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Abstract:

Effective management of environmental systems involves assessment of multiple (physical,
ecological, and socio-economic) issues, and often requires new research that spans multiple
disciplines. Such integrative research across knowledge domains faces numerous theoretical
and practical challenges. In this paper, we discuss how environmental modelling can overcome
many of these challenges, and how models can provide a framework for successful integrative
research. Integrative environmental modellers adopt various roles in integrative projects such
as: technical specialist, knowledge broker, and facilitator. A model can act as a shared project
goal, while the model development process provides a coordinated framework to integrate
multi-disciplinary inputs. Modellers often have a broad generalist understanding of
environmental systems. Their overarching perspective means that modellers are well-placed to
facilitate integrative research processes. We discuss the challenges of interdisciplinary
academic research, and provide a framework through which environmental modellers can play
a role in guiding more successful integrative research programmes. A key feature of this
approach is that environmental modellers are actively engaged in the research programme from
the beginning—modelling is not simply an exercise in drawing together existing disciplinary

knowledge, but acts as a guiding structure for new (cross-disciplinary) knowledge creation.

Keywords: Conceptual modelling; Integrated framework; Integrative studies;

Interdisciplinary research; Knowledge management; Transdisciplinarity
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MODELLERS’ ROLES IN STRUCTURING INTEGRATIVE RESEARCH
PROJECTS

1. Introduction

Integrated assessment (IA) of the complex questions associated with environmental problems
requires an interdisciplinary and participatory process of combining, interpreting, and
communicating knowledge from different sources (Rotmans and Van Asselt 1996). The
organisation, facilitation, communication, and technical development of integrated
methodologies pose significant challenges to IA projects. In the IA literature, modelling has
repeatedly been proposed as an approach to overcoming many of these challenges (Harris 2002;
Wainwright and Mulligan 2004). Environmental modelling can have multiple purposes
including: (a) education and exploration of systems; (b) operational forecasting; or (c) scenario
evaluation and decision support (Jakeman and Letcher 2003; Mclntosh et al. 2007). In this
paper, we focus specifically on modelling for (d) knowledge integration and (e) generation of
new knowledge in the context of interdisciplinary research. We discuss the role of the modeller

or modelling team in this process.

Various terms are used in the literature to define ‘knowledge integration’. Multidisciplinary
research is characterised by the application of several distinct discipline-based methodologies,
where disciplinary autonomy is retained rather than integrated (Wickson et al. 2006).
Interdisciplinarity is typically defined as a process that involves a range of academic disciplines
in a way that forces them to cross subject boundaries to create new knowledge and achieve a
common research goal (Tress et al. 2007). Transdisciplinarity combines interdisciplinarity with
a participatory approach, and involves both academic researchers and non-academic
stakeholders—such as policy makers or members of the general public (Tress et al. 2007). We
use the overarching term ‘integrative research’ to indicate research that bridges multiple
knowledge cultures, with the aim of creating new knowledge that cannot be assigned to a
particular discipline, but is a joint product of interdisciplinary and/or transdisciplinary efforts

(Tress et al. 2006; Winder 2003).

Much of the current research on environmental modelling as a tool to integrate knowledge,
focuses on the role of participatory modelling with community stakeholders to enhance 1A and
environmental management (e.g. Bousquet and Voinov 2010; de Kraker 2011). However,

research that spans a range of natural and social science domains is generally required to enable
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IA. Such research has as its goal not only integration of existing knowledge, but also generation
of new cross-disciplinary, knowledge. Integrative academic research faces additional
challenges (technical-, knowledge-, and team-based) that have not yet been sufficiently

addressed in the environmental modelling literature.

In this paper, we argue that environmental modellers (individuals or modelling teams) are well-
placed to assume a key role in integrative research. Our focus is on interdisciplinary research
and the integration challenges within academia. In particular, we describe the roles of modellers
in integrative research projects, and the ways in which model development can contribute to
breaking down the disciplinary silos that are often present when conducting integrative
research. Building on our experiences and drawing information from various subject areas, we
present a guiding framework that shows how the modelling process can formalise existing
knowledge and generate a shared conceptual understanding of a system. In addition, models
provide a concrete goal as an end-point for research and integration. A greater awareness of
the roles of models / modellers in different phases of an integrative project, will facilitate the

process of knowledge integration across diverse disciplines.

The challenges to integrative research and environmental modelling are briefly reviewed in the
next section. We summarise how different subject areas have approached integrative modelling
in Section 3, and provide a framework suggesting how modelling can contribute to better
knowledge integration in Section 4. Sections 5 and 6 provide some words of caution and

concluding thoughts for future research.

2. Challenges to integrative research and modelling of environmental systems

The term ‘model integration’ is widely used, but can cover different types of integration:
linking multiple computer models, assessing various issues across different scales, and/or
stakeholder participation in model development (Parker et al. 2002; Risbey et al. 1996). The
interconnectedness and variety of natural and socio-economic systems affected by
environmental management calls for interdisciplinary research that involves scientists from a
range of fields (Argent 2004). However, integration is not automatically achieved when two or
more academic disciplines are brought together in one project (Tress et al. 2006). Integrative
modellers must interact with a variety of data, knowledge bases, and epistemologies. Although

the focus of the present paper is on challenges to integrative research, we note that successful



O© 0 N O Ul

10
11
12

13
14
15
16
17
18
19

20

21

22
23
24
25
26
27
28

29
30
31

IA and management may be confronted with further barriers related to (for example) changing

stakeholder values or model users.

2.1 Technical issues: data and models

A common integrated modelling approach is to couple (existing) single-disciplinary models.
Here, integration is achieved by using output from one model as an input into other model
components (e.g. Bilaletdin et al. 2008). Such coupled models link knowledge from various
disciplines, but individual modules are usually not designed for integration purposes (Voinov
and Cerco 2010). Differences in data semantics can lead to problems at the integration stage.
Such differences may include varying definitions of variables; different time- and spatial scales
of application; different data types or level of aggregation; and software incompatibility (Harris

2002; Jakeman and Letcher 2003).

IA of environmental systems requires integration of issues across spatial and temporal scales
(Parker et al. 2002). However, different disciplines often study processes and structures at
different scales. For example, hydrological modellers may frame research questions about river
flow processes around a time-step measured in hours, ecologists may consider ecosystem
responses over a period of days or weeks, while socio-economic researchers may analyse
system changes over monthly or yearly time-periods. An integrative project needs to define

research questions in ways that can connect such disparate scales of analysis.

2.2 Knowledge issues: ontologies and epistemologies

Knowledge is organised and framed differently across academic disciplines. This can influence
the methods used; the type of data collected; and the weighting and valuation of different types
of knowledge and data by researchers. Next to specialist disciplinary knowledge, other forms
of knowledge (e.g. tacit, historical, and common) may be pertinent to improve [A. While other
types of knowledge are important, the focus of the current paper is on managing academic
experts’ knowledge, as a first step towards more integrated environmental assessment and

management.

Despite its importance, little attention has been paid to how different ontologies (definitions of
objects, classes, relationships and functions—Gruber 1993) and epistemologies (beliefs about

the nature of knowledge itself) influence knowledge integration in interdisciplinary research
4
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(Raymond et al. 2010).? Interdisciplinary integrative modelling needs to use processes that can
accommodate varying types of knowledge and manage the ways in which such knowledge is

categorised.

2.3 Team issues: values and language

Integrative research involves working as part of an interdisciplinary team, which poses
challenges of its own. Successful team-work requires the development of team norms and
values in addition to those of the individual researchers (Janssen and Goldsworthy 1996). Some
specific team-based challenges include (Naiman 1999; Tress et al. 2007; Wickson et al. 2006):
(1) Difficulties in communication because of the specialised language used by experts and/or
considerable time demands to develop a common terminology; (2) Diverging project objectives
and/or lack of clarity regarding the goals of the project—team members may recognise
integration as desirable without having a clear understanding of what such integration would
look like; (3) Variable levels of interest, engagement, or ability amongst team members to
participate in interdisciplinary research; (4) Lack of ownership and potential for disagreement
about ideas and data, particularly in the project’s integration phase—each participant may be
interested in cooperation, but see it as someone else’s job to coordinate the integration process
and make knowledge integration happen; (5) Long production times for publications involving
multiple authors due to different styles and views on what is important. Frequent
communication, and working towards a common goal can help to prevent internal group issues
(Kragt et al. 2011), and it is our experience that the development of an integrative modelling
tool can provide a framework for communication as well as a concrete common goal (Section

4).

3. Lessons from previous integrative modelling studies

Modelling across disciplinary boundaries can be found in the management, ecology,

geography, integrated assessment, and computing science literatures. In this section we

a [ronically, much previous work on modelling as an integrative tool may have been lost to a more general
modelling audience because of the specialised language used by experts. To avoid making that same
mistake here, the interested reader is directed to, for example, McIntosh et al. (2007) and Villa et al. (2009)
for more information on epistemology and ontologies in environmental modelling.

5
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summarise some of the lessons learned from previous integrative studies in those domains

(Table 1).

3.1 Technology integration

Our ability to carry out integrative modelling can be limited by variability in data and models
used by different disciplines (Goodchild et al. 1996). These issues have stimulated the
development of approaches that make greater use of object-orientated structures that allow
components to be developed independently (e.g. Guariso et al. 1996; Reed et al. 1999; Sydelko
et al. 1999). A key benefit of taking such a component-based approach is the ability to add or
remove components to suit different questions. The overall model’s continued existence is also
independent of the usefulness of individual components (such as a short-lived user interface in
the agricultural production systems simulator APSIM—Holzworth et al. 2010). In ‘tight’
coupled-component modelling, models are ported into a single modelling application. This has
advantages of providing control over process representation and data structures, and allows the
use of efficient numerical algorithms (Goodall et al. 2011). However, limitations of tightly-
coupled modelling strategies are that fixed semantics and data structures can limit integration

of new components (Holzworth et al. 2010).

In the computer sciences, one approach to overcoming technical model integration issues is the
development and deployment of distributed internet-based services (Rizzoli et al. 2001),
including the use of Markup languages (e.g. XML: Kokkonen et al. 2003). Foster (2005) used
the term “service-orientated science” to describe research that is made possible through
distributed networks of interoperating services. Service-orientated computing software is
comprised of loosely coupled independent services or components that are able to exchange
data over a computer network (Curbera et al. 2002). Component-based and service-orientated
modelling thus share many common aspects. A service-oriented computing paradigm has the
potential to enable construction of integrative modelling systems that allow interoperability
between existing and new models. Disadvantages of deploying a service-oriented approach
include: reduced performance that can be caused by large data transfers; reduced reliability due
to availability of remote servers; and security issues related to unauthorised use and overuse of

the services (Goodall et al. 2011).

Geographic information systems (GIS) and related spatial technologies have in many ways

helped integration across disciplines. For example, assessing human-environment interactions
6
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at a landscape scale typically requires processing of large amounts of spatial data. Such spatial
data can exist in many formats; from grid-cell based land use data to landscape based soil
typologies. A structured GIS database provides a formalised approach to store, combine,
manipulate and interrogate data to address complex spatial problems in a transparent way.
Spatial data infrastructures (SDIs) provide the frameworks of policies, institutional
arrangements, technologies, data, and people that make it possible to share and (re-)use
geographic information (Craglia et al. 2002). In an SDI, spatial data, including the metadata
describing the dataset, are stored; interoperability between data services is followed; and a
framework is established covering the copyright, organisational and financial issues (Nebert
2001). The growth in SDIs has been driven by the need to make using and querying data more
efficient. Experiences with GIS data and SDIs stress the value of providing clear and

transparent metadata about the dataset and models used.

Argent (2004) predicted that as technological integration issues are resolved through the use of
web-based techniques and compartment-based modelling that enable substitution, the focus
will turn to (more challenging) issues of enabling compatible modelling practices and
harmonising understanding within and across research disciplines. These issues will be
discussed in the next sections. However, there remain significant technical issues limiting

modelling for effective knowledge integration.

Table 1 Lessons from previous integrative studies

Challenge Example ways forward

Technical issues e Component-based models that can be extended or restricted to
relevant modules

e Service-orientated science using distributed networks

e Data infrastructures and clear metadata

Knowledge issues | e Use iterative, participatory approaches

e Set up institutional structures that enable collaboration

e Document creation of new, cross-disciplinary knowledge

Team issues e Use practical methods to articulate various belief systems

e C(Create environment of mutual trust and respect
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3.2 Knowledge integration

Knowledge is more than simply information inferred from data; knowledge is the ‘know-how’
to transform information into instructions (Rowley 2007). Integrating the breadth and depth of
knowledge spanned by multiple research disciplines is essential for effective integrative
research, but can be hampered by the different (disciplinary) theories of knowledge.
Differences in research methods, work styles, and epistemologies must be bridged in order to

achieve mutual understanding of a problem and to arrive at a common solution (Klein 2004).

The literature on modelling with community or policy stakeholders can provide lessons to
improve integration across disciplinary knowledge bases. In the SEAMLESS project, for
example, IA was seen as a cyclical and participatory process involving scientific, societal and
policy stakeholders (Ewert et al. 2009). The role of scientists was to set out the range of
possibilities based on state of art scientific knowledge. Scientists then worked with stakeholder
input on what was desirable from a societal perspective, resulting in a participatory approach
that fed into iterative problem definition processes. In addition to participation of societal and
policy stakeholder, its cyclical, iterative approach also contributes to better integrate

knowledge between academic stakeholders.

Another literature from which lessons can be drawn for integrated environmental research is
‘post-normal science’ (Funtowicz and Ravetz 1994; Ravetz 2006). Post-normal science
considers the diversity in epistemology between disciplines, and the institutional challenges
associated with cross-disciplinary research. Post-normal science has found that differences in
socio-institutional structures of academia can pose significant barriers to integrative research
planning. Indeed, experts who are “ensconced in their protective institution” (Ravetz 2006)
may be less able to appreciate the complexities associated with integrated assessment and
research. Institutional reform may be required to enable better knowledge exchange between

researchers (Frame and Brown 2008).

An important barrier to effective knowledge integration lies in the absence of a unifying
framework for integrative research (Rotmans and van Asselt 1996; Tress et al. 2007).
Researchers (be they engaged in IA, systems dynamics, SDIs, or other interdisciplinary
exercises) can become overly focused on technical information and scientific innovations,
which may lead them to ignore the creation of experiential knowledge that crosses subject
boundaries. It is important that integrative studies advance scientific technologies, but also
manage the process of knowledge integration across disciplinary domains (e.g. Villa et al

8
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2009). In Section 4, we argue that (environmental) modelling can address the issues set out
above, by providing a transparent approach to unify disciplinary languages and combine

different sources of knowledge and research methods.

3.3 Team integration

Integrative research involves bringing together a range of participants, to produce insights that
cannot be gained from a single disciplinary approach. Such research is necessarily a team
process, with all its associated challenges. Communication problems at the team level have
been found to pose major obstacles in many collaborative projects (Bruce et al. 2004). For
example, Moxey and White (1998) state that “entrenched academic territories, derived from
disciplinary and data differences, make managing an interdisciplinary team of researchers a
non-trivial task”. In a more recent integrated modelling example, Kragt et al. (2011)
encountered considerable challenges due to different terminology being used between natural

scientists and economist, and sometimes limited understanding of other disciplines.

Barriers to integrative research projects may arise when scientists are reluctant to engage with
colleagues in other domains. Scientists from differing background may prefer to operate within
their own specialised fields, where the same values and models of analysis are used (Lél¢ and
Norgaard 2005). It is important to find ways to overcome defensive routines of researchers
(Moxey and White 1998; Sterman 1994). Effective interdisciplinary integration therefore needs
to accommodate team-based activities that create an atmosphere of mutual trust and respect
(Tress et al 2007). In the next section, we explain how environmental modelling can become a

focus of team activity and how environmental modellers can facilitate this.

4. Modelling for effective knowledge integration

Despite widespread recognition of the need for integrative research, the development of
practical methods to integration has been limited (Tress et al. 2006, McIntosh et al. 2008).
Environmental modellers are well placed to participate in integrative research, as they are
experienced in trying to simplify complex, interrelated systems. Modellers are more than
software developers (Voinov and Cerco 2010): they often facilitate the integration process and

contribute to broader project design.
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In this section, we suggest how modelling with interdisciplinary teams can provide valuable
tools and processes to advance integrative research. Table 2 outlines a suggested approach to
integrative research, facilitated by the development of an integrated environmental model. In
this approach, the modeller (or modelling team) is actively engaged in the research programme,
and this role changes as the project evolves. The suggested approach may be best suited to a
medium-sized project, involving researchers from a few different fields. Large projects, and
particularly projects that are aimed at developing decision support tools, will often require more
complex organisation and involvement of specialist facilitators and communicators. But even
in large projects, modellers must play an active role to ensure that an integrated model is a

viable output and adequately captures the knowledge generated.

Table 2 Suggested steps in an integrative research project

Multiple roles of

Step
modellers
1. Identifying project objectives and defining research »
_ Facilitator
questions
2. Setting up enabling (institutional) procedures and structures
for collaborative work
3. Developing a preliminary conceptual model Lead
4. Identifying knowledge gaps Facilitator
5. Disciplinary studies, and studies at the interstices between
Knowledge broker

disciplines, to address specific knowledge gaps

6. Refining the conceptual model (iterative throughout the .
Lead, facilitator

project)
7. Quantification of system components Knowledge broker
8. Developing a (final) systems model Technical specialist
9. Application and interpretation of the model Technical specialist

10. Communication with academic and stakeholder audiences Facilitator

10
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4.1 Identifying project objectives and research questions

The planning period and the early phases of a project are crucial to the success or failure of
integrative research. Project participants need to gain a shared understanding of the problem
and the issues involved, in order to formulate the appropriate (scientific and policy) questions
that will be addressed. In competitively funded projects, this first stage enables development
of a (more detailed) project proposal, in which the intended integrative research scope is
defined. Of course, if the modelling activity is to develop a decision support tool, the
engagement of decision makers is crucial to clarify the relevant policy issues and decision

makers’ needs.

A challenge to developing integrative research programmes lies in the infinite complexity of
environmental issues. This can ‘trick’ project teams into considering too wide a range of system
components, leading to research outputs that are difficult to relate to an overall integrative
research question. If the team is able to agree on a common research question or objective at
the start of the project, they will be able to refer back to this objective to distinguish necessary

process studies from distractions.

Scientists, including modellers, work within their own specific framework of beliefs and
values, with potentially different understandings (perceptual models) of the system under
study, and of the questions that should be addressed. Superficial agreement about a common
research question (e.g. “How will climate change affect this system?”’) may hide disagreement
about what this question means. For example, a question about ‘climate change responses’
could be interpreted as referring to the effects of changes in any of a wide range of
meteorological, climatic, hydrological or socio-economic indicators; over short or long time-
scales; at various levels of detail (e.g. ranging from individual biochemical processes, through
effects on organisms, populations, and ecosystems, to social and economic systems).
Participants will need to discuss and agree on very precise research objectives and desired
outcomes of the project, such as the specific indicators that are to be monitored or predicted,

and the time-scales of interest.

The goal of developing a systems model can help to highlight differences in interpretation of
the questions being asked, and to clarify objectives. The model becomes a concrete, shared
team goal, and the modeller (who has primary responsibility for developing this model) can
use this shared goal as the focus for discussion. The modeller thus takes on the role of facilitator
as the question for discussion becomes: “what do we want to represent, and what do we need

11
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to know in order to achieve that goal?” Specific research questions arise in response to this
question, and potential research avenues that do not contribute to the modelling goal can be

identified.

It is important to keep the goals of the project in mind, and involve disciplinary experts based
on these goals rather than for the sake of interdisciplinarity (Tress et al. 2007). It is often the
case that not all of those involved in the initial discussion of the proposal need to be involved
in the final project. Clearly defined research questions and outcomes determine the scope of
the project in terms of the processes to be modelled and the data that needs to be collected to

analyse the problem (Liu et al. 2008).

4.2 Set up collaborative procedures and structures

Once the research scope has been determined, the project team should set up procedures and
work structures that facilitate collaboration. Examples of (institutional) constraints that may
limit collaboration include the internal distribution of project funds, physical distance between

participants, and differing requirements of collaborating organisations.

There are currently not many institutional arrangements that actively enable collaboration.
Integrative research projects will need to set-up new processes and structures that enable
participation of multiple disciplines. Work packages can be developed to address specific
interdisciplinary objectives. (Sub-)Project budgets and timelines should factor in time for
sharing of information and knowledge, as well as specify milestones to ensure that this
happens. Scientific leadership that creates an atmosphere of interdisciplinary cooperation,

based on the science required and the expectations of the team, is vital.

In addition to good project management, collaborative information systems such as wikis
(Kane and Fichman 2009) can facilitate ongoing communication. The communication system
chosen should be one that all participants are comfortable using, and some training may be

required to achieve this.

The role of the modeller in this step is similar to that of any other project participant. As
modellers will play a key role in integration, they will have a particularly strong investment in

ensuring that good communication strategies are adopted and used.

12
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4.3 Development of a preliminary conceptual model

When agreement about the key questions and model objectives is achieved, a conceptual model
is developed that captures the essential system variables, linkages and their dynamics (Galitz
2007; Liu et al. 2008). Developing a shared conceptual model is an effective way to reveal
differences in views or values between participants. Conceptual models provide a practical tool
to communicate a shared understanding of a system, and can help to visualise sub-domain
ontologies, align narratives across project participants, and identify gaps in knowledge.
Conceptual modelling is, in essence, the process of communicating and drawing together the
individual mental models of the system held by the participants, which will differ according to

their values, academic backgrounds, and knowledge systems (Haase 2011).

At this stage of the integrative modelling process, the appropriate spatial and temporal
resolutions of the model should also be specified (Jakeman et al. 2006), along with the
appropriate degree of model complexity. To achieve a sufficiently parsimonious model, team
members will have to be willing to balance breadth and depth of their individual, disciplinary
research components. Having to form a concise conceptual view of a process or system will
generate knowledge in its own right. Indeed, the understanding gained in this step is one of the

most important benefits of developing a model (Cross and Moscardini 1985).

In some disciplines, the system may be well understood on a conceptual level at the outset.
Disciplinary sub-projects then typically aim to quantify various system components of the
model. The conceptual model can then help team members see how their disciplinary sub-

projects will fit into the integrated whole.

In most environmental system studies, however, the initial conceptual model will be largely
tentative, both in terms of the disciplinary sub-components, and the relationships between
components. In such cases, the conceptual model will need to be revisited several times over
the course of the project as knowledge is developed. An iterative modelling process, in which
conceptual models are regularly redefined and progressively refined, ensures that new
understanding about the system is shared across disciplinary boundaries. It also clarifies what
has been learned since the initial conceptualisation of the system (which may otherwise not be

clear, as the initial state of ignorance is often forgotten).

The development of a conceptual model is typically led by modellers, who have experience in
this as the first step in much of their own work. Conceptual modelling may be conducted

through (for example) structured interviews, open discussions, and/or workshops during which
13
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stakeholders’ understandings of the system (i.e. the emerging conceptual models) are drawn
diagrammatically on a whiteboard, using ‘sticky notes’, or using more formal conceptual
mapping techniques. Authors from various disciplines have noted the value of Bayesian
Networks as a facilitating tool to visualise conceptual system models (e.g. Stewart-Koster et
al. 2010). Mental models may also provide a useful approach to synthesising knowledge across
disciplines (Jones et al. 2011). For example, Stone-Jovicich et al. (2011) explored how a formal
method for elicitation of mental models can be used to assess the degree of consensus (and

identify points of difference) in understanding a catchment system.

4.4  Identification of knowledge gaps

Significant disagreement or uncertainty about the form of the conceptual model, the
components that need to be included, or the relationships between components, could directly
indicate the presence of important knowledge gaps. If researchers agree over the broad
conceptual model (or a component of it), knowledge gaps can be identified by further detailing
components of the conceptual model. For example, it may be generally agreed that high
phosphorus loads combined with low flow rates can cause algal blooms in a particularly
estuary. Further inquiry of this model component may reveal that it is not yet clear how low
flow plays a role in this process (is it simply a matter of residence time, or does flow control

vertical mixing, light and water chemistry?)..

In a multidisciplinary integrative research project there is an opportunity to fill some
knowledge gaps directly, by designing targeted disciplinary studies (see the next two steps). In
the course of this third step, project participants may also discover knowledge gaps that exist
between, rather than within, disciplines. Such gaps need to be addressed through collaborative,

interdisciplinary research efforts.

The interdisciplinary interactions may even lead to discovery of critical new research questions
for specific disciplines. Revealing such new science questions during the model development
process can stimulate researchers’ interest, which may help to encourage contributions needed

from disciplinary researchers, and can thus strengthen participation in the integrative project.

14
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4.5 (Cross-)Disciplinary studies to address specific knowledge gaps

Disciplinary and cross-disciplinary studies that address the knowledge gaps identified in the
previous stage should be designed to provide information in a form that can be fed back into
the developing model. Although disciplinary experts may discover many interesting scientific
questions, for the purposes of integration it is important to focus research and data collection
efforts on filling the gaps that contribute to the shared modelling goal, and the objectives of the

project.

The role of the modeller at this step is to ensure that these shared objectives are understood and
remembered. The modeller (or modelling team) needs to have an idea of the model’s
anticipated input requirements, to ensure that the data generated by disciplinary experts is

compatible with the overarching goal.

Since integrative projects, by definition, try to integrate knowledge across disciplinary fields,
project teams are faced with significant epistemological challenges (Tress et al. 2000).
Modellers need to be aware that different disciplines perceive and understand the world in
different ways. Scientists typically use varying standards of evidence — such as field data vs.
lab experiments; or precise physical measurements vs. indirect ecological measurements vs.
fuzzy socio-economic measurements. An important role for the model developer(s) is to
combine such different approaches and act as knowledge broker(s) between the disciplines
involved. This requires modellers to have a basic understanding of the sub-disciplinary
knowledge cultures, ontologies (how is knowledge organised?), and terminologies (how do
sub-domains communicate their knowledge?). Developing a shared model can force
participants to agree on a common definition of the system components. Integrative modelling

can thus facilitate the development of an overarching epistemology.

4.6  Refinement of the conceptual model

Disciplinary research and the required data collection may take some time. During this time,
understanding about system components, and how they fit together, will evolve as new
knowledge is developed. Modellers will continue to revise and refine the conceptual model,
with the purpose of developing preliminary system models. It is important that participants are
involved in the iterative model refinement: to see what has changed (or has been confirmed) as

a consequence of the disciplinary studies conducted in stage 5, and what knowledge gaps
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remain (or what new gaps have been uncovered). This participation is important to capture new
system understanding and also to prevent team members from losing a sense of model
‘ownership’, which could result in project participants dropping out or proceeding with

research that may not fit the project’s overall objectives.

4.7 Quantifying system components

The results of disciplinary studies and prior knowledge can now be translated into the terms
required by the model. For example, if the integrative modelling framework is constructed as
a Bayesian belief network, output of single-disciplinary studies will need to be defined as
probabilities. For a fuzzy model, components may need to be categorised (e.g. “high”,
“medium”, “low”). For a process-based stocks and flows model, quantification of the system
will mean: a) defining initial conditions in terms of the intended modelling measurement units,

and b) defining process rates in units that are relevant to the model’s parameter values.

This step will require close cooperation between the modeller and disciplinary experts, who
may be better placed to explain what types of transformations are possible and theoretically
sound. The modeller’s role here is to act as an inquisitor and knowledge broker, with the aim
to translate findings into the intended modelling units. For example, phytoplankton
concentrations can be defined in terms of Chlorophyll-a concentrations, or as carbon stores.
The modeller will need to question what C:Chlorophyll-a ratio can be used (in a particular
study case) to convert measured chlorophyll a concentrations. It is clear that the modeller will

need a generalist system understanding in order to act as a knowledge broker in this stage.

Often, it will be useful to map the disciplinary research results against the element(s) of the
conceptual model. Such mapping will help clarify how the information from each research
component is being used in the model, and where knowledge gaps will be filled by other

methods (such as assumption, inverse modelling, or model calibration).

4.8  Developing the (final) system model

It is at this stage that modellers themselves take on the role of technical expert. The modeller’s
task is to amalgamate and integrate the information collected by project participants in a final
systems model. For best practise, development of models should follow the ten steps discussed

by Jakeman et al. (2006). The modeller will by now have a head-start on some of the
16
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recommended steps (defining the model purpose, specifying the scope and context, and
conceptualising the system), and will have already considered the selection of model features,
structure, and parameters as part of the integrative research process. The development of the
final model involves an iterative process of identifying model structure and parameter values;
verification and diagnostic testing; quantification of uncertainty; and model evaluation
(Jakeman et al. 2006). These steps must be conducted with no less rigour than would be

required for any single-discipline research component.

4.9  Application and interpretation of the model

The process does not end when the model has been verified, evaluated and judged acceptable.
Once satisfied that the model is performing well and is suited to the objectives of the study, it

can be used to interrogate the system.

The manners in which the model is applied and the results interpreted are of critical importance
to the overall success of the project. Development of scenarios to which the model will be
applied will usually require further cooperation between the modelling team, disciplinary
experts, but also other stakeholders (e.g. Kok and van Delden 2009). Mahmoud et al. (2009)
discuss the questions that need to be considered when constructing environmental management
scenarios. The authors provide a guiding framework to improve scenario development and

assessment.

The model results need to be interpreted in terms of their implications for the various systems
under review. This reiterates the importance that the output parameters are relevant and
understandable to the multiple disciplinary ontologies. In many cases, the integrative model is
an output in itself, as a tool to support research or decision making. The modeller will have a
technical expert role in developing (where appropriate) a user interface that allows end-users

to apply the model according to their needs.

4.10 Evaluation and communication

The final integrated product (consisting of the model, supporting research outputs from
disciplinary studies, scenario results and interpretation) will need to be evaluated in light of the
study’s objectives. The modelling outcomes should be discussed with the wide,

multidisciplinary, group of project participants. Such a ‘participatory’ approach to project
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evaluation can ensure whether the model is truly an output of an integrative research effort that

project participants can identify with.

Beyond application, the project team has a clear role to communicate the project findings with
reference to the original research problem. This requires an active understanding of the
capabilities of the model as well as considerable communication skills, which will be discussed

in the next Section.

Finally, the integrative knowledge development, and the team learning that has taken place
based on dialogues between the project participants is often an important outcome to be

communicated to academic audiences.

5 Discussion

In this paper, we argue that environmental modelling can contribute to better coordination and
integration of knowledge in integrative research. We describe the various roles and
contributions of modellers in helping to design research programmes and bridging gaps
between academic disciplines. The framework is most appropriate for mid-sized projects in
which specialist knowledge brokers, facilitators, project managers etc. may not be available.
While no one person can be an expert in all these professions, ‘integrative environmental
modellers’ are often in a suitably generalist position to take on many of these roles within the
specialised context of integrative research projects. A career path for specialist ‘integrative
modellers’—i.e. modellers who have the necessary facilitation and communication skills to
coordinate integrative research programmes—may offer an effective way to strengthen the
integrative research that is necessary to tackle complex environmental problems (also Bammer

2006).°

Environmental modellers are well placed to develop functional skills across a broad range of
areas. This will require modellers to gain training in the communication, leadership, project
management, elicitation and facilitation skills required to bring together academic colleagues
from various disciplines. Recognising the value of such skills, acquiring relevant training, and
gaining an understanding of multi-disciplinary knowledge bases are possibly the greatest

challenges for integrative modellers.

b We gratefully acknowledge two anonymous reviewers, who provided suggestions along these lines.
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5.1 Communication and trust

An integrative modelling research project brings together academics from different
backgrounds, such as natural sciences, economics, and social research. Each of the team
members may have different ways to express their knowledge (Section 2.2). The use of
different languages and methodologies across disciplines can frustrate knowledge integration.
Aligning the terminologies between all project participants requires continuing communication
and documentation during the model development process. Previous studies have used, for
example, controlled vocabularies and common ontologies to document and organise
participants’ disparate languages (Villa et al 2009). The process of agreeing on a model
structure and definition of components can actively support effective communication between

team members.

An interdisciplinary modelling project needs integrity, trust, and mutual respect between team
members to achieve successful integration and communication (Parker et al. 2002, McIntosh
et al. 2008). Project participants should recognise the importance of shared ownership and on-
going recognition of team achievements. Barreteau et al. (2010) highlight the importance of
transparency in building trust in the process and acceptance of the research outcomes. The
project leader (who may, or may not, be the model developer) needs to stimulate on-going
sharing of information in the team. Issues of data ownership could arise if disciplinary
specialists distrust the ways in which their knowledge and insights are used in the wider
integrative process. If the process is poorly handled, team members may feel that their work is
being appropriated unfairly. Clear documentation of data sources and the creation of metadata
files are valuable in this respect. An environment of trust and active sharing of integrative
achievements will build shared ownership of the process and outputs. This will help researchers
to see the benefits of the integrative project for their own work. The team will also need to
recognise the intellectual contribution of the modeller as a contributor and facilitator in the

integrative process.

5.2 Modelling for decision support

Thus far, we have addressed the challenges related to integrative research projects. Our
discussion shows how models, and the role of modelling teams, can provide practical tools to
overcome barriers to research integration across academic disciplines. However, integrated

assessment and modelling research typically addresses real world policy issues (e.g. natural
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resource management). It is important to emphasise that models that are meant to support
improved decision making should not be developed within the ‘ivory tower’ of academia.? Any
research project that aims to develop credible and useful decision support tools needs to
establish a sound democratic representation in participation with a wide range of stakeholders
(e.g. decision makers, community members, land managers). While we attributed development
and use of environmental models with a central role in the research process, the process will
be different when that research feeds directly into integrated assessment and decision-making.
Projects may then attribute a less central role to the model per se, and put larger emphasis on

communication and participation of end-users.

The issues discussed in this paper can help modellers to improve methodological learning about
knowledge integration within academic teams. Our paper provides guidelines to overcome
integrative modelling challenges within the academic context. Additional layers of complexity,
and further demands on integrative team efforts, will need to be overcome before integrative

models can grow to be meaningful decision support tools.

6. Conclusion

Integrative research can achieve a better understanding of the complex phenomena affected by
natural resource management. Models, and modellers, can facilitate integrative research
projects, through definition of a shared goal and concrete project outcomes. They can be useful
to visualise (uncertainty in) knowledge, concerns and values of multiple disciplines; provide a
scoping framework for project participants; can provide a common goal to focus research
efforts; facilitate knowledge brokering across domains and development of a common
epistemology; and bring together multiple scientific disciplines by communicating and aligning
terminologies across disciplines. Modelling thus provides a communicative tool and a valuable
methodology to merge the many structures and processes that are involved in interdisciplinary
research projects. Although a model can provide an effective, practical tool to frame and
articulate disciplinary knowledge into one framework, integrative modelling poses
considerable challenges to team members. Project participants should be aware of the larger
time commitments and flexibility required in integrative research. There is a need for
commitment from team members to share knowledge and to collaboratively develop the
integrated model. Furthermore, team members need to acknowledge that each discipline can
have its own set of tools, epistemological basis, methods, procedures, concepts and theories.
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Mutual respect and trust between disciplines are instrumental to the success of integrative
research projects. Particular challenges are placed on the model developer. In mid-sized
projects, there is a central role for the model developer(s) to act as knowledge brokers between
disciplinary approaches. This requires modellers to have a generalist understanding about the
processes and structures that are included in the model. We do not claim that environmental
modellers should be super-humans whose knowledge transcends a multitude of disciplines.
However, we argue that modellers are well placed to provide a facilitating bridge between
disciplinary knowledge domains®. There is a task, and indeed responsibility, for the modelling

community to bring together academic colleagues in integrative research teams.

Working across disciplines to create one integrative model involves the development of new
tools and processes that are worthy of academic merit and acknowledgement. We encourage
modellers to not only report the final projects, but describe the creation of new knowledge and
theory during the integrative modelling process. Communicating positive and negative
experiences with integrated model development to the wider scientific community will enable
others to learn from past experiences and avoid mistakes. Once the scientific community has
learned to better overcome barriers to integration within research projects, the modelling
process will be better equipped to handle integration challenges outside academia for

development of more effective decision support tools.¢
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