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Abstract The freshwater environment is facing unprecedented global pressures. Unsustainable use of
surface and groundwater is ubiquitous. Gross pollution is seen in developing economies, nutrient pollution
is a global threat to aquatic ecosystems, and flood damage is increasing. Droughts have severe local conse-
quences, but effects on food can be global. These current pressures are set in the context of rapid environ-
mental change and socio-economic development, population growth, and weak and fragmented
governance. We ask what should be the role of the water science community in addressing water security
challenges. Deeper understanding of aquatic and terrestrial environments and their interactions with the cli-
mate system is needed, along with trans-disciplinary analysis of vulnerabilities to environmental and soci-
etal change. The human dimension must be fully integrated into water science research and viewed as an
endogenous component of water system dynamics. Land and water management are inextricably linked,
and thus more cross-sector coordination of research and policy is imperative. To solve real-world problems,
the products of science must emerge from an iterative, collaborative, two-way exchange with management
and policy communities. Science must produce knowledge that is deemed to be credible, legitimate, and
salient by relevant stakeholders, and the social process of linking science to policy is thus vital to efforts to
solve water problems. The paper shows how a large-scale catchment-based observatory can be used to
practice trans-disciplinary science integration and address the Anthropocene’s water problems.

1. Introduction: Global Pressures on the Freshwater Environment

The freshwater environment is facing unprecedented pressures in the ‘‘Anthropocene,’’ the newest geo-
logical epoch, marked by profound human influence on natural systems [Crutzen, 2002]. With increasing
global population and economic development, there are larger demands on water resources. Gross exam-
ples of over*use of water abound, with consequences that include reduced river flows, loss of lakes and
wetlands, and falling groundwater levels. Loss of the Aral Sea due to upstream water withdrawals is an
Anthropocene problem, widely quoted as a gross example of unsustainable use that has large-scale
impacts [Precoda, 1991; Small et al., 2001]. More generally, some of the world’s major rivers, including the
Nile and Colorado, now barely discharge to the sea, and recent applications of GRACE satellite imagery
have revealed extensive regional depletion of groundwater resources [Gleeson et al., 2012; Rodell et al.,
2009; Voss et al., 2013]. While these are extreme, large-scale examples, overuse of water is widespread.
Even in relatively well-regulated environments, such as the UK, water use is overlicenced [Environment
Agency of England and Wales, 2009], and water-rich countries, such as Canada, experience stress at
regional scales (e.g., water is fully allocated in Southern Alberta, which is facing unprecedented economic
growth [Wheater and Gober, 2013]).

In addition to pressures on water quantity, degradation of water quality is a ‘‘use’’ of water [Council of Cana-
dian Academies, 2013], with implications for other human uses, ecosystems, and human health [UNESCO,
2012]. Since the beginning of human civilization, the water environment has been widely used for disposal
of human wastes and subject to accidental pollution. Gross pollution, due to untreated human sewage and
unregulated industrial discharges, is still seen in developing economies [see ‘‘Rivers of blood: the dead pigs
rotting in China’s water supply,’’ The Guardian, 2013]. While there have been notable success stories in
developed economies in addressing these issues [e.g., ‘‘The clean-up of the River Thames,’’ The Telegraph,
2010], nutrient pollution from human and animal wastes and arable agriculture has proved an intractable
societal problem that is a threat to aquatic ecosystems globally [National Academy of Engineering, 2008].
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Pharmaceutical products and other emerging contaminants are of additional concern to aquatic life [Hecker
and Hollert, 2011].

Human influences on the land have profound impacts on the water environment through urbanization,
deforestation, and agricultural development. Fifty-four percent of the global population now lives in
urban areas [United Nations, Department of Economic and Social Affairs, Population Division, 2014]. Urban-
ization concentrates demand and has well-recognized implications for changing the nature of runoff and
response to climatic extremes [Wheater, 2006]. Cumulative global loss of forest is estimated to be 1.8 bil-
lion ha, with annual loss over the last decade (to 2012) some 5.2 million ha [Food and Agriculture Organi-
zation of the United Nations (FAO), 2012]. Hydrological impacts of deforestation (and afforestation) are
significant and have been a driver for much hydrological research since the 1970s [e.g., Marc and Robin-
son, 2007]. Much less well understood are the implications of changes associated with other land clear-
ance and agricultural land management in general [Wheater and Evans, 2009], despite the fact that
cultivated land globally accounts for 1.5 billion ha [FAO, 2012].

Increasing pressures of human impacts on the land and water environment have increased vulnerability to
extreme events. While the evidence for global increase in drought occurrence is mixed [Seneviratne, 2012],
droughts can have severe local consequences and, in an increasingly interconnected world, these effects
can be global. The international trade of food, goods, and services includes ‘‘embedded water’’ [Allan, 2003]
with unintended consequences and hidden vulnerabilities. The 2010 Russian heat wave, for example, hurt
wheat production, raised global food prices [Oxfam, 2011], and was arguably one aspect of the social unrest
that led to the ‘‘Arab Spring’’ [The Economist, 2012]. At the time of writing (December 2014), the California
drought is leading to widespread unsustainable exploitation of groundwater resources with a reported loss
of 20 km3 of freshwater [University of California Center for Hydrologic Modeling, 2014] and potentially long-
term impacts on a critical agricultural industry (note a Bloomberg headline ‘‘California drought transforms
global food market’’ [Bloomberg, 2014]). At the other extreme, increasing pressures of population and devel-
opment have increased the risks to life, property, and infrastructure associated with flooding [UNESCO,
2012], due to the combined effects of human impacts on the natural environment (e.g., urbanization, agri-
cultural intensification, and river management) and inappropriate location of people and assets in vulnera-
ble areas [Wheater and Gober, 2013].

V€or€osmarty et al. [2010] assessed the global impacts of multiple stressors, including land disturbance, water
resources development, and pollution, and concluded that ‘‘nearly 80% of the world’s population lives in
areas where either incident human water security or biodiversity threat exceeds the 75th percentile.’’ While
global assessments are inevitably broad-brush and uncertain, it is clear that unsustainable use of surface
and groundwater is ubiquitous, as is degradation of water quality. These pressures lead to increasing com-
petition for human uses of water resources, locally, regionally, and across international boundaries, and
increasing pressure on freshwater ecosystems. (V€or€osmarty et al. [2010] estimate that 10,000–20,000 fresh-
water species are extinct or at risk.)

Pressure on the water environment will be exacerbated by the water-related human needs of a growing
global population, including food (with increases of 70% in food production by 2050 required to meet pro-
jected demand [FAO, 2012]) and energy [UNESCO, 2012]. Hanasaki et al. [2013] estimate that approximately
50% of the world’s population will be living under severe water stress by 2071–2100, and similarly, Gosling
and Arnell [2013] predict that by 2050 (under the A1B scenario), 0.5–3.1 billion people will be exposed to an
increase in water scarcity due to climate change. Arnell and Gosling [2014] estimate the current 100 year
flood will occur at least twice as frequently across 40% of the globe in 2050. This translates into a doubling
of flood frequency for 450 million flood-prone people and 430 thousand km2 of flood-prone cropland.

Given these unprecedented current and future pressures on global water systems, we now address the
evolving role of the water science community in providing the basic understanding of these issues and in
contributing to more effective public policy to relieve these pressures moving forward. We argue that
business-as-usual, curiosity-driven, incremental science is not up to the task of tackling the unprecedented
influences of the Anthropocene, the challenges of nonstationarity, and the potential unintended conse-
quences stemming from water-land, water-energy, and water-food relationships. A new form of water sci-
ence must emerge with a more holistic, agile, and strategic approach to meeting society’s most basic needs
for water security.
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2. Management of Water Security

‘‘Water Security’’ is increasingly being used to conceptualize the multiple challenges associated with con-
temporary water management [Cook and Bakker, 2012]. Definitions of water security have moved from a
more narrow focus on quantity, quality, access, and hazards (droughts and floods) to a more multidimen-
sional sustainability-based, integrated systems perspective. The Global Water Partnership defines water
security as the ‘‘sustainable use and protection of water resources, safeguarding access to water functions
and services for humans and the environment, and protection against water-related hazards (flood and
drought)’’ [Global Water Partnership, 2000]. This definition takes a long-term perspective, integrates human
and natural systems, links to risk-based analyses and assessments, and explicitly includes environmental
needs for water security.

The management of water security embodies a complex and interdependent set of issues. At a basic level,
competing human needs for water resources include provision of drinking water, the use of water for irri-
gated agriculture (some 90% of global water consumption), water use for industry, and water to support
power generation—either directly, for hydropower, or indirectly, for cooling thermal power stations. These
demands are weighed in light of environmental water needs, but while an extensive body of research exists
to quantify the benefits of ecosystem services [e.g., Fisher et al., 2009], the science to define these needs is
in many senses in its infancy [Poff and Zimmerman, 2010]. Moreover, trade-offs between human and envi-
ronmental needs depend on societal values which are subject to change and vary from one place to
another. Water quality is another dimension of these management trade-offs. To take a simple example,
policy and management decisions may involve choices between potential abstractions of surface water for
supply and the need to maintain flows to dilute point-source effluents (such as treated sewage discharges)
to minimize impacts downstream. Diffuse pollution, for example due to nutrients, presents a more complex
set of issues with multiple sources (from human sewage, livestock, arable agriculture, industry, and wildlife)
and multiple effects on downstream waters including aquatic ecosystem health, amenity, recreation, drink-
ing water treatment, and animal and human health. Turning from surface water to groundwater, we note
that overabstraction can lead to degradation of water quality, including salinization of coastal aquifers [Sim-
mons et al., 2010], that nutrients in groundwater are increasingly exceeding drinking water limits [see e.g.,
Council of Canadian Academies, 2013] and that managed disposal of wastes (and of course accidental
releases) can present threats to groundwater use [e.g., Peach and Wheater, 2014]. Pressures on water resour-
ces may lead to utilization of water of naturally poor quality, for example, groundwater in Bangladesh with
high arsenic concentrations [Nickson et al., 2000] or prairie groundwater systems in North America with
high concentrations of salts and metals [Peach and Wheater, 2014].

There are also important trade-offs inherent in flood risk management. Changing land management, for
example, by urbanization, intensification of agricultural production, land drainage, and river training, has
the potential to enhance flood risk, but equally, there is the potential to mitigate such risks, e.g., with appro-
priate urban infrastructure and agricultural management practices (commonly known as Beneficial Manage-
ment Practices in Canada, Best Management Practices in the USA). Flood risk management can constrain
water management when, for example, the operation of even a relatively simple single reservoir involves
choices between the need for high storage (to meet future water needs), high discharge for hydropower
generation, appropriate discharges and water levels to meet environmental needs, and a requirement to
lower reservoir storage to provide temporary storage to minimize flood risk downstream.

Making choices between competing uses raises a complex set of issues around governance (who makes
decisions and the social processes surrounding these decisions) that can be exacerbated by interjurisdic-
tional issues, in particular, the competing needs and values of upstream and downstream users [Gober
et al., 2015]. In the Saskatchewan River Basin, downstream users in the Province of Saskatchewan are signifi-
cantly more concerned about climate change impacts and drought than those in highly developed
upstream Province of Alberta because they worry that Alberta will be unable or unwilling to deliver man-
dated minimum flows under drought conditions. Upstream concerns are more about land use and develop-
mental pressure in the immediate area.

Competing demands and difficult trade-offs are especially relevant to Canada’s First Nations’ communities,
many of whom lie downstream of developments to the South, including oil sands, pipelines, and hydro-
power. Such developments are subject to complex and conflicting needs and values, which include
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economic development and the physical and spiritual well-being of downstream users who depend upon
subsistence fishing, farming, and hunting and whose definition of water security is grounded in spiritual val-
ues. They are also complicated by legal demands from indigenous peoples with respect to land, water, and
natural resources stemming from the 2007 United Nations Declaration on the Rights of Indigenous Peoples
(UNDRIP). UNDRIP asserts the right to self-determination and self-government to indigenous peoples world-
wide [von der Porten and de Lo€e, 2013, 2014]. This implies a change from traditional collaborative
approaches in which indigenous peoples are regarded as stakeholders along with the usual groups who
have interest in water decision making. The rights associated with self-determination are quite different
from those conveyed by the traditional collaborative process (e.g., the willingness to consider the views of
others, decision making by consensus, representation, and inclusiveness). Efforts to integrate the perspec-
tives of indigenous people in water policy reform therefore will require more than addressing the problems
of outdated water policies and including First Nations as stakeholders. They will involve changing the very
essence of social processes surrounding water policy reform to acknowledge First Nations peoples as exer-
cising their rights of self-determination on preexisting lands and resources.

The previous discussion about competing demands and the need to make value-based trade-offs in water
resources management implies that it will not be possible to fulfill all needs, of all people, at all times, given
prevailing practices. Moreover, traditional water management has focused on solving clearly defined prob-
lems with science-based solutions. Increasingly, however, there are profound disagreements about the
problem definition itself [Head, 2010]. Altering downstream flows to produce hydropower may or may not
be a problem, depending upon whether you care about the need for electricity or the value of downstream
aquatic habitats and First Nations livelihoods. Ambiguous problems present significant challenges for sci-
ence because scientific results are highly dependent upon how the question is posed, data are gathered,
and results are interpreted. For ambiguous problems, emphasis is less on the science itself and more on the
social processes associated with the conduct of scientific activity. Cash et al. [2003] emphasize the impor-
tance of producing knowledge that is salient (useful to decision makers), credible (authoritative, trusted,
and believable), and legitimate (how fair is the process and does it reflect the values and concerns of a vari-
ety of actors) in problems that involve translating knowledge into action. This means that scientists working
in their own laboratories and field sites, applying the generally accepted rules of scientific practice, may not
be producing scientific results with uptake to decision making. So-called ‘‘boundary science’’ or science for
action requires a broader set of participants and brings conflicting values and nontraditional players into
the process of defining the research problem, collecting data, and interpreting results. Social scientists are
interested in the social processes that surround the conduct of scientific activity in addition to the human
dimensions of water system dynamics [Sarewitz and Pielke, 2007; White et al., 2010; Dilling and Lemos, 2011].

The traditional practice of water science is also challenged by the profound uncertainties associated with
both the physical and human aspects of complex and dynamic water systems [Gober et al., 2010]. Milly
et al.’s [2008] call to arms that ‘‘stationarity is dead: whither water management’’ implies a need for new
modeling methods that incorporate uncertainties associated with climate change, population growth, eco-
nomic development, technological innovation, public attitudes, and policy decisions. Decision making
under uncertainty (DMUU) embraces uncertainty and stresses the need for ‘‘robust’’ solutions that work well
under a wide range of future environmental and societal conditions [Lempert et al., 2003; Wilby and Dessai,
2010]. The search for these robust solutions and building public support for them requires input from a
wide range of actors who have not previously been central to water system science and management. Sci-
ence is but one partner with farmers, the industrial sector, municipal water managers, environmental advo-
cates, energy producers, and recreationists in defining the decision space and critical trade-offs inherent in
today’s water system governance.

Policy scientists have coined the term ‘‘anticipatory governance’’ to frame a decision-making context that is
alert to change, open to a range of potential future conditions, and flexible enough to change course
should the need arise [Brunner, 2010; Comacho, 2009; Quay, 2010].

We conclude that management of water security involves complex decisions concerning multiple dimen-
sions of environmental stressors and multiple human dimensions. The latter include human values and per-
ceptions, problem framing, and the challenges of governance and policy in a contemporary context of
deep uncertainty for the future. We turn next to the needs for science to support these management
challenges.
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3. Science Challenges of the Anthropocene

In the face of increasing pressures on the water environment, new disciplinary science is needed to contrib-
ute to a deeper understanding of the components of water system dynamics and their response to environ-
mental change. Much remains to be known about the transport of water and solutes through landscapes,
including surface water and groundwater interactions and response to climate variability and change,
including extremes. And while much work has focused on humid temperate climates, other environments
have their own scientific requirements and challenges, compounded by data limitations. The continuation
of in-depth disciplinary research is absolutely needed, in particular with respect to environmental change.

It is however clear from the above discussion that many, if not most, of the applied water problems faced
by society cross-disciplinary boundaries, that disciplinary boundaries limit the capacity to interrogate com-
plex systems, and that broader research questions are required if we are to better understand and manage
the complex, dynamic, and ambiguous problems of the Anthropocene. We assert that these problems will
require a new paradigm for water resources research. This paradigm is predicated on the following
assertions:

a. The effects of the Anthropocene on the water environment are pervasive and poorly understood. It remains
the case that much research on hydrological processes and modeling is focused on natural systems. The
challenges of understanding human impacts on the water environment have been relatively neglected;
for example, regional and global climate models have until very recently treated the earth as a fictitious
natural system [Nazemi and Wheater, 2014]. And while much has been written about the hydrological
effects of nonstationarity due to climate, following Milly et al. [2008], much less attention has been given
to changing land and water management. Such human-induced nonstationarity of environmental sys-
tems is widespread, with major implications for contemporary hydrology and water management, as
well as climate feedbacks. Many of the effects are poorly understood and poorly modeled due to lack of
knowledge and/or relevant data. For example, while forestry has been well studied, hydrological effects
of agricultural intensification remain quite uncertain [McIntyre et al., 2013]. And while the dramatic
hydrological effects of urbanization are well known in principle, characterization of impacts at basin scale
remains challenging due to the important controls of local infrastructure [Wheater, 2006]. Similarly, water
management systems are often highly complex and subject to multiple constraints and operational con-
trols. While these may be known at a local level, their representation at regional and global scales is lim-
ited [Nazemi and Wheater, 2014, 2015a]. These are hydrological examples; similar if not greater needs
apply to effects on water quality and aquatic ecosystems.

b. Managing complex and dynamic systems requires new understanding of process interactions and feedbacks
across multiple scales. As water management must address a range of scales, from local sources to whole
river basins and groundwater aquifers, sometimes involving multiple jurisdictions, so also does the
underlying science need to cross multiple scales and disciplinary ‘‘jurisdictions.’’ Two issues arise from
this assertion:

First, the effects of the Anthropocene are now sufficiently extensive that, in addition to direct impacts
of anthropogenic emissions on climate, significant land-atmosphere feedbacks can arise from large-scale
changes to land and water management and increasing evidence of feedbacks to local climate is being
reported. Effects on climate of the regional-scale changes associated with large-scale irrigation and loss
of flows to the Aral Sea have been reported by Destouni et al. [2010]. More subtle effects of irrigation and
vegetation change on precipitation generation occur, see for example applications in California by Lo
and Famiglietti [2013] and Sorooshian et al. [2011]. This requires new understanding of feedbacks at the
scales of influence for weather systems, based on observations and modeling at regional and/or conti-
nental scales.

Second, there is a set of unanswered questions concerning the scale dependence of hydrological
processes, and their modeling and parameterization across scales. In particular, with the resolution of
weather and climate models rapidly increasing at regional and global scales (e.g., 2.5 km weather model-
ing was implemented nationally in Canada in 2014), there are significant unanswered challenges for
hydrologists concerning the appropriate scale of parameterizations for large-scale application [see e.g.,
Wood et al., 2011; Beven and Cloke, 2012]. We noted above that effects of land management can be
subtle and dependent on the local environmental context. For example, particular agricultural Beneficial
(or Best) Management Practices (BMPs) may be advantageous in one environment and counter-
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productive in another, and as discussed above, impacts of urban land management often depend on
local infrastructure. We therefore need to understand local effects and their larger-scale implications for
management. But the need to address process representation across multiple scales is generic, both for
natural environmental processes and anthropogenic effects. For example, mountain hydrology is deter-
mined by complex interactions between topography, radiation, temperature, and airflows that are
strongly affected by local topographic detail [Marsh et al., 2012], yet emergent properties must be identi-
fied for large-scale application. Hence, new understanding of interactions and feedbacks is needed
across multiple scales, and these include the large scales appropriate to the world’s major river basins,
and at which land and water management may have significant feedbacks to climate systems.

c. Trans-disciplinary science is needed to capture the effects of human activities on the water environment.
Understanding the Anthropocene requires a holistic approach. This includes integration of knowledge
across multiple disciplines. One North American example of a large-scale eco-hydrological interaction
involves the death of forests due to bark beetle attack, reflecting warmer winter minimum temperatures
and management practices [see e.g., Bentz et al., 2010]. A second example is the (large) effects of zebra
mussels (an invasive species) on water quality of the Great Lakes [USEPA, 2014]. However, we argue that
to represent the challenges of the Anthropocene, truly trans-disciplinary research is needed, i.e., research
that goes beyond current disciplines [Meeth, 1978]. Given that the Anthropocene, by definition, reflects
human impacts on the Earth system, this new trans-disciplinary integration must also include the social
sciences. At a simple level, flows in a managed river system depend on operational decisions made
upstream—to model the actual flows therefore requires a basic understanding of the decision frame-
work. That may be relatively straightforward under normal operations, but less so under droughts when
resources are insufficient to meet demands [see Nazemi and Wheater, 2015a], under flooding when
emergency interventions may be required and under nonstationarity conditions when the idea of ‘‘nor-
mal’’ may be fundamentally different from what has been known as normal in the past. At a more com-
plex level, water policy will increasingly require the balancing of competing interests, between sectors of
the economy, between upstream and downstream users (perhaps between different national jurisdic-
tions), between human and environmental needs, and between climate risks and the pace of future
development. Water use is influenced by societal choice—either expressed through regulation (as in the
case of increased domestic appliance water use efficiency), or perhaps by the failure of regulation (not-
ing that rural groundwater abstractions are notoriously difficult to regulate). Hence, river flows and
groundwater levels ultimately depend on human actions, human value systems, and their political
expression. Key science questions for water security therefore include not only understanding and pre-
dicting the effects of environmental change on water quantity and quality and aquatic ecosystems, but
also understanding the effects of social values and societal controls on land and water management
across multiple scales.

From a management perspective, these needs have long been recognized. The concept of Integrated
Water Resources Management (IWRM) evolved from the 1950s and by the 1990s the need for integration
within and between the ‘‘natural system’’ (land and water management, surface and groundwater, water
quantity and quality, ecosystems) and the ‘‘human system’’ (institutional and policy/economic dimen-
sions, as well as stakeholder engagement) had been articulated [Cohen and Davidson, 2011; Jønch-Clau-
sen and Fugl, 2001]. However, a significant effort to support IWRM through integration of science and
trans-sectoral policy has only recently begun to develop, for example with support from US and EU fund-
ing agencies. Recent discussion of socio-hydrology has continued to articulate these issues [Sivapalan
et al., 2012], while recognizing that a much fuller integration of the social sciences with the natural scien-
ces and engineering is required. In particular, human activities should be regarding as endogenous to,
rather than external forcing conditions in, water resource systems.

d. The social process of stakeholder engagement with water science is at least as important as the knowledge
yielded by the science. There is an abundance of evidence to support the notion that much of the science
produced for climate impact assessment has not been incorporated into long-term water planning or cli-
mate adaptation efforts [National Research Council, 2007]. It has not addressed the problems deemed rel-
evant to decision makers, been packaged or delivered to users in a timely or useful format, or produced
with adequate user input, and therefore is lacking the credibility, salience, and legitimacy needed for it
to resolve politically contentious and socially significant issues surrounding today’s water resources man-
agement. Dilling and Lemos [2011] emphasize the importance of two-way iterative engagement between
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producers and users of scientific information to build trust and better understand the needs of policy
and what scientists can provide to assist policy making. The new research paradigm for science includes
a deeper understanding of the social processes that accompany effective science-policy engagement,
including social learning, social capital, social memory, and social networks [Cash et al., 2003; Folke, 2006;
Clark and Clarke, 2011]. While scientific understanding is critical to evidence-based decision making, local
stakeholders are an important source of different types of knowledge; for example, indigenous and other
rural communities have a wealth of traditional knowledge, and farmers have deep understanding of their
land that is often multigenerational and intimately tuned to natural forces. Ultimately, a wide range of
people and organizations have a ‘‘stake’’ in how water is managed, who makes decisions and how the
difficult trade-offs discussed earlier are resolved. Essentially, the major challenges of water security lie
with governance (who has the power to make decisions and how decisions are made).

These general issues of engagement, communication, and governance are particularly relevant to decision
making, in light of the high degree of uncertainty attached to current water decisions. Managing uncer-
tainty will require far more adaptive and flexible strategies than those that pertained in the past, especially
given the high level of complexity of water systems and their interdependence with land, energy, and food
systems at multiple scales: local to regional and global. Positive feedbacks raise the risk that systems will
become unstable and transition to new states that we do not yet know how to manage. Huitema and Meijer-
ink [2010] argue that a new paradigm will be required to manage these transitions and build long-term
community support needed to sustain long-term goals (as politicians leave public office and water manag-
ers retire). Also key to managing these systems in periods of rapid change and high uncertainty is to reduce
vulnerability and search for policy solutions that will work well under a range of future conditions [Nazemi
and Wheater, 2015b].

These new approaches can however draw on a substantial body of research that already exists concerning
the needs for integrated assessment and modeling (IAM) in the context of participatory processes. For
example, Hamilton et al. [2015] provide a recent review of the development of IAM from its inception in the
1990s, through various phases of methodological development, to case study applications in the late 2000s.
This work has recognized: (a) the need to frame modeling in the context of the issues of concern (noting
that stakeholders may have different perspectives on these), the governance setting, and the human and
natural systems to be addressed, (b) the importance of stakeholder participation in the modeling process,
including issues definition and problem formulation, and (c) the associated benefits of mutual learning
(including conflict resolution). Further, Guillaume et al. [2012] propose that uncertainty is an issue to be
managed and prioritized in the context of the modeling task.

We conclude from the above discussion that the Anthropocene poses a set of key challenges for the scien-
tific community, and that these provide an agenda to address the critical set of societal challenges identi-
fied in section 1.

To implement this agenda, we argue that place-based trans-disciplinary integration is needed, at spatial
(and temporal) scales that (a) are meaningful for management and (b) are practical for addressing the com-
plex and multiscalar science challenges defined above. As noted by Cohen and Davidson [2011], watershed
definition is a multiscale issue linked to governance, and ‘‘policy-sheds’’ can be distinct from watersheds.
Nevertheless, in general the watershed is a natural hydrological unit for both water science and water man-
agement. Large watersheds provide a framework that can address multiscale governance issues, such as
overlapping jurisdictions and potentially competing legislation, and at the same time provide a suitable
basis for the large-scale water science needed to address large-scale management, the impacts of human
and environmental change, and associated feedbacks. Watershed-based science can offer the focus to
address the policy, governance, and management challenges of the Anthropocene.

Elements of this type of infrastructure have been put in place by national programs, although in general
these have been primarily focused on the natural science dimensions and informed by scientists’ percep-
tions of science needs. For example, to address the hydro-ecological science needs of the EU Water Frame-
work Directive, the Lowland Catchment Research program (LOCAR) [Wheater et al., 2007] moved the UK’s
experimental basin research agenda from small scale (<10 km2) to mesoscale (100s of km2). Modeling at
larger scales, but with limited supporting investment in observational infrastructure, was supported by the
UK’s Terrestrial Initiative in Global Environmental Research (TIGER) [Cummins et al., 1995], and more recently,
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by the EU’s WATCH program [Warnaars et al., 2009]. In the USA, there has been a strong focus on long-term
monitoring and experimentation at small-basin scale with support from US Department of Agriculture (for
basins such as Reynolds Creek and Walnut Gulch), the US Forestry Service (for Hubbard Brook, Coweeta,
etc.) and most recently the Long Term Ecological Research Network (LTER) and Critical Zone Observatories
(CZO) with National Science Foundation support. The Consortium of Universities for the Advancement of
Hydrological Science, Inc. (CUAHSI) was formed to support just such an infrastructure investment, but while
continuing to play a key role in facilitating research and infrastructure development, ultimately failed to win
the necessary resources for a large basin-scale study.

The most significant developments in large basin-scale research are probably those of the World Climate
Research Program’s Global Energy and Water Exchanges (GEWEX) project. This includes a global network of
Regional Hydroclimate Projects (RHPs) (http://www.gewex.org/projects-ghp.html) and historically these
have included major basin-scale studies including the Mississippi, Mackenzie, Amazon, Plate, and Murray-
Darling, as well as broader-scale studies such as the Baltic Sea Experiment (BALTEX), focused on Baltic Sea
tributaries, the Northern Eurasia Science Partnership Initiative (NEESPI), the Monsoon Asian Hydro-
Atmosphere Scientific Research and Prediction Initiative (MAHASRI), the African Monsoon Multidisciplinary
Analysis project (AMMA) in west Africa, etc. These were designed to address GEWEX priorities related to
large-scale science, data products, and modeling associated with global energy and water cycles, but draw
on local and regional funding sources and hence commonly address, to a variable extent, linkage to

Figure 1. Saskatchewan River Basin (SaskRB) and research sites.
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stakeholder needs and concerns. Current projects include the Hydrological Cycle in the Mediterranean
(HYMEX) experiment and the Saskatchewan River Basin (SaskRB) project. We argue that such initiatives are
well conceived to address the large scales needed to deliver new physical science for the Anthropocene,
but that much more remains to be done to develop the required human dimensions of research, and that
this is an outstanding priority for the global community.

The SaskRB project was developed in 2010 under the Canada Excellence Research Chairs initiative, funded
by Canada’s Natural Sciences and Engineering Research Council (NSERC). It was thus defined, in classical
manner, by scientists responding to a natural science and engineering funding stream, but a socio-
hydrological theme was added to address the multifaceted human drivers of change in the region and to
include a participatory process involving a wide range of regional stakeholders. It is described below, as an
example of an evolving large basin-scale project which aims to (a) address a range of water security chal-
lenges, (b) meet the key requirements for Anthropocene science defined above, and (c) contribute in vari-
ous ways to the development of the global science agenda.

4. The Saskatchewan River Basin as a Large Basin-Scale Trans-Disciplinary Project

4.1. Basin Selection, Description, and Management Context
The 406,000 km2 Saskatchewan River Basin (SaskRB) in western Canada (Figure 1) embodies many of the
challenges of water security faced worldwide, including fully allocated water resources, a high level of irri-
gated water use, pressures on water quality, and a recent history of damaging extreme events. It is experi-
encing rapid economic development and rapid climate warming. It is located in one of the world’s more
extreme climates and includes environments of global significance, including the Rocky Mountains (source
of the major rivers in Western Canada), the Boreal Forest (representing 30% of Canada’s land area), and the
Prairies (home to 80% of Canada’s agriculture).

In Canada, the primary responsibility for water management lies at the provincial level. In this trans-
jurisdictional basin, the Canadian Rocky Mountains in Alberta are the dominant sources of river flow, provid-
ing some 80% of runoff. The Saskatchewan River’s two major tributaries flow east from the continental
divide, providing critically important water resources to the province of Saskatchewan, and then Manitoba.
The South Saskatchewan River passes through the Canadian Prairies, home to 80% of Canada’s agriculture.
While most agriculture is based on natural precipitation (in which snow plays a major role), Alberta and Sas-
katchewan account for approximately 75% of Canada’s irrigated agriculture, mostly located in the South
Saskatchewan River Basin. Diversions for irrigated agriculture account for some 82% of SaskRB consumptive
water use [Martz et al., 2007]. The North Saskatchewan River passes through Prairie landscapes and Boreal
Forest—an important global ecosystem that represents 35% of Canada’s total land area [Natural Resources
Canada, 2009]. After the confluence of these two major tributaries, the river passes through the Saskatche-
wan Delta (one of the world’s largest inland deltas and North America’s largest freshwater wetland, home
to First Nations communities), marking the downstream limit of the SaskRB catchment, and enters Lake
Winnipeg, ultimately discharging its waters into Hudson Bay. In addition to irrigation, the large-scale devel-
opment of the river includes dams used for hydropower, water supply (for municipal, agricultural, and
industrial use), and flood relief. The largest of these is the 225 km long Lake Diefenbaker multipurpose res-
ervoir in Saskatchewan which stores 9.4 billion cubic meters of water [Martz et al., 2007] (Figure 1) and has
substantially changed the seasonality of the natural flow regime [Wheater and Gober, 2013; Gober and
Wheater, 2014].

Selection of this watershed at this scale includes trans-boundary governance and overlapping jurisdictions.
Each of Canada’s three Prairie Provinces has primary responsibility for water management within its own
territory, but subject to the Master Agreement on Apportionment [Prairie Provinces Water Board, 1969], over-
seen by the Prairie Provinces Water Board (PPWB) of which the Provinces and the Federal Government
(through Environment Canada) are constituent members. Dating from 1969, this agreement determines
water allocation; Alberta is required to pass 50% of the natural flows to Saskatchewan, which in turn is
required to pass 50% of that inflow plus other natural flows to Manitoba. In a 1992 extension, water quality
standards for various parameters were defined at the interprovincial borders (but with a notable exception,
see below). Parallel Federal Government responsibilities include fisheries (through the Department for Fish-
eries and Oceans), which has led to legal disputes concerning aspects of drainage and water quality. There
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are also statutory duties to consult with First Nations. The basin thus represents a spatial scale that
addresses issues of relevance to both governance and large-scale science.

Extremes are a defining feature of the Prairie’s climate and culture. Recent examples include the major
drought of 1999–2004, described at the time as Canada’s most costly natural disaster, with a $3.6 billion
drop in agricultural production in the years 2000–2001 and a $5.8 billion decline in Gross Domestic Product
(GDP) [Wheaton et al., 2008]. Flooding has been a recurring problem in recent years. An extreme event in
2013 gave rise to severe flooding in Alberta that caused four deaths and more than $6 billion in direct dam-
age [CBC News, 2013]. Changing patterns of runoff in the prairies have been apparent, with summer rainfall
flood runoff exceeding spring snowmelt (J. Pomeroy, personal communication, 2015). Management and
policy concerns include flood forecasting capability, reservoir management, the role and viability of publi-
cally funded flood insurance, policies for wetland protection, and the need for improved legislation (and its
enforcement) to control drainage. Management concerns also include provision of water resources to three
million inhabitants, including rural and indigenous communities. As noted above, the water resources of
the South Saskatchewan are fully allocated in Alberta. In Saskatchewan the agriculture industry has ambi-
tions to increase investment in irrigation; issues include balancing the needs for industrial and natural
resource development with those of agriculture and hydropower. And while the Master Agreement pro-
vides simple rules for water sharing between the provinces, concerns have been expressed that the agree-
ment might fail under extreme drought.

Environmental flows are an emerging issue. For example, regulation has changed the seasonality of flows,
and impacts on the delta ecosystem are not well understood. Water quality issues include nutrient pollution
from major cities and agricultural production. Water quality in Saskatchewan’s major reservoir (Lake Diefen-
baker) is deteriorating, with increasing concern over eutrophication and water supply [Hecker et al., 2012],
and the SaskRB is a tributary of Lake Winnipeg, which in 2007 had an algal bloom of 15,000 km2 [Kling et al.,
2011], due to nutrient loads from both the US and Canada. As elsewhere, nutrient loads provide a major
science and policy challenge [National Academy of Engineering, 2008]. It is noteworthy that under the inter-
provincial Master Agreement a limit value for total phosphorus is specified at the (downstream)
Saskatchewan-Manitoba border, but not at the (upstream) Alberta-Saskatchewan border. One of the effects
of high nutrient loads is to raise challenges for water treatment processes, and exceedances of tri-
halomethane standards in rural drinking water are common. We also note that prairie streams are typically
ephemeral (dominated by spring snowmelt), so that for much of the year water quality reflects effluent dis-
charges. Issues of concern include not only nutrients [Waiser et al., 2011a] but also exotic chemicals such as
pharmaceutical products [Waiser et al., 2011b].

Groundwater is of some strategic importance, but has received relatively little detailed analysis [Peach and
Wheater, 2014]. Groundwater resources currently provide essential domestic and municipal drinking water
supplies to many communities outside the major cities, and the mining and oil and gas industries use
groundwater in their extraction processes when surface waters are not readily available, for example due to
distance from a main river. The pore space of geological formations beneath the Prairies is also used for the
disposal of wastewaters from mining and oil and gas development, and the world’s first operational Carbon
Capture and Storage project. Additionally, the role of groundwater in the provision of base flow to the main
rivers is currently thought to be small, but climate change may mean that it is of growing importance, for
example, as glaciers retreat in the Rocky Mountain headwaters.

4.2. Science Strategy and Infrastructure
For this basin, a research strategy was (of necessity) adopted that involved prior definition of an initial set of
science questions that were of relevance to key basin-scale water management challenges, and addressed a
set of generic research questions. During the last 4 years, these have been progressively reviewed, refined,
and expanded, based on a wide range of different types of engagement with stakeholder groups. Under-
standing of stakeholder needs has been developed through discussions (and with federal and provincial
agencies, joint research) with the Prairie Provinces Water Board, provincial government ministers and agen-
cies, federal agencies (Environment Canada, Agriculture and Agri-Food Canada, Natural Resources Canada,
and Parks Canada), local watershed associations, First Nations communities, and local residents’ associations.
Refinement of the science needs has been supported by interdisciplinary place-focused working groups
within the Global Institute for Water Security (faculty from 14 academic units and Federal scientists).
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The initial research foci included the need to improve understanding and modeling of (i) climate variability
and change over the basin, including, the key biomes of the Rocky Mountains, Boreal Forest and Prairies, and
in particular, the extremes of floods and droughts, (ii) effects of land use/management change on water flows,
water quality, and environments of regional and global importance, and (iii) societal controls on water man-
agement, including operational constraints, water management vulnerabilities, and policy and governance
opportunities. Improved science is needed to support local issues of water management, basin-scale manage-
ment of water quantity and quality, and more generally to address the diagnosis and prediction of changing
interactions and feedbacks between the climate, land, and water components of the earth system.

4.2.1. Observatory Sites
The strategy adopted has been to develop the basin as a whole as a large-scale observatory, supported by
multiscale observations of river flow (using a base network of 50 Environment Canada (EC) gauging sta-
tions), distributed precipitation and networks and climate stations, remote sensing data, and modeled data
products. A series of major research sites has been developed to address the need for improved under-
standing of environmental and anthropogenic change in the key biomes (Figure 1). These include detailed
observations, at local to small basin-scale, and build on legacy data to provide an historical context for the
improved understanding and diagnosis of environmental change [e.g., van der Kamp et al., 2003; DeBeer
and Pomeroy, 2009; Barr et al., 2012]. These sites provide the basis for the development of improved process
understanding and fine-scale models and the application of those models in the analysis and prediction of
environmental change at local scales. They also provide an important resource for the development and
testing of improved large-scale models, which are needed for weather and climate models and for large
basin-scale hydrological, water resource, and water quality modeling. In addition, key sites are attractors to
related international research, as noted below.

A network of sites in the Canadian Rocky Mountains is centered on Marmot Creek, a research focus for 50
years that was near the epicenter of Alberta flooding in June 2013 [Pomeroy et al., 2012]. With intensive
instrumentation to observe cryospheric and hydrological processes, the site provides a key test bed to
understand and model effects of rapid warming on mountain hydrological processes. This has provided the
stimulus for the International Network for Alpine Research Catchment Hydrology, a GEWEX crosscut theme
that links global research to address the challenges of observing and modeling the alpine systems that pro-
vide water resources to 50% of the world’s population. Sibbald Wetlands is the focus of hydro-ecological
research into Rocky Mountain wetlands and the effects of current and legacy beaver activity on flows and
water quality [Janzen and Westbrook, 2011].

Boreal Forest research derives from a set of globally important experimental sites developed under the
international BOREAS (Boreal Ecosystem-Atmosphere Study) initiative to measure land-atmosphere
exchanges of carbon, water, and energy [Barr et al., 2012]. Based on measurements of soil water, ground-
water, surface water, and ecological processes, research objectives include assessment of the vulnerability
of ecosystem response to climate variability and change, and the synthesis and upscaling of hydro-
ecological understanding of stand-scale processes. The site has attracted collaboration with NASA’s Air-
MOSS (Airborne Microwave Observatory of Subcanopy and Subsurface) and SMAP (Soil Moisture Active Pas-
sive) remote sensing soil moisture missions.

The Prairies present a wide range of science and management challenges; hence, multiple prairie research
sites have been developed. St. Denis National Wildlife Area consists of numerous prairie pothole lakes of
varying salinity. With a 60 year history, research at this site focuses on runoff processes and pothole lake
connectivity, surface-subsurface interactions, and salinity dynamics [Nachshon et al., 2014]. Brightwater
Creek, near Kenaston, Saskatchewan, a relatively typical flat agricultural area, provides a focus for multiple-
scale monitoring of spatial soil moisture, groundwater, and land-atmosphere interactions. In collaboration
with EC, Agriculture and Agri-Food Canada (AAFC) and the University of Guelph, this site is also a test bed
for NASA’s SMAP soil moisture remote sensing mission, launched in 2014, and has also provided local test
data for GRACE evaluation [Lambert et al., 2013]. The site provides a focus for hydrological and land-surface
multiscale modeling and study of the impacts of different agricultural land management practices on land-
atmosphere feedbacks.

Three additional prairie sites provide relevant data and address different aspects of prairie hydrology and
agricultural management. Hydrological connectivity and the effects of agricultural drainage on flows and
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water quality is the research focus at Smith Creek, Saskatchewan. The site has demonstrated the dramatic
effects of interannual climate variability on water quality and a complex response of flood generation and
transmission to agricultural drainage [Shook and Pomeroy, 2011]. In collaboration with local community
organizations, EC, AAFC, and the University of Manitoba, the effects of agricultural Beneficial Management
Practices (BMPs) on flows and water quality, particularly those associated with changing tillage practices
and on-farm reservoirs, are explored at Tobacco Creek, Manitoba (T. H. Mahmood et al., Hydrological
responses to dry and wet conditions in an agricultural cold region, submitted to Hydrological Processes,
2014). A principal goal of this research is to develop improved local and regional modeling capability for
BMPs. Finally, Swift Current, Saskatchewan is home to AAFC agricultural research runoff plots with high-
frequency, long-term data to support experimental monitoring of the surface hydrology and hydrological
model building and testing to improve understanding of the fundamental drivers of threshold-like hydro-
logical runoff responses to snowmelt and rainfall events in a semiarid, prairie landscape.

4.2.2. Surface Water Systems and Surface Water Quality
The research observatories described above focus on land-atmosphere processes, and the delivery of water
(and solutes) to the aquatic environment. A dominant issue for the region (and a global grand challenge as
noted earlier) is the management of nutrients. The first major study of pollutant loads and their ecological
impacts for the South Saskatchewan River, Lake Diefenbaker and its tributary, Swift Current Creek (SCC), is
under way [North et al., 2014]. Lake Diefenbaker is 225 km long and plays a major role in economic and
social development of a large proportion of the province. However, the capability of the reservoir to con-
tinue to provide water of reasonable quality under rapid economic development and under a changing cli-
mate is unknown, given nutrient loads and increasing evidence of eutrophication. A comprehensive
evaluation of the sensitivity of the reservoir to current and future nutrient inputs includes limnology, paleo-
limnology, toxicology, and hydrodynamic water quality modeling (A. Sadeghian et al., Water quality model-
ling of Lake Diefenbaker, submitted to Journal of Great Lakes Research, 2015). A similar study has been initi-
ated for Buffalo Pound Lake, including real-time water quality monitoring to support treatment of this
major source of drinking water for the cities of Regina and Moose Jaw, Saskatchewan. Research to explore
other water quality issues in the basin ranges from the study of the winter biogeochemistry of lakes to the
monitoring of pharmaceutical products and heavy metals in urban wastewater and storm water.

4.2.3. Wetland Habitats: The Saskatchewan Delta
Located near the Saskatchewan/Manitoba border, the Saskatchewan River Delta is a complex series of aban-
doned and active river channels, lakes, and wetlands. Home to Cumberland Marshes which has been desig-
nated as an Important Bird Area, this region experiences the accumulated effects of upstream water use,
including abstractions and power generation. Since the beginning of the last century, annual discharge has
been reduced by approximately 30%. In addition, winter base flow is now higher and spring freshets have
been dampened due to capture and storage in the dams. Interdisciplinary expertise in climate, hydrology,
ecology, and social science is being integrated to address the cumulative responses of these changes in
flow for the production of fish, water-birds, and mammals, and for the associated impacts on the activities
and livelihoods of local communities. One aim of this research is to develop scenarios and an operational
plan to provide for sustainable hydropower output from upstream dams without endangering the Delta
habitat in the long term.

4.2.4. Groundwater
Groundwater is of importance to the economic development and well-being of the SaskRB, but has
received relatively little detailed analysis [Peach and Wheater, 2014]. St. Denis, discussed above, has pro-
vided a focus for research into near-surface groundwater and groundwater surface water interactions, but
additional research sites need to be developed. A major project is currently under development to evaluate
the hydrogeology associated with the Bakken shale oil play in the south of the Prairies, including the sus-
tainable yield from the Quaternary and (lower quality) Tertiary and Upper Cretaceous aquifers, the role of
aquitards and buried valleys and cumulative impacts of deep waste disposals.

4.3. Modeling Under Current and Future Climate
High-quality hydrological and water quality data from the research sites and their small-scale basins are
essential to provide new process insights and to develop improved models to support management and
hydro-ecological and climate modeling. For example, a focus for process modeling is the Cold Region
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Hydrological Modeling (CHRM) system [Pomeroy et al., 2007] which represents key cold region hydrological
processes (e.g., frozen soils and blowing snow) and has been used worldwide. Local applications include
exploration of effects of changing mountain hydrology and agricultural practices. Observatory data have
led to improved algorithms for (i) soil freezing-thawing, (ii) frost table impacts on soil moisture storage and
hydraulic conductivity, (iii) flow through organic materials, (iv) snow dynamics on glaciers, (v) snow redis-
tribution by avalanche, and (vi) wetland fill and spill. New multiscale algorithms have been developed for
fine-scale modeling of radiative transfer to snow under forests and in forest gaps; research from Tobacco
Creek is being used to introduce agricultural water quality into CRHM. Other platforms are being used to
explore the movement of water in frozen soil and coupled runoff-dissolved organic carbon algorithms to
improve our understanding of coupling between the carbon and water balance. The sites also provide data
to support the testing, intercomparison and refinement of land-surface schemes for weather, climate, and
large-scale hydrological models, including the Canadian Land Surface Scheme (CLASS) and its hydrological
extension (MESH), NCAR’s WRF system, including CLM and NOAH-MP, and the UK’s JULES modeling system.
Preliminary work is under way on coupled hydro-ecological models, in particular using the Canadian CTEM
model (linked to CLASS). One outcome thus far is an improved large-scale prairie model [Mekonnen et al.,
2014]. Modeling research is also providing new insights into the connectivity of prairie lakes and wetlands,
in particular showing complex cycles of hysteresis as wetlands fill, spill, and empty under cycles of wet and
dry years [Shook and Pomeroy, 2011, 2012; Shook et al., 2013].

The SaskRB embodies many of the management pressures experienced worldwide, and an important objec-
tive of the SaskRB is to provide improved modeling tools and methodologies to address water management
at the river basin scale, as well as the need to support improved weather prediction and global and regional
climate modeling.

Large-scale hydrological model capability is needed for a range of applications, including flood forecasting,
flood risk management, water resource operational management and planning as well as the analysis of
land atmosphere feedbacks under changing land management and climate. Work is under way to develop
improved capability to address these needs. Preliminary analysis (using MESH) has identified key issues to
be addressed. These include, for example, uncertainty in inputs (particularly precipitation), the representa-
tion of key biomes (in particular upscaling of mountain hydrological processes and representation of vari-
able contributing areas in the prairies), the representation of water management (e.g., reservoirs and
irrigation [see Nazemi and Wheater, 2015a,b]), the utility of remote sensing products such as GPM, SMAP,
and GRACE and regionalization of model parameters.

A critical need is to understand better climate variability and change and to provide improved tools to eval-
uate scenarios of future climate. Research is therefore under way into climate processes and modeling,
including Rocky Mountain precipitation and convective precipitation over the Prairies. This includes detailed
analysis of the 2013 Calgary flood event using high-resolution atmospheric modeling. Concerning future cli-
mate, improved statistical downscaling methods have been developed for the Prairie Provinces, providing
improved capability to generate time series of precipitation and evaporation for future climate scenarios
[Chun et al., 2013], and detailed multimodel analyses have been made of the North American Regional Cli-
mate Change Assessment Program [Khaliq et al., 2014], providing new insights into the current skill levels of
regional climate models and the model uncertainty associated with future projections. Current work on
extreme precipitation and drought is building on the IPCC AR5 (Intergovernmental panel on climate
change—Fifth assessment report) climate model results [Asong et al., 2014].

The development of new water resources modeling and decision support tools is required, given the chal-
lenges of decision making under uncertainty [Lempert et al., 2003; Gober and Wheater, 2014]. Traditional
approaches to assess effects of future climate involve a cascade of uncertainty; uncertain future emissions
and socio-economic scenarios are used to generate uncertain outputs from global or regional climate mod-
els, which are downscaled and input to hydrological models, introducing further uncertainty [Wilby and Des-
sai, 2010]. While such modeling remains important for the prediction of change, the large associated
uncertainties have inhibited usefulness for decision making. Through collaboration with Alberta in simulat-
ing the response of the complex South SaskRB water resource system in Southern Alberta (11,000 license
holders), a new approach has been developed to assess water resource vulnerability to climate change
[Nazemi et al., 2013; Nazemi and Wheater, 2014]. A major focus has also been on the development of user-
focused decision support modeling tools, with which stakeholders can be engaged in a dialog. A new
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systems dynamic modeling capability has been developed for the province of Saskatchewan that is capable
of interactive exploration of scenarios of changing inflows from Alberta and changing agricultural, domestic,
and industrial water use in the province. This includes capability for dynamic (climate-dependent) irrigation
demand and economic valuation [Hassanzadeh et al., 2014]. The project is working toward a basin-wide
(multiprovince) simulation capability that can be used for risk-based assessment of future water scenarios.
To support this, paleoclimate evidence provides important insights into historical drought on a time scale
of many centuries. Hence, research is developing improved reconstructions of paleoclimate, based on multi-
variate tree ring analysis [Razavi et al., 2015].

Water quality modeling includes development of a nutrient model for the SaskRB, a tributary of Lake Winni-
peg, based on the U.S. Geological Survey SPARROW (SPAtially Referenced Regressions ON Watershed attrib-
utes) modeling platform, to provide the first basin-wide modeling capability with which nutrient
management issues can be explored and to assist the work of the Canada-US International Joint Commission.

The range of modeling outlined above is not exhaustive, but illustrates the capability of a large basin-scale
observatory to address (a) a wide range of science issues, including diagnosis and prediction of environ-
mental change, and the interactions and feedbacks within changing earth system processes, including
human activities, and (b) a range of local to large basin-scale management issues associated with water
quantity, water quality, extreme events, and water futures, including user-focused models and analysis of
vulnerabilities to change.

4.4. Socio-Hydrology and the Science-Policy Interface
The Anthropocene’s science problems as articulated in section 3 are, by definition, social science problems
because they involve the human drivers and impacts of environmental change, feedbacks between human
and biophysical processes in complex and dynamic environmental systems, the practice of science as a social
institution, and the social processes of stakeholder engagement. The SaskRB Project has used the term ‘‘socio-
hydrology’’ to capture a range of activities designed to bring out the human dimensions of water science.
Sivapalan et al. [2012] reintroduced the term ‘‘socio-hydrology’’ to describe the study of the ‘‘coevolution of
human-natural coupled systems,’’ arguing that it is not possible to predict water cycle dynamics over decadal
or longer time periods without considering the interactions and feedbacks among natural and human compo-
nents of the water system. These feedbacks have potential to move systems beyond critical tipping points
into new, previously unobserved states [Scheffer, 2009]. There has been a good deal of discussion in the policy
community about how to manage these transitional periods when the paradigms of traditional water man-
agement are designed for stationary conditions [Folke et al., 2005; Huitema and Meijerink, 2010]. To these sci-
ence and management issues, we have added the need for greater collaboration between the science and
policy communities [Gober and Wheater, 2014], noting that science-based water planning requires not only
knowledge about human-natural coupled systems but also about the social processes by which knowledge is
transferred through social systems embedded in place-based contexts.

Socio-hydrology in the SaskRB Project has included studies of the values, attitudes, concerns, and decision
context for regional water stakeholders. If, in fact, it will not be possible to meet the needs of all users for all
purposes at all times in the Anthropocene, then it is critical to understand what people are most concerned
about and why. Online interviews and a series of workshops with water managers, irrigators, scientists, rep-
resentatives of environmental groups, and members of First Nations communities revealed that regional
water stakeholders place higher priority on the human components of water security, such as governance,
land use, and competing demands, than on physical problems such as climate change, drought, and flood-
ing [Gober et al., 2015]. Results imply that framing water security in terms of its social and human dimen-
sions offers more potential to unite actors under a common umbrella of water security than a physical-
hazard-based approach. Multiple competing definitions for water security offer an opportunity for actors
with quite different perspectives on water security to move forward in policy debate and look for common
ground and ways to live with their differences. Political scientists argue that ambiguity allows actors to blur
or hide their differences and assists them in avoiding barriers that would otherwise block consensus [Stone,
2002; Fisher, 2003]. Data from the same workshops and interviews, subjected to Q-Sort analysis, differenti-
ated between two different conceptualizations of sustainability in the context of water security [Strickert
et al., 2015]. So-called ‘‘weak sustainability’’ defines sustainability in strictly human terms as a nondeclining
stock of economic capital and allows substitution between human and natural capital. ‘‘Strong
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sustainability’’ supports the position that there are limits on substitution based on the intrinsic value of nat-
ural assets and that humans need to consume less to support earth’s long-term natural capital. Respondents
who hold the former position typically support sustainable economic development; while those with the
latter are concerned with trade-offs between natural and human capital.

SaskRB socio-hydrology has also followed Sivapalan et al.’s [2012] modeling agenda [Hassanzadeh et al.,
2014]. The so-called SWAMP model has been used for futures analysis to evaluate trade-offs between invest-
ments in irrigated agriculture vis a vis hydropower generation. It has also been used to assess system vul-
nerability to a range of climate change conditions [Nazemi et al., 2013] and stochastic reconstructions of
historical conditions. Results show that water availability is sensitive to both the level of irrigation develop-
ment and to climate change-induced variation in the volume and peak timing of flows. Large irrigation
expansion is feasible, but would exacerbate drought stress on the current water resource system, produce
unstable economic revenues, and decrease flood frequency in the Saskatchewan River Delta, a region of
high biodiversity and environmental significance and home to First Nations people who subsist on the
Delta for hunting, fishing, and farming [Hassanzadeh et al., 2014].

In addition, socio-hydrology includes activities that connect research outputs to decision makers and the
general public. For example, the Invitational Drought Tournament (IDT) is a 1 day workshop designed to
enhance discussions among interdisciplinary groups about how to manage the immediate and longer-term
effects of droughts—how to anticipate drought and plan for it [Hill et al., 2014]. The IDT presents teams with
scientifically derived drought scenarios [Lapp, 2012] and then asks them to select from a list of adaptation
options for drought mitigation, differentiating impacts on society, economy, and environment. The IDT
allows participants to consider trade-offs associated with different mitigation options, for instance, whether
to improve the efficiency of irrigation networks by 25% or to promote stocking rate reductions.

Another experiment in socio-hydrology involved the production and showing of ‘‘downstream,’’ a forum-
theater production which was derived from SRB stakeholder perspectives (G. E. H. Strickert and L. E. A. Brad-
ford, Of research pings and ping-pong balls: A protocol for the use of forum theatre as engaged water secu-
rity research, submitted to International Journal of Qualitative Methods, 2015). The narrative involved the
downstream consequences of a flood from an irrigated farm upstream, via fish in the river, a First Nation’s
owned golf course, municipal water treatment plant, prairie town, and a midstream oil field to a SR Delta vil-
lage downstream. At each point along the way, relevant characters plead with the audience for the resour-
ces needed for flood management, and deflect insults from other stakeholders. The audience allocated
resources in response to the theatrical performance [Bradford et al., 2014]. The interactive play, downstream,
conveyed the complex context for flood management decision making, used science-based flood scenarios,
and called upon the audience’s values, emotions, and attitudes about flood risk for mitigation strategies,
policy reform, and adjudicating among competing interests. It combined emotions about water with water
science via a structured activity and the social process of theater.

4.5. Discussion
After 4 years, the SaskRB project continues to evolve to address the science agenda as defined in section 3,
including partnerships with stakeholders and policy makers. An example of trans-disciplinary research is the
Delta project, which deals with an increasing human-driven system, complex in its governance and social
challenges, and includes climatology, hydrology, ecology, toxicology, and social science. There has been inten-
sive stakeholder engagement from the beginning and active First Nations participation. The research ques-
tions are ambiguous and defy traditional science questions, uncertainty is high, and the system is complex.

These are early steps, and much more remains to be done to respond to the socio-hydrology mandate,
both with respect to modeling complex systems [Sivapalan et al., 2012] and developing social processes to
surround scientific activities [Gober and Wheater, 2014]. However, we present the SaskRB, with its current
strengths and limitations, as an example of the potential of a large-scale observatory as a focus for science
integration, and a program that has been developing in the light of the discussion above of societal needs
and the associated science agenda.

5. Conclusions

As we celebrate the 50th anniversary of Water Resources Research, the water environment worldwide faces
daunting problems of unsustainable water demand, degraded water quality, groundwater drawdown, loss
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of aquatic habitats and species, and increasing vulnerability to extreme events. While water management
has been seen as a local and regional issue, we now live in an era where drought can affect global food sup-
plies and political systems. The challenges of water management are complex, uncertain, and ambiguous.
As we increase stress on water systems, there are urgent science needs to improve our understanding of
these natural systems. However, in an era now named the Anthropocene, to reflect the dominant impact of
human activities on the earth system, the water sciences must address the challenges of better understand-
ing the human dimensions of water systems and integrate the biophysical and societal drivers and impacts
of complex water systems.

We have asserted above that the effects of the Anthropocene on the water environment are pervasive and
poorly understood, that managing complex and dynamic systems requires new understanding of process
interactions and feedbacks across multiple scales, that trans-disciplinary science is needed to capture the
effects of human activities on the water environment, and that the social process of stakeholder engage-
ment with water science is at least as important as the knowledge yielded by the science.

We thus argue for new trans-disciplinary water science that (i) engages and integrates the natural sciences,
engineering and the social sciences, (ii) focuses on system dynamics in which human and natural compo-
nents interrelate, (iii) incorporates local and regional scales where water decision making for the most part
occurs, (iv) addresses decision making under uncertainty which seeks to manage, not control, the uncertain-
ties that underlie both biophysical and human systems, and (v) supports the observational networks that
link research results across sites and across scales. In this view, water scientists and communities are part-
ners in understanding and managing change. Our conclusion is that these represent both an unprece-
dented challenge and unprecedented opportunity for the water sciences.

Research activities from the SaskRB represent one effort to focus on in-depth local processes, link them to
larger-regional scale change and function within a larger global network seeking to implement a new sci-
ence model linked to decision making for the Anthropocene. This imperfect example will perhaps stimulate
the next generation of large-scale research initiatives, which are in our opinion urgently needed as we look
at the current and future water challenges facing North America and the world.
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