
an irrigation company may divert river water during the summer to allow farmers to irrigate, whereas
an environmental organization may prefer the diversion of water in the fall low-flow season to maintain
wetland or in-stream habitat [Downard and Endter-Wada, 2013; Welsh et al., 2013].

Nearly all water management decisions by actors are enabled or constrained by the natural, built, and social
structure that surrounds them. These linkages are discussed in Section 3.2.7.

3.2.5. The Role of Resource Access and Risk

The structure of the environment—natural, built, and social—affects actors’ access to resources and the
risks they face (Figure 2, arrow E). Resources include a wide range of materials, information, knowledge,
and social and financial capital. Access is determined by sets of norms, rules, physical proximity, and other
attributes of structure. Structure shapes which actors (individual or organizational) can use resources when
and in what quantities. For example, individual water right allocations, as well as state-determined alloca-
tion caps, define access to water resources. At the same time, information can be limited by the structure of
knowledge systems available to actors (e.g., policy makers do not commonly have access to scientific journal
articles). Norms also determine how resources are used [Ostrom et al., 1999]. For example, covenants, codes,
and restrictions set by homeowner associations or municipalities set limitations on landscaping by home-
owners or determine the types of storm water management systems that can be built in new developments.
In this way, social structure interacts with natural and built structure to enable or constrain individuals’ and
organizations’ access to material resources as well as their ability to act or change related structures [Larson
et al., 2009].

Risk refers to the combined magnitude and probability of loss (e.g., of life or property) actors may expe-
rience from uncertain conditions manifested through natural, built, and social structure [Eakin and Luers,
2006]. Actors also have varying exposure, sensitivity, and capacity to adapt to these risks [Eakin and Luers,
2006; Zahran et al., 2008; Eakin et al., 2010]. For example, the risk of loss due to flooding is influenced by nat-
ural structure, such as topography and hydrology, and built structure, such as reservoirs and levees, storm
water drainage, and housing construction and contents. The risk of loss from flooding is also influenced by
the presence or absence of social structures such as flood mitigation policies and actors’ access to social and
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political resources [Zahran et al., 2008; Eakin et al., 2010]. Risk of loss of life and property has also been tied to
properties of the actors themselves, such as socioeconomic status. For example, minorities and the poor are
less likely to receive, believe, or be prepared for emergency warnings, less likely to evacuate during emer-
gencies, or to have flood or emergency insurance. These communities are also more likely to live in high-risk
areas [Zahran et al., 2008; Eakin et al., 2010]. Other important water-related risks include (but are not limited
to) water scarcity and drought, water pollution, and the loss of economically important ecosystems due to
water pollution [Endter-Wada et al., 2009; Srinivasan et al., 2012].

3.2.6. The Role of Perceptions, Information, and Experience

With respect to water-related behaviors, the decisions of water actors are fundamentally shaped by their
awareness of water quality and quantity and the structure of their water system (Figure 2, arrow F). Aware-
ness is represented by the perceptions, information, and experiences (PIE) that encompass the many ways
in which actors become aware of and make sense of their world. Perception refers to how people interpret
sensory information, such as the high water mark during a flood or the taste of drinking water. Experience
refers to observational knowledge gained from involvement with or exposure to something or some event,
such as basement flooding during snowmelt events or the loss of crops as a result of drought. Information
is knowledge obtained through more formal channels such as formal education, scientific instruments and
sensors, publications, mass media, or the “situated knowledge” of laypeople or nonscientists [Irwin, 2001;
Endter-Wada et al., 2009]. Thus the PIE arrows represent feedbacks that actors receive from the water system
and incorporate into their decision-making.

Social structure can significantly enable or constrain the flow of information to different actors. Most actors
are not fully aware of the water system and make decisions with limited, imperfect, and uncertain informa-
tion. Actors enabled by structure can influence the water system knowingly, based on how they perceive
and experience water and make sense of related information. Actors can also influence water inadvertently
or without direct intent. Actors’ water decisions frequently reflect incomplete awareness of the status of or
changes in water quality and quantity. Indeed, many water system outcomes reflect the unintended con-
sequences of choices made with limited and contextualized information about the larger integrated water
system.

3.2.7. Structural Impacts on Actors

In our conceptual model, actors make important water management decisions seeking to have direct
effects on water quantity and quality. As noted above, people do not act in a vacuum, and their operational
water management decisions are enabled or constrained by the natural, built, and social structure of
the environment. Our framework thus includes a “constraining/enabling” arrow from structure to water
management (Figure 2, arrow G) that reflects the ways in which different configurations of structure affect
water management decisions and behaviors.

For example, individuals and organizations operate the built structure by specifying the timing, volume, and
duration of diversions, withdrawals, releases, and treatment. Typically, these operations are constrained by
the physical attributes of the existing built structure such as location, capacity, and operational costs. Sim-
ilarly, at the parcel scale, residential and institutional landscape irrigation is strongly related to the built
landscape including the technology used to apply the water, as when manual hand watering leads to more
water conservation than programmed sprinklers [Endter-Wada et al., 2008; Kilgren et al., 2010]. Social struc-
ture at many scales also affects operations and management. For example, state prior appropriation law
defines the volume, timing, and location of all water withdrawals as well as the beneficial use(s) to which
water can be put. The range of people’s water use decisions is constrained by water law and negotiated set-
tlements within the legal structure [Endter-Wada et al., 2009]. At the neighborhood scale, social norms such
as when nearby urban or agricultural users can divert water from a canal can influence individual water
behaviors [Endter-Wada et al., 2008]. The cultural and institutional dimensions of social structure gener-
ate lines of social difference (e.g., class, race, and gender) that affect the relative power held by different
individuals and groups depending on their social position and have consequences for the distribution of
water resources and the ability to make and implement water-relevant management decisions [Molle, 2007].
For example, farmers who have historically used irrigation system water may be allowed greater flexibility
in their water use decisions than residents of newly constructed housing. Although not illustrated in the
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diagram, all components of structure can also constrain the perceptions, information, and experiences of
actors, as noted above in Section 3.2.6.

3.2.8. External Structure, Drivers, and Responders

No study system is isolated, and human–water systems interact with numerous external structures, drivers,
and responders (Figure 2). We define as external any variables that differ from the study system in: (1) spatial
scale, (2) location, (3) time, or (4) domain. In terms of geographic scale, changes in markets, law, policy, or
climate at the state, regional, national, or global scale can have important implications for a watershed-scale
system but are best viewed as exogenous to the core dynamics of the water system in our framework. While
we are used to thinking of processes at different spatial and temporal scales as being external drivers of a
study system [e.g., Peters et al., 2007], systems at the same spatial scale but separated in space may also act
as external drivers through flows of material, information, or people. These systems are often referred to as
“teleconnected” [Adger et al., 2009; Seto et al., 2012]. For example, dust from a distant ecosystem deposited
on local snowpack can alter the timing of snowmelt [Painter et al., 2007, 2010]. Legacies such as historic
land-use patterns, for example, have been shown to be important drivers of ecosystem structure and func-
tion [Foster et al., 2003]. A similar concept is that of path dependence, which suggests that system trajecto-
ries are self-reinforcing and therefore contingent on past states [Pierson, 2000; Martin and Sunley, 2006].
Water systems are also affected by processes occurring in other domains. A key example of this is the
water-energy nexus, which describes the energy cost of treating and distributing water and the water cost
of producing energy [Sovacool and Sovacool, 2009; Abdallah and Rosenberg, 2014]. With population growth
and increased demands for both energy and water, energy sector is expected to place a larger demand on
water supply and supplying water will require higher energy inputs [Sovacool and Sovacool, 2009; Utah Divi-
sion of Water Resources, 2012]. Finally, external variables can also be responders in addition to drivers—for
example, irrigation, by reducing local air temperatures through evaporation, can feed back to alter larger
scale climate patterns [Lobell et al., 2009; Puma and Cook, 2010]. External drivers may interact with or affect
any or all aspects of water systems. For example, external climate patterns can affect water quantity or
quality outcomes by altering hydrologic and biogeochemical processes (e.g., by altering snowpack, or tem-
perature changes may alter rates of key biogeochemical processes). Climate can also affect water outcomes
via changes to actors’ perceptions of water scarcity and, therefore, water use patterns. Because our frame-
work is designed to be general and applicable across scales, features that are internal to one study system
may be viewed as external drivers in another. Important external drivers with regard to water systems could
include: climate, ecological disturbances, human population and demographic shifts, economics, and reg-
ulations.

4. Applying the Framework to Research Examples

We present two case studies in which we have applied the framework to Utah-focused research activities
and show how the framework helped to generate new, overarching interdisciplinary research questions,
formulate hypotheses, and synchronize project activities including data collection to test the hypotheses.
In the case studies, the framework also allowed researchers to situate their individual research activities
within the larger project and water system. The two case studies are: (1) understanding urban water supply
and demand in a changing climate and (2) expanding use of green storm water infrastructure in a semi-arid
environment. Our discussion of these cases in the text focuses on highlighting the application and utility
of the framework in deepening and broadening the resulting research questions. Tables 1 and 2 compare
previously defined research questions with those generated after using the framework.

4.1. Urban Water Supply and Demand in a Changing Climate

Managing changes in water supply and demand is a major challenge facing decision-makers in the urbaniz-
ing American West. Increasing urbanization and corresponding changes to agricultural land use are affect-
ing demand for potable and irrigation water [Udall, 2013]. Meanwhile, a shift in precipitation from winter
snow to rainfall, coupled with an earlier snowmelt, has significant implications for the timing and volume
of water supply and water availability [Barnett et al., 2008; Gillies et al., 2012]. The scope of water supply
and demand research is broad, spanning many disciplinary perspectives and scales. Here, we focus on two
aspects of urban water supply and demand research to illustrate how the application of the iSAW frame-
work can identify new research questions and hypotheses. Specifically, we map onto the framework both
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Figure 3. Research questions for water supply and demand overlaid on the iSAW framework. Questions in boxes with dashed borders
are the original project research questions developed before the framework, whereas questions in boxes with solid borders were
generated using the framework. Only the questions addressed in the text are shown (see Table 1 for a complete list of research
questions).

the (i) original project questions regarding water supply and demand in the study region within the frame-
work and (ii) the additional questions that emerged while researchers worked with the framework (Figure 3,
Table 1). The comparison shows the value added by the framework to conduct more synthesis-oriented and
integrated water supply and demand research.

A major focus of prior water supply and demand research and our original research questions was under-
standing the role of external drivers—particularly climate changes as they affect the supply of water [Vörös-
marty et al., 2000; Barsugli et al., 2012; Bardsley et al., 2013; Udall, 2013] and urbanization and population
growth as they affect the demand for water resources [Vörösmarty et al., 2000; Udall, 2013]. As mentioned
above, in Utah and the Intermountain West in general, climate change is anticipated to have important con-
sequences for water supply. Thus, the original project research questions asked: How will water resources
change as a result of climate change via changes to the timing and amount of snowpack (Figure 3 and
Table 1, Q1)? and How will climate change affect forest composition and the risk of fire and beetle infestation
(Figure 3 and Table 1, Q2)? However, by examining regional water supply and demand within the context
of the iSAW framework, we identified an additional research question of how climate would affect water
demand (Figure 3 and Table 1, Q18). Importantly, climate changes could affect water demand through both
biophysical and social mechanisms. Climate can exacerbate the microclimate effects of urbanization (often
referred to as the “urban heat island” effect), increasing evaporative demand and the need for outdoor
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irrigation [Bardsley et al., 2013]. Climate change could also affect water demand if actors’ perceptions, infor-
mation, and experiences of climate change affect their water-related behaviors [Barsugli et al., 2012]. These
behaviors could include watering and landscaping behaviors of urban residents, changes in water infras-
tructure systems (e.g., reservoirs, inter-basin transfers), and changes in formal or informal water law, policy,
or institutions. By recognizing that actors’ perceptions and behaviors may shift in response to climate (in
addition to biophysical changes), researchers can take a more comprehensive approach to addressing how
climate affects all aspects of the system. In this example, the iSAW framework allowed the project team to
consider a broader set of climate impacts on the integrated system.

Another original research question addressed how natural and built structure affected water management:
How do population density, parcel size, vegetation, impervious surfaces, water and built infrastructure,
microclimate, and landscaping practices affect water use (Figure 3 and Table 1, Q17)? Previous research
has shown that water use at the city or neighborhood scale is dependent upon these physical features of
urban form [Shandas and Parandvash, 2010; Grafton et al., 2011; House-Peters and Chang, 2011; Stoker and
Rothfeder, 2014]. As we applied these research questions to the iSAW framework, we observed that we could
go beyond natural and built structure to also investigate the role of social structure by asking: How does
social structure affect water access (i.e., supply) and therefore water use behaviors (i.e., demand) (Figure 3
and Table 1, Q26)? Delivery systems, water pricing, and water rights law can act as enablers or constraints
on actors’ water use and management decisions by limiting their physical or legal access to water—i.e.,
their water supply [Huffaker et al., 2000; Hearne, 2007; Welsh et al., 2013]. For example, high water prices
can limit the effective supply of water for those who are unable to pay [Ruijs et al., 2008]. Water use—i.e.,
demand—is also likely to be affected by social structures, including norms [Endter-Wada et al., 2008; Russell
and Fielding, 2010] and water pricing [Olmstead et al., 2007; Klaiber et al., 2014]. For example, social norms
have been shown to be significant predictors of attitudes toward water conservation and intentions to use
less water or install water-efficient appliances [Russell and Fielding, 2010]. In this example, the framework
allowed researchers to build upon existing research linking water demand and urban form to consider
aspects of social structure as an enabler or a constraint of both water supply and water demand.

Overall, we used the iSAW framework to more broadly delineate the external drivers and explore how they
might affect all aspects of the integrated system. We also found that by considering natural, built, and social
structure components of the system, we can more explicitly link and describe the interplay between water
supply and demand in the coupled system. With this synthesis view, the iSAW framework helped guide the
development of specific research questions and data collection.

4.2. Green Storm Water Infrastructure in a Semi-arid Region

Green infrastructure (GI) is the decentralized, interconnected networks of natural and constructed
plant–soil systems within, around, and between urban areas [Tzoulas et al., 2007]. GI can include many
aspects of the urban environment such as open space, parks, green roofs, storm water and wastewater
conveyance and treatment systems, distributed energy generation, and riparian areas. For the purposes
of this example, we focus on GI to manage storm water, which includes features such as retention and
detention basins, treatment wetlands, green roofs, green streets, rain gardens, and bioswales. Storm water
GI is used for a range of management objectives, including reducing storm water flow (either by detaining
or infiltrating storm water runoff) and managing storm water pollution through biogeochemical treatment
[National Research Council, 2008; Davis et al., 2009; Houdeshel et al., 2012].

There is widespread interest to expand the use of GI for storm water management by academics, practition-
ers, and the EPA [Davis et al., 2009; Houdeshel et al., 2012]. However, most of the research on storm water GI
has been conducted in humid regions, and there is limited information about how these systems function
in semi-arid environments such as Utah [Davis et al., 2009; Houdeshel et al., 2012]. Furthermore, there is lit-
tle understanding of the barriers and opportunities that exist for implementing GI or transitioning existing
storm water systems to GI [Brown et al., 2013; Keeley et al., 2013; Schaeffler and Swilling, 2013]. The origi-
nal objectives of our GI research focused on understanding: (1) how GI designs affected water quality and
quantity outcomes, (2) how to design GI for sustainability, and (3) identification of the barriers and paths
to GI implementation (Figure 4). Similar to the water supply and demand example, the iSAW framework
helped refocus and facilitate more integrated research to identify the: (1) external drivers of the integrated
GI system and (2) mechanisms affecting GI implementation.
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Figure 4. Research questions for storm water green infrastructure (GI). Questions in boxes with dashed borders are the original project
research questions developed before the framework, whereas questions in boxes with solid borders were generated using the
framework. Only the questions addressed in the text are shown (see Table 2 for a complete list of research questions).

Our original research questions listed in the project proposal did not address the importance of external
drivers to the use and performance of GI (Figure 4 and Table 2). As we applied these questions to the iSAW
framework, we identified external drivers that were likely to be important factors shaping both GI function
and implementation (Figure 4 and Table 2, Q4–Q6). For example, climate variation, either within an urban
area or over time, could have important implications for GI function (Figure 4, Q4). Consideration of climate
is also important for designing locally appropriate infrastructure, and a key challenge in arid regions is to
design GI features that can adequately address storm water quality and quantity, while minimizing the need
for irrigation to maintain vegetation between storms [Houdeshel et al., 2012]. To test GI designs and under-
stand the mechanisms linking design to storm water quantity and quality outcomes, project researchers are
using a combination of controlled experimental research and in situ observation of GI in the urban study
areas (Table 2, Q1). Here, the research questions focus on how built structures (the storm water GI itself )
and natural structures (i.e., soil infiltration capacity, vegetation) interact to shape water quality and quan-
tity outcomes. Previous research has found that external drivers, such as storm characteristics, can have
important implications for watershed-scale nutrient retention in arid cities [Lewis and Grimm, 2007; Hale
et al., 2015]. Although there have been no studies specifically looking at GI performance across different
climate conditions, both precipitation and temperature are expected to affect GI water balances (e.g., via
evapotranspiration) and biogeochemical transformation rates.
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A different set of external drivers are also likely to be important for understanding the pace and location
of GI implementation. Storm water policies [e.g., U.S. Environmental Protection Agency (US EPA), 2014] could
encourage cities and private actors to adopt GI (Table 2, Q5). Infrastructure legacies, on the other hand,
could be a major barrier to GI implementation (Table 2, Q6). In large cities with extensive, well-established
storm water infrastructure (e.g., storm sewer networks), there are technological, financial, and institutional
barriers to transitioning to a decentralized GI system [Keeley et al., 2013]. Legacies are also important for
understanding current storm water systems. For example, in many cities throughout Utah, irrigation canals
also serve as de facto storm water drainage ditches and have (often unintentionally) become a defining
feature of municipal storm water systems.

A second original research objective was to understand barriers and pathways to GI implementation
(Figure 4, Q3), but the project’s original hypotheses about the mechanisms of infrastructure transitions
were underdeveloped. In our conversations about the application of the iSAW framework, we developed
several hypotheses and more specific research questions that explore how three system linkages might
influence the adoption of GI: (1) resource access, (2) perceptions, information, and experience, and (3)
external drivers. Resource access could shape infrastructure transitions in that infrastructure is expensive,
and, as a result, building infrastructure requires both financial capital and political support. In Utah, for
example, small cities with limited staff or budgets (i.e., social structures) tend to use GI in new residential
and commercial developments, where developers fund the use of these infrastructures. The perceptions,
information, and experiences of residents and storm water managers regarding storm water and GI can
be either a barrier or a pathway to GI implementation. One ongoing research project on historical transi-
tions in storm water infrastructure shows that flooding problems (i.e., people’s experiences) were a major
motivation toward installing a centralized storm sewer system (Hale, unpublished data). On the other
hand, transitions are unlikely to occur when residents and managers are not aware of or concerned about
problems with storm water quality or quantity. These linkages have informed our data collection efforts
and a project working group is currently conducting surveys of storm water managers and households to
understand how these two groups of actors perceive GI and whether they see or have experienced risk
associated with storm water quantity or quality.

As illustrated in Table 2 and Figure 4, our original conception of storm water was narrow and focused
on implementation, design, and function. Exploring GI within the context of the iSAW framework helped
develop specific hypotheses regarding GI implementation (Q8 and Q10, Figure 4) while also suggesting
mechanisms for feedback between GI function and implementation (Q10, Figure 4). Furthermore, consid-
ering all GI research within the iSAW framework has facilitated connections between social (transitions to
GI) and engineering (design of GI) aspects of the research. For example, results from storm water manager
surveys and interviews have grounded storm water GI design research in the real constraints experienced
within Utah municipalities (e.g., operations and maintenance costs, desire to be a good steward). Absent this
connection to local survey research, work on GI design would have relied on existing information about the
experiences of managers from more humid or larger cities. As with the water supply and demand example,
the iSAW framework helped develop more targeted research questions, facilitating research coordination
and data collection.

5. Applicability to Other Locations and Issues

While iSAW was developed within the context of Utah water issues, the framework can be readily applied
to other regions and natural resources. As illustrated by the water supply/demand and GI case studies,
the framework is sufficiently flexible to be applied across scales and domains. It can also be applied to
other natural resource issues, substituting the resource of interest (e.g., timber, energy, carbon, mineral
resources, or an individual species) for water. In building the framework, we note that water is a part of the
structure of the environment, but it has been made distinct from structure to highlight the quantity and
quality subcomponents and how they are measured, as well as the relationships that are most important
for water resources research. Frameworks organized around other resources could simply choose different
sub-components and relationships to pull out from structure and emphasize. Regardless of the resource
or focus, the framework highlights the importance of interdisciplinary research in natural resources and
facilitates communication and interaction among different domains and scientists.
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6. Conclusions

Water systems face many challenges in response to urbanization and climate change, including shifting
societal expectations, new regulations, increasing water demand, and ecosystem changes. More sustainably
managing water systems requires better understanding of the complex components and linkages in these
coupled systems. Despite a wealth of literature on human–water interactions, it can be difficult to integrate
this research across disciplinary perspectives. Coupled systems projects have struggled to systematically
incorporate social and natural scientific theories related to the roles of social, built, and natural structures
vis-à-vis the behaviors and decisions of key actors. Our framework advances upon previous conceptual
models of human–water systems by recognizing diverse actors and the complex behavior that emerges
from their individual actions and interactions as opposed to imposing aggregate- and community-scale
responses to the human system. Furthermore, our work provides an elaboration of how the social aspects
of coupled water systems should be represented not only by the behaviors of individual and organizational
actors but also specifying how their actions shape and are shaped by their integrated social-built-natural
structural contexts.

As a generalized conceptual model that identifies key biophysical and social components and linkages,
the iSAW framework provides a roadmap for coupled human–water systems research and can help guide
future interdisciplinary research to address water management problems and other natural resource
issues. Importantly, by designing the framework to be generalized, we have identified mechanisms of
human–water interactions that transcend domains and scales. In our own project, we found that a shared
conceptual framework was important to facilitate interdisciplinary collaborative research. Further, by
applying the framework to two case studies involving understanding water supply and demand in the face
of changing climate and promoting GI in an arid climate, the iSAW framework allowed project researchers
to develop much richer and synthesis-oriented research questions and hypotheses and formulate project
and data collection activities to start testing the generated questions. The two case studies also illustrate
the utility of the iSAW framework to: (1) develop a broader and deeper conceptualization of particular
research questions, (2) identify specific mechanisms driving processes of interest, and (3) identify gaps
in understanding. In the future, this framework can be used not only to facilitate our understanding
of human–water systems but also to develop solutions to important water issues. Importantly, the iSAW
framework is designed to be adapted to address water issues in other regions and natural resource domains
beyond water.

References
Abdallah, A., and D. Rosenberg (2014), Heterogeneous residential water and energy linkages and implications for conservation and

management, J. Water Resour. Plann. Manage., 140(3), 288–297, doi:10.1061/(ASCE)WR.1943-5452.0000340.
Acevedo, M., et al. (2008), Models of natural and human dynamics in forest landscapes: Cross-site and cross-cultural synthesis, Geoforum,

39(2), 846–866.
Adger, W. N., H. Eakin, and A. Winkels (2009), Nested and teleconnected vulnerabilities to environmental change, Front. Ecol. Environ., 7(3),

150–157, doi:10.1890/070148.
Allan, R., and B. Soden (2008), Atmospheric warming and the amplification of precipitation extremes, Science, 321(5895), 1481–1484,

doi:10.1126/science.1160787.
Anderies, J. M., M. A. Janssen, and E. Ostrom (2004), A framework to analyze the robustness of social-ecological systems from an

institutional perspective, Ecol. Soc., 9(1), 18.
Bain, D. J., R. L. Hale, and W. M. Wollheim (2012), Hotbeds of biogeochemical diversity: Insights from urban long-term ecological research

sites, Elements, 8(6), 435–438, doi:10.2113/gselements.8.6.435.
Bardsley, T., A. Wood, M. Hobbins, T. Kirkham, L. Briefer, J. Niermeyer, and S. Burian (2013), Planning for an uncertain future: Climate

change sensitivity assessment toward adaptation planning for public water supply, Earth Interact., 17(23), 1–26,
doi:10.1175/2012EI000501.1.

Barnett, T. P., et al. (2008), Human-induced changes in the hydrology of the Western United States, Science, 319(5866), 1080–1083,
doi:10.1126/science.1152538.

Barsugli, J., J. Vogel, L. Kaatz, J. Smith, M. Waage, and C. Anderson (2012), Two faces of uncertainty: Climate science and water utility
planning methods, J. Water Resour. Plann. Manage., 138(5), 389–395, doi:10.1061/(ASCE)WR.1943-5452.0000188.

Bennett, D., and D. McGinnis (2008), Coupled and complex: Human–environment interaction in the Greater Yellowstone Ecosystem, USA,
Geoforum, 39(2), 833–845, doi:10.1016/j.geoforum.2007.05.009.

Berkes, F. (2007), Understanding uncertainty and reducing vulnerability: Lessons from resilience thinking, Nat. Hazards, 41(2), 283–295,
doi:10.1007/s11069-006-9036-7.

Bernhardt, E., L. Band, C. Walsh, and P. Berke (2008), Understanding, managing, and minimizing urban impacts on surface water nitrogen
loading, Year Ecol. Conserv. Biol., 2008(1134), 61–96, doi:10.1196/annals.1439.014.

Biswas, A. K. (2004), Integrated water resources management: A reassessment, Water Int., 29(2), 248–256,
doi:10.1080/02508060408691775.

Bracken, I. (2007), Urban Planning Methods: Research and Policy Analysis, 1st ed. , pp. , Routledge, London.

Acknowledgments
We thank the iUTAH participants
who contributed feedback on the
conceptual framework early on and
throughout the project. This work was
supported by the National Science
Foundation cooperative agreement
EPSCoR IIA-1208732. Any opinions,
findings, and conclusions or recom-
mendations expressed in this material
are those of the authors and do not
necessarily reflect the views of the
National Science Foundation. Data will
be made available upon request to
Hale at rebecca.l.hale@utah.edu.

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 129

 23284277, 2015, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014E

F000295, W
iley O

nline L
ibrary on [21/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/info:doi/10.1061/(ASCE)WR.1943-5452.0000340
http://dx.doi.org/info:doi/10.1890/070148
http://dx.doi.org/info:doi/10.1126/science.1160787
http://dx.doi.org/info:doi/10.2113/gselements.8.6.435
http://dx.doi.org/info:doi/10.1175/2012EI000501.1
http://dx.doi.org/info:doi/10.1126/science.1152538
http://dx.doi.org/info:doi/10.1061/(ASCE)WR.1943-5452.0000188
http://dx.doi.org/info:doi/10.1016/j.geoforum.2007.05.009
http://dx.doi.org/info:doi/10.1007/s11069-006-9036-7
http://dx.doi.org/info:doi/10.1196/annals.1439.014
http://dx.doi.org/info:doi/10.1080/02508060408691775


Earth’s Future 10.1002/2014EF000295

Braden, J. B., et al. (2009), Social science in a water observing system, Water Resour. Res., 45, W11301, doi:10.1029/2009WR008216.
Bradford, J. B., D. R. Schlaepfer, and W. K. Lauenroth (2014), Ecohydrology of adjacent sagebrush and lodgepole pine ecosystems: The

consequences of climate change and disturbance, Ecosystems, 17(4), 590–605, doi:10.1007/s10021-013-9745-1.
Brierley, G. J., T. Cohen, K. Fryirs, and A. Brooks (1999), Post-European changes to the fluvial geomorphology of Bega catchment, Australia:

Implications for river ecology, Freshwater Biol., 41(4), 839–848, doi:10.1046/j.1365-2427.1999.00397.x.
Brown, R., and M. Farrelly (2009), Challenges ahead: Social and institutional factors influencing sustainable urban stormwater

management in Australia, Water Sci. Technol., 59(4), 653–660, doi:10.2166/wst.2009.022.
Brown, R. R., M. A. Farrelly, and D. A. Loorbach (2013), Actors working the institutions in sustainability transitions: The case of Melbourne’s

stormwater management, Global Environ. Change, 23(4), 701–718, doi:10.1016/j.gloenvcha.2013.02.013.
Carpenter, S. R., S. G. Fisher, N. B. Grimm, and J. F. Kitchell (1992), Global change and fresh-water ecosystems, Annu. Rev. Ecol. Syst., 23,

119–139.
Collins, J. P., A. Kinzig, N. B. Grimm, W. F. Fagan, D. Hope, J. G. Wu, and E. T. Borer (2000), A new urban ecology, Am. Sci., 88(5), 416–425.
Collins, S. L., et al. (2010), An integrated conceptual framework for long-term social–ecological research, Front. Ecol. Environ., 9(6),

351–357, doi:10.1890/100068.
Creed, I. F., L. E. Band, N. W. Foster, I. K. Morrison, J. A. Nicolson, R. S. Semkin, and D. S. Jeffries (1996), Regulation of nitrate-N release from

temperate forests: A test of the N flushing hypothesis, Water Resour. Res., 32(11), 3337–3354, doi:10.1029/96WR02399.
Davis, A., W. Hunt, R. Traver, and M. Clar (2009), Bioretention technology: Overview of current practice and future needs, J. Environ. Eng.,

135(3), 109–117, doi:10.1061/(ASCE)0733-9372(2009)135:3(109).
Domene, E., and D. Saurí (2006), Urbanisation and water consumption: Influencing factors in the metropolitan region of Barcelona, Urban

Stud., 43(9), 1605–1623, doi:10.1080/00420980600749969.
Downard, R., and J. Endter-Wada (2013), Keeping wetlands wet in the western United States: Adaptations to drought in

agriculture-dominated human-natural systems, J. Environ. Manage., 131, 394–406, doi:10.1016/j.jenvman.2013.10.008.
Eakin, H., and A. L. Luers (2006), Assessing the vulnerability of social-environmental systems, Annu. Rev. Environ. Resour., 31(1), 365–394,

doi:10.1146/annurev.energy.30.050504.144352.
Eakin, H., A. Lerner, and F. Murtinho (2010), Adaptive capacity in evolving peri-urban spaces: Responses to flood risk in the Upper Lerma

River Valley, Mexico, Global Environ. Change—Hum. Policy Dimens., 20(1), 14–22, doi:10.1016/j.gloenvcha.2009.08.005.
Elshafei, Y., M. Sivapalan, M. Tonts, and M. R. Hipsey (2014), A prototype framework for models of socio-hydrology: Identification of key

feedback loops and parameterisation approach, Hydrol. Earth Syst. Sci., 18(6), 2141–2166, doi:10.5194/hess-18-2141-2014.
Endter-Wada, J., J. Kurtzman, S. P. Keenan, R. K. Kjelgren, and C. M. U. Neale (2008), Situational waste in landscape watering: Residential

and business water use in an Urban Utah community, J. Am. Water Resour. Assoc., 44(4), 902–920,
doi:10.1111/j.1752-1688.2008.00190.x.

Endter-Wada, J., T. Selfa, and L. W. Welsh (2009), Hydrologic interdependencies and human cooperation: The process of adapting to
droughts, Weather Clim. Soc., 1(1), 54–70, doi:10.1175/2009WCAS1009.1.

Flores, D. L. (1983), Zion in Eden: Phases of the environmental history of Utah, Environ. Rev., 7(4), 325–344, doi:10.2307/3984175.
Foster, D., F. Swanson, J. Aber, I. Burke, N. Brokaw, D. Tilman, and A. Knapp (2003), The importance of land-use legacies to ecology and

conservation, BioScience, 53, 77, doi:10.1641/0006-3568(2003)053[0077:TIOLUL]2.0.CO;2.
Gillies, R. R., S.-Y. Wang, and M. R. Booth (2012), Observational and synoptic analyses of the winter precipitation regime change over Utah,

J. Clim., 25(13), 4679–4698, doi:10.1175/JCLI-D-11-00084.1.
Global Water Partnership (2000), Integrated water resources management, TAC Backgr. Pap. 4. Global Water Partnership, Stockholm.
Gober, P. (2010), Desert urbanization and the challenges of water sustainability, Curr. Opin. Environ. Sustain., 2(3), 144–150,

doi:10.1016/j.cosust.2010.06.006.
Grafton, R. Q., M. B. Ward, H. To, and T. Kompas (2011), Determinants of residential water consumption: Evidence and analysis from a

10-country household survey, Water Resour. Res., 47(8), W08537, doi:10.1029/2010WR009685.
Groffman, P. M., N. J. Boulware, W. C. Zipperer, R. V. Pouyat, L. E. Band, and M. F. Colosimo (2002), Soil nitrogen cycle processes in urban

Riparian zones, Environ. Sci. Technol., 36(21), 4547–4552.
Groffman, P. M., D. J. Bain, L. E. Band, K. T. Belt, G. S. Brush, J. M. Grove, R. V. Pouyat, I. C. Yesilonis, and W. C. Zipperer (2003), Down by the

riverside: Urban riparian ecology, Front. Ecol. Environ., 1(6), 315–321.
Hale, R. L., L. Turnbull, S. R. Earl, D. L. Childers, and N. B. Grimm (2015), Stormwater infrastructure controls runoff and dissolved material

export from arid urban watersheds, Ecosystems, 18(1), 62–75, doi:10.1007/s10021-014-9812-2.
Haque, C. (2000), Risk assessment, emergency preparedness and response to hazards: The case of the 1997 Red River Valley flood,

Canada, Nat. Hazards, 21(2–3), 225–245.
Hearne, R. R. (2007), Evolving water management institutions in the Red River basin, Environ. Manage., 40(6), 842–852,

doi:10.1007/s00267-007-9026-x.
Hedin, L. O., J. C. von Fischer, N. E. Ostrom, B. P. Kennedy, M. G. Brown, and G. P. Robertson (1998), Thermodynamic constraints on

nitrogen transformations and other biogeochemical processes at soil-stream interfaces, Ecology, 79(2), 684–703.
Holling, C. S. (Ed) (1978), Adaptive Environmental Assessment and Management, John Wiley, Chichester, U. K..
Houdeshel, C. D., C. A. Pomeroy, and K. R. Hultine (2012), Bioretention design for xeric climates based on ecological principles, J. Am.

Water Resour. Assoc., 48(6), 1178–1190, doi:10.1111/j.1752-1688.2012.00678.x.
House-Peters, L. A., and H. Chang (2011), Urban water demand modeling: Review of concepts, methods, and organizing principles, Water

Resour. Res., 47(5), W05401, doi:10.1029/2010WR009624.
Huffaker, R., N. Whittlesey, and J. R. Hamilton (2000), The role of prior appropriation in allocating water resources into the 21st century,

Int. J. Water Resour. Dev., 16(2), 265–273, doi:10.1080/07900620050003161.
Irwin, A. (2001), Sociology and the Environment: A Critical Introduction to Society, Nature and Knowledge, Polity Press, Cambridge, U. K.
Jenerette, G. D., S. L. Harlan, W. L. Stefanov, and C. A. Martin (2011), Ecosystem services and urban heat riskscape moderation: Water,

green spaces, and social inequality in Phoenix, USA, Ecol. Appl., 21(7), 2637–2651, doi:10.1890/10-1493.1.
Jin, S., L. Yang, P. Danielson, C. Homer, J. Fry, and G. Xian (2013), A comprehensive change detection method for updating the National

Land Cover Database to circa 2011, Remote Sens. Environ., 132, 159–175, doi:10.1016/j.rse.2013.01.012.
Karl, T. R., and R. W. Knight (1998), Secular trends of precipitation amount, frequency, and intensity in the United States, Bull. Am. Meteorol.

Soc., 79(2), 231–241, doi:10.1175/1520-0477(1998)079<0231:STOPAF>2.0.CO;2.
Keeley, M., A. Koburger, D. P. Dolowitz, D. Medearis, D. Nickel, and W. Shuster (2013), Perspectives on the use of green infrastructure for

stormwater management in Cleveland and Milwaukee, Environ. Manage., 51(6), 1093–1108, doi:10.1007/s00267-013-0032-x.

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 130

 23284277, 2015, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014E

F000295, W
iley O

nline L
ibrary on [21/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/info:doi/10.1029/2009WR008216
http://dx.doi.org/info:doi/10.1007/s10021-013-9745-1
http://dx.doi.org/info:doi/10.1046/j.1365-2427.1999.00397.x
http://dx.doi.org/info:doi/10.2166/wst.2009.022
http://dx.doi.org/info:doi/10.1016/j.gloenvcha.2013.02.013
http://dx.doi.org/info:doi/10.1890/100068
http://dx.doi.org/info:doi/10.1029/96WR02399
http://dx.doi.org/info:doi/10.1061/(ASCE)0733-9372(2009)135:3(109)
http://dx.doi.org/info:doi/10.1080/00420980600749969
http://dx.doi.org/info:doi/10.1016/j.jenvman.2013.10.008
http://dx.doi.org/info:doi/10.1146/annurev.energy.30.050504.144352
http://dx.doi.org/info:doi/10.1016/j.gloenvcha.2009.08.005
http://dx.doi.org/info:doi/10.5194/hess-18-2141-2014
http://dx.doi.org/info:doi/10.1111/j.1752-1688.2008.00190.x
http://dx.doi.org/info:doi/10.1175/2009WCAS1009.1
http://dx.doi.org/info:doi/10.2307/3984175
http://dx.doi.org/info:doi/10.1641/0006-3568(2003)053[0077:TIOLUL]2.0.CO;2
http://dx.doi.org/info:doi/10.1175/JCLI-D-11-00084.1
http://dx.doi.org/info:doi/10.1016/j.cosust.2010.06.006
http://dx.doi.org/info:doi/10.1029/2010WR009685
http://dx.doi.org/info:doi/10.1007/s10021-014-9812-2
http://dx.doi.org/info:doi/10.1007/s00267-007-9026-x
http://dx.doi.org/info:doi/10.1111/j.1752-1688.2012.00678.x
http://dx.doi.org/info:doi/10.1029/2010WR009624
http://dx.doi.org/info:doi/10.1080/07900620050003161
http://dx.doi.org/info:doi/10.1890/10-1493.1
http://dx.doi.org/info:doi/10.1016/j.rse.2013.01.012
http://dx.doi.org/info:doi/10.1175/1520-0477(1998)079&lt;0231:STOPAF&gt;2.0.CO;2
http://dx.doi.org/info:doi/10.1007/s00267-013-0032-x


Earth’s Future 10.1002/2014EF000295

Kelly, A. E., and M. L. Goulden (2008), Rapid shifts in plant distribution with recent climate change, Proc. Natl. Acad. Sci. U. S. A., 105(33),
11823–11826, doi:10.1073/pnas.0802891105.

Kilgren, D. C., J. Endter-Wada, R. K. Kjelgren, and P. G. Johnson (2010), Implementing landscape water conservation in public school
institutional settings: A case for situational problem solving, J. Am. Water Resour. Assoc., 46(6), 1205–1220,
doi:10.1111/j.1752-1688.2010.00486.x.

Klaiber, H. A., V. K. Smith, M. Kaminsky, and A. Strong (2014), Measuring price elasticities for residential water demand with limited
information, Land Econ., 90(1), 100–113.

LaMalfa, E. M., and R. Ryel (2008), Differential snowpack accumulation and water dynamics in aspen and conifer communities:
Implications for water yield and ecosystem function, Ecosystems, 11(4), 569–581, doi:10.1007/s10021-008-9143-2.

Langsdale, S., A. Beall, E. Bourget, E. Hagen, S. Kudlas, R. Palmer, D. Tate, and W. Werick (2013), Collaborative modeling for decision
support in water resources: Principles and best practices, J. Am. Water Resour. Assoc., 49(3), 629–638, doi:10.1111/jawr.12065.

Larson, K. L., D. Casagrande, S. L. Harlan, and S. T. Yabiku (2009), Residents’ yard choices and rationales in a desert city: Social priorities,
ecological impacts, and decision tradeoffs, Environ. Manage., 44(5), 921–937, doi:10.1007/s00267-009-9353-1.

Lewis, D., and N. Grimm (2007), Hierarchical regulation of nitrogen export from urban catchments: Interactions of storms and landscapes,
Ecol. Appl., 17(8), 2347–2364.

Liu, J., et al. (2007), Complexity of coupled human and natural systems, Science, 317(5844), 1513–1516.
Lobell, D., G. Bala, A. Mirin, T. Phillips, R. Maxwell, and D. Rotman (2009), Regional differences in the influence of irrigation on climate,

J. Clim., 22(8), 2248–2255, doi:10.1175/2008JCLI2703.1.
Lookingbill, T. R., S. S. Kaushal, A. J. Elmore, R. Gardner, K. N. Eshleman, R. H. Hilderbrand, R. P. Morgan, W. R. Boynton, M. A. Palmer, and W.

C. Dennison (2009), Altered ecological flows blur boundaries in urbanizing watersheds, Ecol. Soc., 14(2), 10.
Loucks, D. P., E. van Beek, J. R. Stedinger, J. P. M. Dijkman, and M. T. Villars (2005), Water Resources Systems Planning and Management: An

Introduction to Methods, Models and Applications, UNESCO, Paris.
Martin, R., and P. Sunley (2006), Path dependence and regional economic evolution, J. Econ. Geogr., 6(4), 395–437, doi:10.1093/jeg/lbl012.
Medema, W., B. S. McIntosh, and P. J. Jeffrey (2008), From premise to practice: A critical assessment of integrated water resources

management and adaptive management approaches in the water sector, Ecol. Soc., 13(2), 1–18.
Melillo, J. M., T. Richmond, and G. W. Yohe (Eds) (2014), Climate Change Impacts in the United States: The Third National Climate Assessment,

U.S. Gov. Print. Off., Washington, D. C.
Millennium Ecosystem Assessment (2005), Ecosystems and Human Well-Being: Synthesis, Island Press.
Molle, F. (2007), Scales and power in river basin management: The Chao Phraya River in Thailand, Geogr. J., 173(4), 358–373,

doi:10.1111/j.1475-4959.2007.00255.x.
Muñoz-Erickson, T. A., B. B. Cutts, E. K. Larson, K. J. Darby, M. Neff, B. Bolin, and A. Wutich (2010), Spanning boundaries in an Arizona

watershed partnership: Information networks as tools for entrenchment or ties for collaboration?, Ecol. Soc., 15(3), 1–22.
National Research Council (2008), Urban Stormwater Management in the United States, National Acad. Press, Washington, D. C.
Nelson, R. H. (1978), Zoning and Property Rights: An Analysis of the American System of Land-use Regulation, MIT Press, Cambridge, Mass.
Null, S. E., J. H. Viers, and J. F. Mount (2010), Hydrologic response and watershed sensitivity to climate warming in California’s Sierra

Nevada, PLoS One, 5(4), e9932, doi:10.1371/journal.pone.0009932.
Null, S. E., J. H. Viers, M. L. Deas, S. K. Tanaka, and J. F. Mount (2013), Stream temperature sensitivity to climate warming in California’s

Sierra Nevada: Impacts to coldwater habitat, Clim. Change, 116(1), 149–170, doi:10.1007/s10584-012-0459-8.
O’Rourke, M., and S. J. Crowley (2012), Philosophical intervention and cross-disciplinary science: The story of the Toolbox Project,

Synthese, 190(11), 1937–1954, doi:10.1007/s11229-012-0175-y.
Olmstead, S. M., W. Michael Hanemann, and R. N. Stavins (2007), Water demand under alternative price structures, J. Environ. Econ.

Manage., 54(2), 181–198, doi:10.1016/j.jeem.2007.03.002.
Ostrom, E. (2009), A general framework for analyzing sustainability of social-ecological systems, Science, 325(5939), 419–422,

doi:10.1126/science.1172133.
Ostrom, E., J. Burger, C. B. Field, R. B. Norgaard, and D. Policansky (1999), Revisiting the commons: Local lessons, global challenges,

Science, 284(5412), 278–282, doi:10.1126/science.284.5412.278.
Painter, T. H., A. P. Barrett, C. C. Landry, J. C. Neff, M. P. Cassidy, C. R. Lawrence, K. E. McBride, and G. L. Farmer (2007), Impact of disturbed

desert soils on duration of mountain snow cover, Geophys. Res. Lett., 34(12), L12502, doi:10.1029/2007GL030284.
Painter, T. H., J. S. Deems, J. Belnap, A. F. Hamlet, C. C. Landry, and B. Udall (2010), Response of Colorado River runoff to dust radiative

forcing in snow, Proc. Natl. Acad. Sci. U. S. A., 107(40), 17125–17130, doi:10.1073/pnas.0913139107.
Pataki, D. E., M. M. Carreiro, J. Cherrier, N. E. Grulke, V. Jennings, S. Pincetl, R. V. Pouyat, T. H. Whitlow, and W. C. Zipperer (2011a), Coupling

biogeochemical cycles in urban environments: Ecosystem services, green solutions, and misconceptions, Front. Ecol. Environ., 9,
27–36, doi:10.1890/090220.

Pataki, D. E., C. G. Boone, T. S. Hogue, G. D. Jenerette, J. P. McFadden, and S. Pincetl (2011b), Ecohydrology bearings-invited commentary
socio-ecohydrology and the urban water challenge, Ecohydrology, 4(2), 341–347, doi:10.1002/eco.209.

Peters, D., B. Bestelmeyer, and M. Turner (2007), Cross-scale interactions and changing pattern-process relationships: Consequences for
system dynamics, Ecosystems, 10(5), 790–796.

Pierson, P. (2000), Increasing Returns, Path Dependence, and the Study of Politics, Am. Polit. Sci. Rev., 94(2), 251, doi:10.2307/2586011.
Puma, M. J., and B. I. Cook (2010), Effects of irrigation on global climate during the 20th century, J. Geophys. Res. Atmos., 115(D16), D16120,

doi:10.1029/2010JD014122.
Robbins, P. (2004), Political Ecology: A Critical Introduction, 1st ed., pp., Wiley-Blackwell, Malden, Mass.
Roy, A. H., S. J. Wenger, T. D. Fletcher, C. J. Walsh, A. R. Ladson, W. D. Shuster, H. W. Thurston, and R. R. Brown (2008), Impediments and

solutions to sustainable, watershed-scale urban stormwater management: Lessons from Australia and the United States, Environ.
Manage., 42, 344–359, doi:10.1007/s00267-008-9119-1.

Ruijs, A., A. Zimmermann, and M. van den Berg (2008), Demand and distributional effects of water pricing policies, Ecol. Econ., 66(2–3),
506–516, doi:10.1016/j.ecolecon.2007.10.015.

Russell, S., and K. Fielding (2010), Water demand management research: A psychological perspective, Water Resour. Res., 46(5), W05302,
doi:10.1029/2009WR008408.

Schaeffler, A., and M. Swilling (2013), Valuing green infrastructure in an urban environment under pressure—The Johannesburg case,
Ecol. Econ., 86, 246–257, doi:10.1016/j.ecolecon.2012.05.008.

Seto, K. C., A. Reenberg, C. G. Boone, M. Fragkias, D. Haase, T. Langanke, P. Marcotullio, D. K. Munroe, B. Olah, and D. Simon (2012), Urban
land teleconnections and sustainability, Proc. Natl. Acad. Sci. U. S. A., 109(20), 7687–7692, doi:10.1073/pnas.1117622109.

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 131

 23284277, 2015, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014E

F000295, W
iley O

nline L
ibrary on [21/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/info:doi/10.1073/pnas.0802891105
http://dx.doi.org/info:doi/10.1111/j.1752-1688.2010.00486.x
http://dx.doi.org/info:doi/10.1007/s10021-008-9143-2
http://dx.doi.org/info:doi/10.1111/jawr.12065
http://dx.doi.org/info:doi/10.1007/s00267-009-9353-1
http://dx.doi.org/info:doi/10.1175/2008JCLI2703.1
http://dx.doi.org/info:doi/10.1093/jeg/lbl012
http://dx.doi.org/info:doi/10.1111/j.1475-4959.2007.00255.x
http://dx.doi.org/info:doi/10.1371/journal.pone.0009932
http://dx.doi.org/info:doi/10.1007/s10584-012-0459-8
http://dx.doi.org/info:doi/10.1007/s11229-012-0175-y
http://dx.doi.org/info:doi/10.1016/j.jeem.2007.03.002
http://dx.doi.org/info:doi/10.1126/science.1172133
http://dx.doi.org/info:doi/10.1126/science.284.5412.278
http://dx.doi.org/info:doi/10.1029/2007GL030284
http://dx.doi.org/info:doi/10.1073/pnas.0913139107
http://dx.doi.org/info:doi/10.1890/090220
http://dx.doi.org/info:doi/10.1002/eco.209
http://dx.doi.org/info:doi/10.2307/2586011
http://dx.doi.org/info:doi/10.1029/2010JD014122
http://dx.doi.org/info:doi/10.1007/s00267-008-9119-1
http://dx.doi.org/info:doi/10.1016/j.ecolecon.2007.10.015
http://dx.doi.org/info:doi/10.1029/2009WR008408
http://dx.doi.org/info:doi/10.1016/j.ecolecon.2012.05.008
http://dx.doi.org/info:doi/10.1073/pnas.1117622109


Earth’s Future 10.1002/2014EF000295

Shandas, V., and G. H. Parandvash (2010), Integrating urban form and demographics in water-demand management: An empirical case
study of Portland, Oregon, Environ Plann. B Plann. Des., 37(1), 112–128.

Sivapalan, M., H. H. G. Savenije, and G. Blöschl (2012), Socio-hydrology: A new science of people and water, Hydrol. Process., 26(8),
1270–1276, doi:10.1002/hyp.8426.

Sivapalan, M., M. Konar, V. Srinivasan, A. Chhatre, A. Wutich, C. A. Scott, J. L. Wescoat, and I. Rodríguez-Iturbe (2014), Socio-hydrology:
Use-inspired water sustainability science for the Anthropocene, Earth’s Future, 2(4), 2013EF000164, doi:10.1002/2013EF000164.

Sovacool, B. K., and K. E. Sovacool (2009), Identifying future electricity–water tradeoffs in the United States, Energy Policy, 37(7),
2763–2773.

Srinivasan, V., E. F. Lambin, S. M. Gorelick, B. H. Thompson, and S. Rozelle (2012), The nature and causes of the global water crisis:
Syndromes from a meta-analysis of coupled human-water studies, Water Resour. Res., 48(10), W10516, doi:10.1029/2011WR011087.

Stoker, P., and R. Rothfeder (2014), Drivers of urban water use, Sustain. Cities Soc., 12, 1–8, doi:10.1016/j.scs.2014.03.002.
Swanson, F., S. Johnson, S. Gregory, and S. Acker (1998), Flood disturbance in a forested mountain landscape - Interactions of land use

and floods, BioScience, 48(9), 681–689.
Turnbull, L., J. Wainwright, and R. E. Brazier (2008), A conceptual framework for understanding semi-arid land degradation:

Ecohydrological interactions across multiple-space and time scales, Ecohydrology, 1(1), 23–34, doi:10.1002/eco.4.
Tzoulas, K., K. Korpela, S. Venn, V. Yli-Pelkonen, A. Kazmierczak, J. Niemela, and P. James (2007), Promoting ecosystem and human health

in urban areas using green infrastructure: A literature review, Landscape Urban Plan., 81(3), 167–178,
doi:10.1016/j.landurbplan.2007.02.001.

U.S. Environmental Protection Agency (US EPA) (2014), Proposed National Rulemaking to Strengthen the Stormwater Program. [Available
at http://water.epa.gov/polwaste/npdes/stormwater/Proposed-National-Rulemaking-to-Strengthen-the-Stormwater-Program.cfm.]

Udall, B. (2013), Water: Impacts, risks, and adaptation, in Assessment of Climate Change in the Southwest United States: A Report Prepared for
the National Climate Assessment, edited by G. Garfin, A. Jardine, R. Merideth, M. Black, and S. LeRoy , pp. 197–217, Island Press,
Washington, D. C.

Utah Division of Water Resources (2012), The Water-Energy Nexus in Utah, Utah Division of Natural Resources, Salt Lake City.
Van de Meene, S. J., R. R. Brown, and M. A. Farrelly (2011), Towards understanding governance for sustainable urban water management,

Global Environ. Change, 21, 1117–1127, doi:10.1016/j.gloenvcha.2011.04.003.
Vano, J. A., et al. (2014), Understanding uncertainties in future Colorado River streamflow, Bull. Am. Meteorol. Soc., 95(1), 59–78,

doi:10.1175/BAMS-D-12-00228.1.
Vörösmarty, C. J., P. Green, J. Salisbury, and R. B. Lammers (2000), Global water resources: Vulnerability from climate change and

population growth, Science, 289(5477), 284–288, doi:10.1126/science.289.5477.284.
Wagener, T., M. Sivapalan, P. A. Troch, B. L. McGlynn, C. J. Harman, H. V. Gupta, P. Kumar, P. S. C. Rao, N. B. Basu, and J. S. Wilson (2010), The

future of hydrology: An evolving science for a changing world, Water Resour. Res., 46(5), W05301, doi:10.1029/2009WR008906.
Walters, C., and R. Hilborn (1978), Ecological optimization and adaptive management, Annu. Rev. Ecol. Syst., 9, 157–188.
Welsh, L. W., J. Endter-Wada, R. Downard, and K. M. Kettenring (2013), Developing adaptive capacity to droughts: The rationality of

locality, Ecol. Soc., 18(2), 7, doi:10.5751/ES-05484-180207.
Yarnell, S. M., J. H. Viers, and J. F. Mount (2010), Ecology and management of the spring snowmelt recession, BioScience, 60(2), 114–127,

doi:10.1525/bio.2010.60.2.6.
Zahran, S., S. Brody, W. Peacock, A. Vedlitz, and H. Grover (2008), Social vulnerability and the natural and built environment: A model of

flood casualties in Texas, Disasters, 32(4), 537–560, doi:10.1111/j.0361-3666.2008.01054.x.

HALE ET AL. ISAW FRAMEWORK FOR SOCIO-HYDRO-ECOLOGICAL SYSTEMS 132

 23284277, 2015, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2014E

F000295, W
iley O

nline L
ibrary on [21/01/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://dx.doi.org/info:doi/10.1002/hyp.8426
http://dx.doi.org/info:doi/10.1002/2013EF000164
http://dx.doi.org/info:doi/10.1029/2011WR011087
http://dx.doi.org/info:doi/10.1016/j.scs.2014.03.002
http://dx.doi.org/info:doi/10.1002/eco.4
http://dx.doi.org/info:doi/10.1016/j.landurbplan.2007.02.001
http://water.epa.gov/polwaste/npdes/stormwater/Proposed-National-Rulemaking-to-Strengthen-the-Stormwater-Program.cfm
http://dx.doi.org/info:doi/10.1016/j.gloenvcha.2011.04.003
http://dx.doi.org/info:doi/10.1175/BAMS-D-12-00228.1
http://dx.doi.org/info:doi/10.1126/science.289.5477.284
http://dx.doi.org/info:doi/10.1029/2009WR008906
http://dx.doi.org/info:doi/10.5751/ES-05484-180207
http://dx.doi.org/info:doi/10.1525/bio.2010.60.2.6
http://dx.doi.org/info:doi/10.1111/j.0361-3666.2008.01054.x

