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Abstract

Increasing pressure on shared water resources has often been a driver for the development and utilisation of water resource
models (WRMs) to inform planning and management decisions. With an increasing emphasis on regional decision-making
among competing actors as opposed to top-down and authoritative directives, the need for integrated knowledge and water
diplomacy efforts across federal and international rivers provides a test bed for the ability of WRMs to operate within complex
historical, social, environmental, institutional and political contexts. This paper draws on theories of sustainability science to
examine the role of WRMs to inform transboundary water resource governance in large river basins. We survey designers and
users of WRMs in the Colorado River Basin in North America and the Murray-Darling Basin in southeastern Australia. Water
governance in such federal rivers challenges inter-governmental and multi-level coordination and we explore these dynamics
through the application of WRMs. The development pathways of WRMs are found to influence their uptake and acceptance as
decision support tools. Furthermore, we find evidence that WRMs are used as boundary objects and perform the functions of
‘boundary work’ between scientists, decision-makers and stakeholders in the midst of regional environmental changes.
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Introduction

Water resource models (WRMs) are frequently used to aid
decision-making by capturing, communicating and translating
knowledge of complex hydrologic and social systems.
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Abstract representations of these systems are created using
equations and assumptions, along with spatially and tempo-
rally simplified data. WRMs are often used in contested situ-
ations with multiple interests where the saliency of policy
insight they provide must be balanced with scientific credibil-
ity and perceived legitimacy of the knowledge they are built
upon (Cash et al. 2003).

Management of shared water resources across multiple ju-
risdictions such as federal river basins is particularly complex
(Garrick et al. 2014) and challenges are exacerbated in
drought-prone regions or fully allocated rivers. Water gover-
nance paradigms such as integrated water resource manage-
ment IWRM) (GWP 2000) and water diplomacy (Islam and
Susskind 2012) seek to improve dialogue and coordination
among multiple scales of government, water users and scien-
tific knowledge through information exchanges across disci-
plinary, organisational and knowledge boundaries (Jacobs
et al. 2016). These frameworks rely on scientifically credible
and socially robust knowledge-action systems to exchange
information and guide interactions among participants
(Robinson et al. 2011).

WRMs have been a core part of regional water resource
decision-making and management for many decades (Brown
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et al. 2015; Jacobs et al. 2016) but developers of WRMs and
users of the knowledge they provide have struggled to articu-
late their value within wider socio-political contexts. Growing
pressures on water availability, combined with shifting gover-
nance and management, has resulted in a need to re-engage
with design and application of WRM (van Asselt and
Rotmans 2002) to incorporate diverse contributions from mul-
tiple stakeholders, communities and interest groups (Kroon
et al. 2009). Knowledge gaps across large basins are common
and pose challenges to perform system-wide analyses, com-
municate findings and justify regional responses to phenom-
ena such as droughts and climate change.

The growing need for resource managers to learn, experi-
ment and adapt to complex threats and opportunities that are
inherent in water decision-making has attracted the attention
of'a growing field of sustainability science (Clark and Dickson
2003). This field of research draws on the notion of boundary
work (Gieryn 1983) that describes efforts of two-way, iterative
communication between actors across the science/decision-
making boundary to translate and mediate knowledge into
policy decisions. For boundary work to be useful and usable,
it needs to not only be scientifically credible but also salient
for real-world applications and reflect legitimate information-
gathering processes that consider a range of values, interest
and concerns (Cash et al. 2003; Clark et al. 2016; Jacobs et al.
2016). In this article, our focus is on how federal governance
structures utilise WRMs as ‘boundary objects’ to enable the
sharing of knowledge across multiple state and national gov-
ernments, stakeholder interests and disciplinary perspectives
to support river basin planning.

This paper draws on responses from WRM designers and
users in two fully allocated, drought-prone and contested
transboundary river basins: the Colorado River Basin (CRB)
in North America and the Murray-Darling Basin (MDB) in
southeastern Australia. Both basins are characterized by fed-
eral water governance structures and WRMs were recently
developed or enhanced in both basins amidst significant water
planning and management reforms in response to severe
droughts. The article begins by reviewing IWRM as it relates
to the development and application of WRM:s to enable water
managers to link knowledge with actions required to address
complex water resource management issues, then draws on
the sustainability science literature to describe the key per-
spectives and attributes of boundary work. Regional water
resource planning contexts within the basins are then reviewed
and the survey responses analysed.

Theoretical framework
Much has been written on water governance and the concept

of IWRM, including what should be integrated to achieve an
inclusive yet practical management framework (Biswas 2004;
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Gourbesville 2008; GWP 2000). The co-evolution of water
institutions—the rules, norms, values and shared knowledge
of practitioners—alongside development of governmental au-
thorities and the power instilled in them, creates challenges
that can make water decision-making regimes resistant to
change (Pahl-Wostl 2009). One challenge includes the inte-
gration of basin-scale technological approaches with increas-
ing contributions from diverse knowledge sources and inter-
ests (Raymond et al. 2010). How such knowledge can be
incorporated into reductionist, yet often relied upon,
decision-making frameworks is not a trivial task. This requires
balancing the rationale and urgency of the decisions to be
made with the availability of useful information to inform
these decisions.

The term ‘boundary work’ has been coined to describe and
analyse the continuous transfer and integration of knowledge
across functional and organisational boundaries and different
knowledge domains (Jasanoff 2004; Lemos and Morehouse
2005). Models can serve as key boundary objects to translate
complex scientific knowledge into decision-making provided
these models are supported by appropriate institutional rules
and practices (cf. Rayner et al. 2005; White et al. 2010).
‘Boundary organisations’—such as government and non-
government water management organisations—also perform
boundary work by acting as knowledge sharing and transla-
tion intermediaries between different stakeholders (Buizer
et al. 2016; Clark et al. 2016), which become particularly
relevant when knowledge and power imbalances exist
(Zeitoun and Warner 2006).

In the context of this paper, a key role for boundary orga-
nisations is to build and apply WRMSs that are trusted by
stakeholders and to ensure that interests and individuals are
respected, valued and engaged in a legitimate process (Lemos
and Morehouse 2005). However, the process by which trust in
WRMs is gained among competing actors is poorly under-
stood beyond notions of stakeholder participation (Olsson
and Andersson 2007; Van den Belt 2004). This is particularly
relevant in federal river systems that are bound by a common
overarching government, but ownership and management of
water is maintained at subnational levels. As a result, local and
state governments must find ways to co-manage the shared
resource. In doing so, WRMSs become important ‘boundary
objects’ for organisations to develop and communicate collec-
tive knowledge through assimilation of information across
multiple sources, time scales, spatial domains and jurisdic-
tions (Liu et al. 2008).

Multi-level and polycentric governance structures (Ostrom
2010) have been shown to increase resilience to environmen-
tal shocks and system-wide changes through adaptation (Pahl-
Wostl 2009); however, coordination among multiple gover-
nance institutions is important to avoid fragmented decentral-
ization (Pahl-Wostl et al. 2012). The collective use of WRMs
provides a tangible form of coordination across multiple state
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actors or between states and an overarching federal or basin-
wide government. The application of WRMs for dispute res-
olution in a multi-jurisdictional river basins is well established
(Dinar et al. 2007), and many river basins rely on them for
effective management among competing interests. How
WRMs are developed, managed, shared and applied to build
consensus among competing actors has received limited atten-
tion and provides a point of departure for this research.

Research context and methods
Water resource model contexts
Colorado River Basin

The CRB drains portions of seven states before flowing across
the international border of Mexico and into the Gulf of
California. The river is managed and operated through a com-
plex assemblage of regulations, which are collectively referred
to as the Law of the River (MacDonnell et al. 1995) that
establishes the rules for sharing between states and nations.
Within the USA, the Bureau of Reclamation (USBR) is the
primary authority charged with the operation of the dams and
reservoirs and the management of water deliveries. Water-
sharing arrangements between the USA and Mexico are de-
fined in the 1944 Treaty and administered by the joint
International Boundary and Water Commission (IBWC).

In 2000, the USBR completed an environmental impact
statement (EIS) to develop guidelines for the allocation of
surplus water among the lower basin states (USBR 2000)
and, in doing so, ushered in a new era of collaborative
WRM use in the basin. Responding to a rapid decline in res-
ervoir storage, growing demands and climate change risks, a
Shortage Criteria EIS (USBR 2007) was produced soon there-
after to explore potential definitions and responses to shortage
conditions among the lower basin states and provide recom-
mendations to improve coordination of reservoirs. These stud-
ies led to the official Records of Decision (ROD) signed by
both the USBR and the Secretary of the Interior (DOI 2001;
DOI 2007), which became part of the Law of the River.

Central to each of these efforts was a WRM known as the
Colorado River Simulation System (CRSS) (Garrick et al.
2008; Jerla et al. 2011). Originally designed by the USBR as
a FORTRAN model (Cowan et al. 1981), the CRSS model
was transferred to the RiverWare platform in 1990s with an
objective of making the model more adaptable to changing
policies and accessible to a wider audience of stakeholders
(Zagona et al. 2001). With this development, expertise in the
CRSS model began to extend beyond the USBR. New users
included state governments, municipalities and water author-
ities (USBR 2012). Understanding the role of the CRSS in the
policy formulation process, non-governmental organisations

(NGOs) and certain Native American tribes, who hold sub-
stantial interests or water rights in the basin, also sought to
build their own expertise through collaboration with universi-
ties and externally hired consultants (Westfall and Bliesner
2006; Wheeler et al. 2007).

The USBR made the CRSS model freely available to a
Stakeholder Modelling Workgroup comprised of technical
representatives from the different organisations and held reg-
ular meetings with interested technical and non-technical
parties. This allowed the USBR to share outputs from the
model and receive well-informed suggestions for improve-
ments. These efforts were not only to promote understanding
of'the scenarios developed, but also to encourage stakeholders
to evaluate and propose management alternatives that could
meet their own objectives. As more stakeholders became fa-
miliar with the model, the tool evolved into a platform for
exploring, sharing and testing alternative ideas for river man-
agement. Technical experts could evaluate proposals present-
ed at a formal policy level and also communicate and scruti-
nize ideas informally across networks of modellers.

On an international level, the Mexican government
recognised the increasing need to engage over future river
management decisions and held a RiverWare training session
in April 2008 to increase their modelling capacity. Formal
bilateral negotiations began in 2011 that used the CRSS as
the central analytical platform and included participation of
federal and state governments, municipalities, NGOs and ag-
ricultural districts. Minute 319 to the 1944 Treaty was signed
in November 2012 that demonstrated a new level of multi-
level coordination (Buono and Eckstein 2014).

Murray-Darling Basin

The National Water Initiative is the blueprint for Australian
water policy and planning reform and its policy prescriptions
and objectives are widely accepted as salient and appropriate
for Australia (COAG 2004). Local, state and basin water plan-
ning institutions have agreed on a set of key elements within
their water planning frameworks such as stakeholder engage-
ment and applying a risk-based approach to water resource
management. Its implementation is the responsibility of state
jurisdictions or regional multi-state partnerships such as those
within the MDB.

WRMs such as IQQM (Simons et al. 1996), REALM
(Perera et al. 2005) and MSM-BIGMOD (Close et al. 2004)
have been used as decision support tools to understand, plan
and manage MDB water resources over the past four decades,
but principally developed at the individual sub-basin level and
managed by state agencies. Disparate characteristics, such as
temporal resolutions and alternative depictions of water rights
systems, exist between the various sub-basin models (MDBA
2012). In the throes of an exceptional decade-long drought,
the Australian government passed the 2007 Water Act, which
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directed the formation of the Murray-Darling Basin Authority
(MDBA) and its mandate to strategically plan and manage the
basin as a whole. From this greater centralized management
paradigm, the need to standardize and merge the existing
modelling frameworks emerged. There were significant chal-
lenges to link the individual historical models within an inte-
grated river system modelling framework (MDBA 2012).
With funding from the federal government, the new Source
modelling platform was developed by eWater Cooperative
Research Centre (CRC) partners that included the national
science organisation CSIRO. Source is now managed by
eWater LLC, with a goal to eventually replicate and replace
the individual sub-basin models and to provide a common
analytical framework (Dutta et al. 2013; Welsh et al. 2013).
While the existing models continued to be used during this
period of critical drought, the new platform was designed with
the intention that multiple state agencies would adopt it for
their future planning purposes. The process of adoption of this
common platform continues today.

The models strive to simulate the management of water
across four states according to parliamentary agreements.
Under these regulations, the downstream state of South
Australia receives a minimum annual entitlement flow and
the balance is shared according to requirements for salinity
mitigation, flood storage and environmental flows as well as
water user entitlements (Connell and Grafton 2011;
MacDonald and Young 2001; Walker et al. 2003).

The 2007 Water Act recognised the risk of environmental
degradation resulting from low flows caused by over-
abstraction coupled with the persistent drought. An ambitious
agenda of water policy reform is set to establish sustainable
diversion limits (SDL), resulting in more than 20% of previ-
ous extracted water use recovered for the basin’s freshwater
and estuarine ecosystems (Bark et al. 2014). This has required
the application of integrated water governance frameworks
that can be used to negotiate various uses to sustain multiple
values and encourage local community input and review of
management objectives and priorities (Robinson et al. 2015).
A challenge implicit in the resulting Basin Plan 2012 is estab-
lishing an approach that provides credible water resource-
sharing decisions between all water users, including the envi-
ronment, managing the basin as a single system while being
responsive to local values and priorities. In this research, we
contend that the process of model development, adaptation
and application to meet these multiple needs constitutes an
example of boundary work.

Methods

Information was collected through multiple routes including
reviews of government-produced reports and academic litera-
ture and from a semi-structured survey. A stratified sample
selection was followed augmented with snowballing. In the
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period January 2016 through February 2017, invitations were
sent to the national- and state-level WRM developers and
users, as well as individuals representing stakeholder interest
groups. The responses collectively represent a variety of back-
grounds, interests and perspectives from both sides of the
science-policy interface and multiple institutional positions
in each the basin. Many perspectives were sought; however,
inevitably, many could not be reached through this research.
Only those who know of models or their usage could be que-
ried, so this inevitably excludes many parties affected by their
outcomes. The semi-structured survey asked respondents
about their perspectives of WRM design and application.
Questions explored the use of models (science information)
in decision-making. Survey data was then analysed using the
Cash et al. (2003) framework that focuses on how to create
and use knowledge systems for sustainable development. In
this context, the focus was on the need for WRM information
to be credible (scientific adequacy), legitimate (its develop-
ment is respectful of divergent stakeholder beliefs and values,
fair and unbiased) and salient (information is available and
relevant for decision-making).

In total, 44 invitations were sent and 17 returned for a 39%
response rate. Ten completed questionnaires were returned
from the CRB including four from federal level governments
in the USA (USBR and IBWC-USA), two from federal-level
governments in Mexico (CONAGUA and IBWC-Mexico),
two from NGOs and two from state-level water authorities.
In the MDB, we received seven completed questionnaires
including three from federal level researchers (CSIRO), two
from the basin authority (MDBA), one from a state govern-
ment (South Australia) and one from a state-level irrigation
district.

We coded the questionnaire responses for themes (Bernard
and Ryan 2010) using a constructivist grounded theory ap-
proach that allowed strong themes to emerge (Glaser and
Strauss 1967). These responses were then triangulated with
the narratives provided in reports and other available litera-
ture, noting the authors’ role and nature of their perspectives.
As survey responses indicated that WRMs were acting as
boundary objects, we explored if and how respondents
discussed the primary functions of boundary organisations—
convening, translation, collaboration and mediation (Cash
et al. 2006). Throughout the results and subsequent discus-
sion, we provide respondent-approved quotes to illustrate
key findings.

Results

Survey results are organised by credibility, legitimacy and
saliency attributes of effective evidence-based decision-mak-
ing (Cash et al. 2003) with attention to both the physical
‘hardware’ (WRM infrastructure and resource commitments)
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and the institutional ‘software’ (governmental roles and
shared knowledge capacities within each basin) that acted to
enable or prevent the effective use of WRMs to guide water
resource management decisions.

Credibility The CRSS was widely considered scientifically
credible by all respondents across the CRB, but not without
critiques. Survey respondents noted the modelling software
platform, hydrologic data and methods used to evaluate un-
certainty are well supported by peer-reviewed literature, and
equations simulating water management are structured as hi-
erarchical rules that can be readily mapped onto the Law of the
River. Throughout the basin, water demands were provided by
the individual states based on population projections.
However, assumptions of exaggerated future demands from
the upper basin states to safeguard future allocations chal-
lenged the credibility of WRM projections. To manage this
critique, the USBR documented model assumptions thor-
oughly during the production of each EIS so that decisions
could be accountable to the collaborative decision-making
process. Maintaining a cooperative working environment with
the upper basin states required accepting these aspirational
demands.

In the MDB, the tools used to prepare the Basin Plan 2012
can be distinguished from the subsequent platform and model
developments. The historical sub-basin models—IQQM,
REALM and MSM-BIGMOD—were generally perceived to
be scientifically credible due to the regard held for the model
developers and the established institutional usage of these
models. The scientific credibility of the new Source software
and the models actively being developed in this framework
was supported by detailed documentation describing guide-
lines for model development (Black et al. 2014), quality con-
trol measures and procedures (MDBA 2012) and the scrutiny
during the development of its internal algorithms (Welsh and
Black 2010). The development of new models using this plat-
form has however attracted some criticism among various
non-federal stakeholders. One respondent stated they ‘have
often been frustrated by the lack of evidence to support the
modelling of the Murray-Darling Basin Authority’.
Perceptions of credibility were influenced by limited access
to the models, which are generally owned by individual states,
but the credibility of the scientific methods themselves were
not directly questioned by respondents.

Legitimacy According to respondents, the legitimacy of the
CRSS was largely attributed to the direct access to the model
given to stakeholders and the transparency that the platform
provides. The USBR-developed model is freely available to
participants through the Stakeholder Modelling Workgroup;
however, users must purchase a RiverWare software licence to
be able to modify the model or hire external consultants to do
so. Survey respondents commented that the ability for

stakeholders to analyse, operate, challenge and modify the
CRSS helped them gain a sense of ownership during the in-
terstate negotiations that resulted in the EISs and allowed them
to formulate new alternatives to be considered. Perceptions of
model legitimacy among various non-modelling stakeholders
such as some Native American tribes were not included in this
assessment. These groups often rely on the USBR to interpret
the information that the CRSS produces.

Within the MDB, the legitimacy of historical WRMs was
initially established through their relative simplicity at the time
of initial development, followed by the continuous use and
enhancement across state offices. As new models were devel-
oped using the Source platform, expert input and algorithms
from the legacy models have been incorporated; thus, the de-
velopers are hopeful their legitimacy would transfer as well.
While this is logical from an engineering perspective, cautions
to conform to a basin-wide norm could be seen. State govern-
ments are generally responsible for developing their own local
Source models while managing and stakeholder engagement
with respect to WRMs and their outputs. Although the move
to the new platform was generally seen as positive, some
state’s constituents expressed hesitations. One respondent not-
ed that their opportunity to provide feedback was limited to
the results of the models and not the models themselves.
Another respondent questioned the accessibility of the model
when claiming the ‘custom approach, along with limited doc-
umentation, makes use of the models other than (by) the
MDBA very difficult’. The prolonged adoption of the plat-
form and implementation of new models reflects a degree of
caution among the states or the constituents they represent.
Problems of institutional fragmentation and historical model
developments have challenged coordination and boundary
work efforts between government and civil society, among
state governments and between states and the MDBA.

The perception of legitimacy of the WRMs in both basins
is presumably affected by the degree of inclusion in the
modelling process. Sufficient knowledge of WRMs, the re-
moval of barriers which inhibit their usage, and a willingness
to share and learn from them are prerequisites to fully realize
and leverage their potential value.

Saliency In order to fulfil their respective mandates to manage
water resources sustainably into the future, the USBR and
MDBA are the primary drivers of new model development.
One challenge facing both basins was the evolution of water
management concerns that required the function and scope of
their WRM s to expand. In the case of the CRB, the saliency of
the CRSS model remained strong among federal and state
governments; however, NGOs found the narrowness of the
design to be a significant limitation when modelling environ-
mental objectives. As one respondent noted, ‘“The fact that
environmental flows are not assessed likely makes it easier
for water managers to make decisions, as you are less likely
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to be concerned if you aren’t getting information that says you
should be concerned’. This can raise significant information
equity issues. As one respondent observed, ‘Stakeholders
could be disadvantaged because the model is not geared/
suited towards their needs’. This suggests the need for active
management to avoid the inadequacy of models inadvertently
or intentionally foreclosing affected interests.

While inclusion or exclusion of particular aspects in a
WRM is subject to debate, respondents agreed that complex
management decisions are difficult if not impossible to make
without a basin-wide model. Concurrently, many respondents
recognised that models are generally not able to provide single
best solutions to resolve water management conflicts. This
‘necessary but insufficient’ role of WRMs was exemplified
during the negotiations to develop the EISs when solutions
proposed by one state or coalition would undergo a technical
review by other parties using the CRSS. These reviews would
occur alongside evaluations from legal and strategic policy-
oriented perspectives before acceptance or counterproposals
could be offered. This process would iterate until mutually
agreeable outcomes could be reached. Throughout the devel-
opment of Minute 319, similar iterations of proposed solutions
followed by legal, political and technical analyses occurred
between the two nations.

As the experience of WRM development and application in
the MDB highlights, issues such as severe drought can put
enormous pressure on models to deliver immediate results to
support the development of new water management guide-
lines. WRMs developed using historical conditions must be
adapted to reflect unforeseen extremes resulting from non-
stationarity (Milly et al. 2008). The need for integrated models
to provide highly relevant decision support for basin-wide
policies became increasingly clear. While many respondents
highlighted that model saliency became a focus in terms of
their capabilities, strengths and limitations, another respon-
dent astutely noted that ‘A lot of energy can be expended in
arguing about the model rather than what its saying’.

The responses also provided evidence that the WRMs were
performing the functions of boundary management: conven-
ing, translation, collaboration and mediation (Cash et al. 2006)
and therefore we organise other key insights by these
functions.

Convening

An important initial function of boundary work is convening
affected parties, but this task can face numerous logistical
challenges such as the availability of sufficient funding to
enable stakeholder input, or context-specific challenges such
as the selection of participants (Glicken 2000). This latter is
delicate as excluding certain participants can delegitimize any
boundary work before it begins, while including too many
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voices can render a discussion ineffective. Convening stake-
holders in a federal context poses unique challenges of repre-
sentation. The degree to which interests are adequately repre-
sented by subnational governments depends on the democrat-
ic nature and political focus of the government. As an exam-
ple, non-economic interests may not be on the agenda of gov-
ernments in certain regions, and the inclusion of NGOs may
be necessary to voice these concerns. Establishing clear ob-
jectives at the outset can assist with deciding the composition
ofa group (Liu et al. 2008), but can also prematurely influence
the outcome through inclusion or exclusion of interrelated
topics. This comparative analysis highlights that the capacity
of water management institutions to work with WRMs and for
stakeholders to engage in WRM information is key to the
function of convening.

Development of the CRSS for managing the CRB began in
1970s by the USBR and from 1973 to 1978, it was ‘given
serious scrutiny and many changes were made to solve some
of'the problems and strengthen some of areas of weakness that
had been detected’ (Cowan et al. 1981: p. 11). Participation
from the states likely began then, but one respondent to our
questionnaire surmised that the ‘entities least satisfied [today]
with Colorado River Management were not at the table: tribes,
conservation organizations, Mexico’. While the lack of inclu-
sion of these stakeholders certainly simplified its initial devel-
opment, agreements over future shared management would
eventually require integration of these affected parties into
the modelling process.

During the interstate negotiations leading to the develop-
ment of recent guidelines and agreements, the states increased
their in-house modelling capacity and began to operate the
CRSS independently of the USBR. Shortly thereafter, NGOs
also invested in their own modelling expertise, which allowed
greater access to, and understanding of, the alternatives under
consideration. Within the USA, the USBR facilitates a
Stakeholder Modelling Workgroup that includes any stake-
holder that ‘actively runs the model or uses its results’, which
continues to be a key forum to share model assumptions,
structure and outputs. Through this technical working group,
relationships that were developed throughout the negotiations
are maintained and continue to be a cornerstone of the accep-
tance of the CRSS. Upon commencement of the binational
negotiations that resulted in Minute 319, the USBR also
allowed the Mexican government to access the CRSS. This
allowed Mexico to ask informed questions regarding how the
USA administered their treaty allocation and better understand
management process of the Colorado River. Throughout the
binational negotiations, interstate and international commit-
tees of technical stakeholder representatives convened regu-
larly to explore mechanisms of cooperation.

In the MDB, the need to meet the obligations under the
Water Act 2007 and to determine the SDLs became a major
impetus to develop a nationally consistent approach to
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modelling for water management and planning. Significant
efforts were made to engage and inform stakeholders through-
out the development of the Basin Plan (MDBA 2009). State
water agencies provided the models used to develop the inte-
grated modelling framework and offered comments through-
out the process, but convening of technical individuals across
the states during the integrated WRM development and appli-
cation was less apparent than in the CRB (MDBA 2010a;
MDBA 2010b; MDBA 2012). Since the development of the
new Source modelling platform began, significant efforts have
been made to convene stakeholders. Early workshops were
held across the basin to elicit user requirements from eWater
CRC partners. A team of senior project staff travelled across
Australia to hold meetings with key management organisa-
tions in all states and territories with the aim of gaining their
engagement (Welsh and Black 2010). In addition, a technical
user group (TUG) was convened that included individuals
from the eWater CRC partner organisations that were actively
involved in software development.

Translation

The translation of information and knowledge across language
or cultural differences is a primary function of boundary or-
ganisations and can manifest with effective boundary objects
developed or applied by those institutions. This can be either
through translators, a common spoken language, or in the case
of certain endeavours, the nature of the boundary work itself
(Robinson et al. 2014). Models can be the medium for effec-
tive communication, even when language or other cultural
differences exist, but can also present a barrier to some stake-
holder’s understanding given uncertainty inherent in such de-
cision support tools (Weichselgartner and Kasperson 2010).

The benefits of developing strategies to facilitate structured
knowledge translation between multiple actors and water gov-
ernance organisations were highlighted as key ingredients to
the effective use of WRMSs. In the case of the CRB, one re-
spondent noted the importance of WRMs to not be a ‘black
box’ and many emphasised the advantages of its transparent
structure. The USBR believed that ‘transparency facilitated
stakeholders being on relatively equal ground, rather than
[certain parties] having an advantage’ and one non-
governmental stakeholder recognised that a model could cre-
ate ‘a common language’ to enable participants from different
levels of decision-making to engage in the complex task of
policy development. The IBWC emphasised the translational
function of the model by stating, ‘with the aid of the modelling
information, the stakeholders were able to visualize the effects
of drought and expected water allocations to users in both
countries’.

Translation across disciplines is an inherent challenge
when using expert systems like WRMs. Experience from both
basins demonstrate that participants must have sufficient

technical expertise to engage in a model-based dialogue.
This often requires substantial investments in time and re-
sources for capacity building, resulting in a ‘limited commu-
nity of skilled modellers’ according to one respondent.
Stakeholders unable to build or hire needed capacity can be
quickly disadvantaged due to a lack of understanding of the
logic and limitations of models, the rationale behind the as-
sumptions imbedded within them and the value they provide
to the decision-making process. The inability to communicate
these aspects can cause a general scepticism of models, exac-
erbated in the midst of a critical situation such as a severe
drought. Those with the required capacity perceived limita-
tions when ‘Resources were required to explain modelling
results to decision makers (and also explain what models
could and couldn’t do)’, particularly when complex results
are presented with jargon and statistics that users of the infor-
mation cannot relate to. Communicating hydrologic uncer-
tainty, particularly in face of unprecedented conditions, was
a critical factor in the MDB.

Collaboration

The process of building consensus towards a particular objec-
tive inherently requires collaboration (Margerum and
Robinson 2015).The development of a shared fact basis and
the co-production of knowledge to underpin water models
(Jasanoff 2004) or the process of overcoming adversity
(Susskind and Cruikshank 1987) are examples of powerful
forces that can bond parties together as boundary-spanning
exercise. Such actions require time and effort to achieve suc-
cess and can be difficult in water management contexts where
there are multiple decision-makers, users and values to con-
sider (Islam and Susskind 2012; Linnerooth-Bayer et al. 2001;
Robinson et al. 2014). The benefits of collaborative model
development for facilitating a broader understanding of
trade-offs among stakeholders has been emphasised (van de
Belt 2004); however, such collaboration can be hindered by
time pressure for an outcome, the specialization of knowledge
required, or fear of political debates subverting the process or
results (Gilfedder et al. 2016).

Collaborative decision-making within a federal river con-
text is the main justification for the formation of a river man-
agement organisation or interstate compacts. A common
WRM platform for analysis provides a medium for this col-
laboration. Agreements reached among individual states are
expected be accepted by the federal government, thus mini-
mizing federal interference or regulations being imposed. The
ability to reach such a consensus is facilitated by parties hav-
ing equal access to the analytical tools and decision-making
process and presumably some capacity to influence them. An
iterative exchange of possible solutions during negotiations is
accelerated considerably if each party has trust in a common
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tool to develop and analyse new ideas, thus avoiding the risk
of multiple models providing conflicting results.

In the case of the CRB, ‘official’ modelling is conducted by
the USBR, with regular input and review from the states and
other stakeholders in the Stakeholder Modelling Workgroup.
When the CRSS was transferred to the RiverWare software
platform, the goal was largely to encourage more collaborative
participation; however, most respondents indicated that it still
requires a high level of expertise to understand, operate and
modify. Many emphasised the need for a significant amount of
time to understand and become comfortable with the model.
One respondent stated, ‘Building trust in the model, model
framework and assumptions, takes much longer than the ac-
tual time to run the model and produce the results’. Given
Mexico’s initial inexperience with the CRSS during Minute
319 negotiations, one Mexican modeller identified a challenge
as the ‘Lack of available resources for problem solving [and]
model building and operation apart from model developer
[sic]’. This was reinforced by responses from the USA ac-
knowledging, ‘The U.S. agencies had greater knowledge than
their Mexican counterparts in terms of experience’, yet “The
U.S. worked with Mexico to insure adequate training and
knowledge transfer’. While respondents from both sides of
border expressed they ‘worked as a team’ with ‘subgroups
of modellers and decision makers [that] we always worked
together’, others believed that Mexico was reluctant to ‘buy
into CRSS analysis’.

The success of collaboration is not necessarily measured by
the outcome, but by the process itself. The development of the
surplus guidelines helped build interstate cooperation and
model acceptance that was leveraged for the subsequent and
more contentions shortage EIS. Similarly, the modelling work
during Minute 319 was perceived to form a basis for future
collaboration between the USA and Mexico. Process benefits
were also realized by the NGO’s ability demonstrate a rela-
tively minor impact on other basin users of water dedicated to
environmental objectives (Wheeler et al. 2007).

In the MDB, states contributed their individual sub-basin
models to form the integrated river system modelling frame-
work used to develop the Basin Plan 2012 (MDBA 2012).
The modelling itself was conducted by the MDBA and
CSIRO, and comments were provided by the states. Our sur-
vey replies and media reports (Kotsios 2017) indicated that
various stakeholders continue to hold a deep frustration over a
lack of access to the models. Whether development and appli-
cation of the MDB WRMs for the Basin Plan could have been
more transparent or inclusive is still a subject of debate and
speculation.

The technical challenges faced in assembling the disparate
models for development the Basin Plan have both demonstrat-
ed the need for a unified platform and encouraged members of
the eWater CRC to work cooperatively to produce the new
analytical tools. The new development of the Source
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modelling platform benefits from modern approaches to facil-
itate understanding and cooperation such as object-oriented
programming, graphical user interfaces, databases and
internet communication. Welsh and Black (2010) describe
extensive efforts to involve stakeholders during development
including solicitation of user requirements, incorporating
feedback, holding monthly project update meetings and
conducting regular planning meetings. To satisfy the needs
of all eWater CRC partners, frequent debates occurred on the
appropriate modelling approaches to incorporate. Managing
equity in stakeholder influence was often necessary, and when
conflicts could not be resolved, multiple methods were incor-
porated into the software, often prolonging its development.

Mediation

In the original framing of the concept of boundary work, the
function of mediation describes the process of reaching con-
sensus across multiple and often competing interests. In the
context of a transboundary river, we consider mediation be-
tween upstream and downstream jurisdictions, between na-
tional and subnational governments, and between govern-
ments and a potential plethora of water users. With a sound
design to incorporate and adapt to different types of knowl-
edge, interests and geographical domains, WRMSs can facili-
tate this effort as long as parties establish what knowledge the
tool can and cannot support or provide.

With the broad understanding that conflicts over water re-
sources are likely to intensify in both basins, increasing stake-
holder engagement in WRM design and application will be
useful for mediating those conflicts. One respondent in the
CRB noted WRMs provide value to negotiations by stating
‘Without models, there would be more speculation about fu-
ture conditions, and likely more conflict as modelling has
helped form the foundations of many important water man-
agement decisions’. An NGO stakeholder believed models
add value because ‘decisions are complex and intertwined
even at small scales and are difficult to evaluate in any other
way at large scales’. This statement supports a USBR belief
that, by including various stakeholders in the modelling pro-
cess, it would ‘improve capacity so as to improve understand-
ing regarding negotiations’. The process by which a model
becomes a trusted mediation tool relies on its acceptance by
conflicting parties. When describing lessons learned in the
negotiations, one respondent in the CRB stated “Agreeing to
use a particular model in a negotiation setting requires parties’
‘buy-in’ of the model”. and ‘Model competition and too many
models impedes investment in any one’. Even more funda-
mental was the belief that ‘sound technical data is the founda-
tion of effective/informed negotiation and decision making’
and a key component is to ‘remove ... obstacles by sharing
data and working off the same dataset’. This aligns with the
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notion that acceptance of a models requires the ability to ex-
plore and challenge them (Olsson and Andersson 2007).

In the MDB, this process continues, but even so, most
respondents recognised that model outputs are very influential
and heavily relied on to reach agreements. With respect to
their role as a mediation tool between states during the devel-
opment of the Basin Plan, one respondent stated that advan-
tages were held by ‘Upstream states ... because they own and
develop models of the tributaries” which they only share with
the MDBA not the other states. Issues regarding model own-
ership were also problematic between the states and the
MDBA since the MBDA was only allowed to use the state
models under restrictive licences. The assemblage of models
were linked together to form an integrated assessment tool that
was sufficient to develop the Basin Plan in response to the
immediate need; however, it was not distributed among stake-
holders and thus limited its ability to serve the function of a
common mediation tool. However, after initial proposals,
states provided comments and a number of model develop-
ments occurred to help refine the SDLs (MDBA 2012).

Discussion

Managers of rivers that flow across federal or international
borders are often required to reach agreements on how water
is allocated, invoking knowledge-action systems that also
cross political—as well as conceptual—boundaries to seek
consensus among stakeholders. WRMs are dynamic tools that
are used as platforms for making or justifying such decisions,
with vastly different institutional approaches and process de-
signs within a multi-actor environment. Although establishing
credibility, saliency and legitimacy may not be an explicit
objective during initial development, demonstrating these
characteristics becomes critical to explain and justify the in-
fluence they may have. Achieving and maintained these qual-
ities over time has led to their evolution. The application of
WRMs within the context of federal or international rivers
demonstrates a complex form of boundary work, often requir-
ing capacity building and iterative development to reach
agreements on the potential solutions they suggest (Sarkki
et al. 2015).

The CRSS model in the CRB has evolved over five de-
cades as the principal basin-wide planning tool and is gener-
ally considered the most salient model to simulate the com-
plex reservoir management decisions that take place at that
scale. Since the modernization of the CRSS into the
RiverWare modelling platform in 1993, the capability of the
software, the general acceptance of the knowledge incorporat-
ed into the model and the number of trained model users
around the basin have greatly expanded. This has had a pro-
found effect on the credibility and legitimacy of the model
among participating stakeholders. The future saliency of

CRSS is being tested as environmental flows are becoming
increasingly a focus of concern, yet the WRM is ostensibly a
reservoir operations and management model. Whether the
CRSS model can be adapted to adequately address concerns
that require analyses at finer spatial and temporal scales is an
issue that the USBR must continuously consider for the this
WRM to maintain its legitimacy with regard to these growing
concerns.

In contrast, the basin-wide modelling platform in the MDB
is earlier in its evolution and has adopted an arguably more
challenging task. Although various WRMs have been used
across the MDB for over four decades, the Water Act of
2007 and the subsequent CSIRO Sustainable Yields Project
(CSIRO 2008) provided the impetus to link the 24 local sub-
basin models into an integrated river system modelling frame-
work (MDBA 2012). The advanced state of these sub-basin
models and the need to maintain their functionality when rep-
licating them in the newly developed Source software has
presented a formidable challenge. The need to include aspects
such as various forms of rainfall-runoff modelling to consider
climate effects, the multiple accounting procedures used in
different states to simulate water trading and recently
established environmental criteria aims to establish the salien-
cy of the basin-wide model early in its development. The
complexity of this scope has challenged the model develop-
ment process, yet the MDBA seeks to broaden its user accep-
tance thus enhancing its future legitimacy.

When analysing the development and application of
WRMs within complex river basins with respect to boundary
work, it becomes clear that the classical definition of boundary
work on the science-policy interface must be expanded to be
applicable. Clark et al. (2016) provides a useful generalized
framework that classifies a matrix of one to many sources of
knowledge mapped onto the various uses of enlightenment,
decision-making and negotiation. Within this framework, both
the CRB and MDB are examples of political bargaining due
to the incorporation of knowledge from multiple experts and
the negotiation among multiple users of knowledge. For a tool
such as a model to be useful, it must not only be trusted by the
scientists that contribute data and design the algorithms, but
also by the policymakers that may use its outputs and ulti-
mately the stakeholders that must adhere to the decisions they
make from it. Stakeholders can help formulate the model as-
sumptions, but there must be a fundamental match between
model functionality and what the users can expect. Both case
studies described this critical point of managing expectations
and this constitutes a significant component of boundary
work.

In the case of a complex system such as a transboundary
river basin, the various sources of scientific knowledge and
decision-makers that require this knowledge are distributed
across political and social boundaries. As a result, boundaries
exist between the various sources of science, the governance
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Fig. 1 Shared water resource
models as a boundary objects
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structures involved and the stakeholders affected. Figure 1
presents a conceptual model of these three broad categories
of actors, across multiple political boundaries (states) within a
federal state, and WRM types. The role of boundary work
between each interface is shown with each group’s emphasis
of legitimacy, credibility and saliency (Cash et al. 2003).
Within this space, we can identify types of models used and
their particular emphases. For example, purely scientific fact-
finding models may focus on being a credible beacon of truth,
yet at the expense of transparency to stakeholders or utility to
policymakers. A decision support system may be constructed
to be policy-relevant, but lack scientific rigor or limit stake-
holder access and understanding. A model focused on stake-
holder learning might generate broad understanding of the
issues, but lack scientific rigor or the flexibility needed to
simulate complex laws, treaties or policies.

The evolution of WRMs emerged as a key theme in this
research and is depicted in Fig. 1. Models were initially de-
veloped in both basins, as well as many others in the world, as
largely scientific endeavours that sought to be useful decision-
making tools (1, 2), but largely inaccessible by others who
may wish to challenge their assumptions. As the value of
stakeholder participation and decentralized governance
emerged, the need for greater access to these influential tools
grew (3). The migration of the CRSS into the RiverWare soft-
ware starting in 1993 and the development of the Source in
2007 were both substantial efforts to increase stakeholder par-
ticipation and hence find the right balance between legitimacy,
credibility and saliency (towards 4). In the context of river
basin management, this has been termed a hydro-policy model
(Wheeler et al. 2016).
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For a model to serve as an effective boundary object be-
tween multiple stakeholders, policymakers and scientific
sources, the issue of access emerged as critical factor.
Limitations to model access can be a result of many reasons
that include, but are not limited to, proper training and under-
standing, financial resources to invest in the knowledge re-
quired to participate, institutional barriers such as intellectual
property rights, or concerns regarding the of loss of local con-
trol over resources. On one hand, a lack of willingness or
ability on the part of stakeholders to engage with a WRM
can limit their influence in a negotiation hence leading to
inequitable outcomes, while on the other hand, a process that
excludes willing and able participants delegitimizes a collec-
tive modelling effort. Furthermore, the use of competing or
inaccessible models can devolve a difference in perspective to
a battle of experts, which misses the opportunity to find col-
lective solutions. Each of these barriers have been, and must
be, addressed by developers, managers and users of WRMs if
they are to serve as effective boundary objects. In the MDB,
one respondent claimed, “The models are very complicated
and require an intimate knowledge of the model and the sys-
tem to be able to run and modify the model’. In the CRB,
NGOs hired external consultants to support their needs but
explained, “There’s usually more useful modelling that could
be done than we can afford’. In both basins, there is reluctance
by the developers to share models widely outside of technical
groups ‘either for security reasons or fear that others will not
have the relevant skills to run the model appropriately’.
Expanding research to include communities and landowners
affected by the outcomes of models but lack access to them for
various reasons is an important direction for future work.
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Although clearly not the arbitrators of truth, WRMs have a
significant influence over discourse of water management and
the misuse of models can complicate negotiations or compro-
mise their function as effective tools for mediation.
Developing effective protocols for access and peer review
can help to resolve these challenging issues.

Conclusions

Water resource models (WRMs) of federal and international
rivers have emerged as potent examples of boundary objects
serving the functions of boundary work to handle the complex-
ities of allocating natural resources in regions experiencing en-
vironmental changes. This becomes increasingly critical, as the
potential for future conflict exists at multiple levels and between
multiple users and uses. Both case studies illustrate how
drought and future drought risk initiated, and has sustained,
significant advancements of WRMs to manage boundary work.
WRMs are influential tools for supporting the decision-making
process and can provide insight into system-wide dynamics;
however, they are simplifications of reality, imperfect by nature,
and by understanding this, consideration of other sources of
knowledge is concurrently needed.

WRMs have evolved through the years to become more
scientifically accurate and accessible to a wider audience
through improved user interfaces; however, they are still
largely tools that require a significant amount of technical
expertise to wield. As with any influential tool—physical,
legal, etc.—inequities in power can emerge between parties
with differing institutional capacity or knowledge to use them
properly. If WRMs are to be used in a negotiation context,
recognising and managing this inequity through measures
such as capacity building and adequate representation is crit-
ical to achieve an equitable outcome.

While a process or tool developed in one river basin may
not be directly applicable to another basin without a thorough
understanding of similarities and differences among them,
many lessons drawn from this research are potentially trans-
ferable to other contested federal or transboundary contexts in
which WRMs are implemented such as the Nile River, the
Mekong River and the Tigris and Euphrates Rivers. Similar
to other knowledge information systems seeking to provide
viable and sustainable solutions, the challenges for WRMs of-
ten lies in the tensions between saliency, credibility and legiti-
macy. Therefore, we provide three key recommendations:

1. A well-structured modelling process should identify and
rationalize what aspects are included and excluded in the
framework, resulting in explicit knowledge gaps that
stakeholders could help to fill.

2. Stakeholder groups can potentially benefit significantly
from investing in their own technical capacity to

understand, review and use models collaboratively or in-
dependent of the model developers.

3. Model developers must allow WRMs to be available for
scrutiny by knowledgeable stakeholders to enhance model
acceptance and relevance and to potentially provide train-
ing opportunities that builds stakeholder capacity and in-
creases model credibility through active participation.
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