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Abstract

Using models to support water resource, or more generally, socio-natural management and policy formulation poses special challenges to the research community. Model-based ‘integrated’ support tools like decision-support systems (DSS) have been a subject of academic research for many years now but few are reported as having received practical application out-with the research projects responsible for generating them. This can be attributed to a number of factors including (i) a lack of clarity about the role of ‘policy-relevant’ science research; (ii) a lack of appreciation of the barriers to and opportunities for deploying support technology within decision-taking arenas, and; (iii) various modelling and software engineering difficulties in re-using and integrating existing formal scientific models in such tools. This paper explores these issues in the context of three now completed EC FP funded projects, EPPM, Modulus and Gouverne, all of which were concerned with using scientific knowledge to support socio-natural management and policy. The experience and results gained through participating in these projects illuminate a number of problems in science-policy interaction as well as serving to point towards certain elements of good and bad practice. 

Introduction

Formal mathematical and computable models are a well-established method of investigation in the natural sciences and in the social science of economics. As pieces of conceptual technology, tools for understanding, they provide a valuable means of knowing about the world and about theories of the world. Further, they are valuable sources of knowledge in their own right (Morrison & Morgan 1999).

The potential of model-based methods as a source of advice for tackling management problems is also well-established with the concept of the decision support system or DSS (Sage 1991). This potential has also been recognised within the environmental policy and management research communities (Engelen et al. 1997, van Daalen et al. 2002, Jakeman & Letcher 2003) As a result, and in the face of calls from researchers and funding bodies to better integrate human and environmental issues for policy use (Robinson 1991, Pickett et al. 1997, Tress et al. 2003), numerous ‘integrated’ models have been produced by the research community over the past decade with the aim of providing information support to environmental policy and management (Rizzoli & Young 1997). Indeed, whole conferences are now devoted to the topic e.g. the International Environmental Modelling and Software Society conference in 2002 was on the subject of ‘Integrated Assessment and Decision Support’ (IEMSS 2002). This move towards looking at humans -environment interactions can also be seen as part of a wider call to better integrate understanding of social, natural and socio-natural processes (Costanza 2003). 
Given the stated aims of recent European water-related legislation such as the Water Framework Directive (WFD) to integrate hydrological and quality aspects of river basin management with wider issues including land-use planning and regional socio-economics, there is an obvious need to effectively communicate and transfer knowledge both within different scientific disciplines in the research community and also, crucially, between the research and policy communities. Leaving the issue of inter-disciplinary communication within the research community aside (for it is beyond the scope of this paper), one means of achieving the transfer of scientific knowledge from the research to the policy community is through the provision of tools that provide information on policy issues and decisions. It is this direct provision of ‘support tools’, a more generic label for the class of information-providing software tools that includes DSS, that appears to have been selected by the freshwater research community and funding bodies as one of the key pathways for knowledge transfer from science to policy. Evidence for this can be found in the very existence of research initiatives like the current Harmoni cluster of EC FP5 projects and its associated concerted action, Harmoni-CA (Harmonised Modelling Tools for Integrated Basin Management). 
The concept of transferring knowledge through the provision of support tools is not new and research over the past decade or so has identified a number of problems and potential problems in the field of environmental policy with the idea. These problems relate to (1) the way in which policy-relevant socio-natural science is undertaken, and the most effective way in which to promote communication and knowledge transfer between science and policy; (2) the way in which support tools are designed for use in policy support, how these tools ‘fit’ (or fail to fit) the needs of current and emerging decision-taking arenas, and the impact of such tools on policy and decision-making, and; (3) the technical aspects of developing and implementing tools to ensure cost-effective re-use of existing knowledge. 
The aim of this paper is to examine each of these three sets of issues as informed in turn by some of the findings from three now finished EC funded projects, ‘Environmental Perception and Policy Making’ (EPPM) (Winder & van der Leeuw, 1998), ‘Guidelines for the organisation, use and validation of information systems for evaluating aquifer resources and needs’ (‘Gouverne’) (Guimãres Pereira et al. 2003), and ‘Modulus’ (Engelen et al. 2000, Oxley et al. 2002). We will then discuss the implications of this research for the use of model-based methods to support the management of socio-natural processes. 
Undertaking policy-relevant science

Exploiting knowledge

The traditional approach of the analyst and the related view of strategic decision-making have severe limitations when applied to decision issues that involve interactions between the social, technological and natural worlds. We believe that these limitations have significant implications for the way in which scientific knowledge should be used to support policy that we will outline here and discuss in a later section.

Policy relevant research should be based upon the view that the world about which decisions are formulated and acted upon is dynamic, complex, uncertain and messy.  It is convenient to use the conceptual devices offered by systems thinking to discuss these attributes.

Dynamic
Not only that there exist many interactions but that these are changing over time. 

Complex
While a component or sub-system affects another, it too is also affected by those it affects (feedback).

Uncertain
It is not possible to forecast future states because it is certain that unpredictable events will occur which will affect any assumed situation so radically that a further, unknowable vector will be followed

Messy
As Checkland (1981) asserts, there do not exist in reality any such thing as "systems" (although conceptualising certain aspects of the world as though they were systems is certainly useful), thus messy denotes conflicting goals, values, behaviour and irrationality (at least in terms of any particular epistemological position).

In such situations, which are the ones that policy and decision making inevitably address, no one method of enquiry can expose the knowledge needed.  On the other hand the knowledge required is considerable.  Clearly just making bigger and bigger "models" of more and more complexity is unhelpful as is more and more measurement without regard to the significance of that data to decision issues. Alternative approaches to policy support reflect the increasingly evident failure of any single epistemological position or intellectual discipline to provide both the diversity of knowledge and the integration needed to formally link research disciplines together and to extend this formal linkage to a policy and decision making setting.

We believe that existing intellectual resources can be exploited to explore decision issues without resorting to such devices as "meta-disciplines" or "meta-methods". The approach we advocate here is best seen as the application of a technological perspective to research knowledge in that it attempts to exploit knowledge generated from traditional disciplines and to show how such knowledge can be integrated in a way which makes it accessible to policy and decision making.  The distinction is, therefore between the development of methods for knowledge exploitation to support decision-making and the generation of new knowledge through theoretically based research. We believe that it is not necessary to intellectually ‘integrate’ disciplines within some form of encompassing epistemological framework to address the needs of policy concerned with the interaction of social and natural processes. 
Since such a decision relevant approach aims to exploit the knowledge in existing disciplines it must be judged, as with all methods, by the usefulness of its application in the context of policy formulation and strategic decision-making. The appropriate evaluation criterion is the extent to which the approach provides "additional" knowledge and information for decision-making that is not available through the pursuit of a single epistemological position, or from the ad-hoc application of a number of these positions to the same issue in an unconnected way.  
It is useful to consider the nature of the contribution that formal research disciplines can make.  Each discipline or system of thought that is relevant to a class of decision issues can be considered as being composed of internal debates and enquiries which facilitate the evolution of the discipline and which can provide knowledge about a certain class of phenomena and issues.  Thus each discipline and its sub-sets have their own internal dynamic, shared conceptual devices and agendas. 

However, embedded in the knowledge of each discipline are some components which may be useful in a policy context. The difficulty is that the relevant knowledge seldom directly addresses the policy issues from a decision making point of view. It is articulated in an intellectual attribute space appropriate to that discipline and not one that is relevant to policy formulation and decision making processes or to the recipients of those processes. The practical question arising out of this is how to arrange research circumstances so as to obtain "emergent" knowledge i.e. knowledge over and above that of a number of disciplines combined. Experience of multi-disciplinary research shows that the process often results in conflict (resulting from attempts to redefine the issue to one which is tractable within one discipline as opposed to another) and the generation of a number of fragmented and qualitatively different reports and insights. While it is apparent that no single one of them is sufficient what mechanisms can be developed to combine them in such a way that we end up with more than the sum of their particular data sets?

Multi-disciplinarity and inter-disciplinarity have become part of the language of environmental education, research and management. An increasing acceptance of the complex nature of environmental systems has accompanied a burgeoning of disciplines and skills under the environmental umbrella. This has drawn upon such diverse areas of expertise as environmental biology, waste biotechnology, geographic information systems, risk assessment and even ethics and aesthetics. While this is largely desirable two concerns must be expressed. Firstly, multi-disciplinarity can disappear into generality which constrains the development within single disciplines. Secondly, it is concerning that the introduction of more disciplines to the environmental melting pot is considered to be the best way to represent complex issues. This is a premature assumption if those issues are inadequately defined and the information requirements inappropriately specified. There is a danger that policy relevant research can become a catalogue of disciplines, information and techniques rather than a process towards the identification and structuring of issues or environmental problems (Lemon and Longhurst, 1996). It is this framework for structuring issues that should provide the basis for selecting the requisite contributions from different disciplines. Policy relevant method, albeit in its multi-disciplinary guise, must be informed about issues as they are locally defined. It should therefore be issue rather than science driven. 

Taking account of decision-making

In addition to the issues surrounding how best to co-ordinate and exploit the knowledge generated by the research of different disciplines, it is also necessary to appreciate the nature of decision-making. How decisions are made and responded to are fundamental to the targets of policy-relevant science – both policy makers and policy recipients.

In this context it is useful to consider decision-making as a complex issue which involves a number of attributes of the elements relevant to the actor(s) involved. Thus a decision takes place in an attribute space specific to the actor. Where there are very similar decision issues and very similar decision spaces then the relevant attributes of one actor and another in the same cultural context will be similar and the probabilities of individual outcomes can be usefully aggregated and evaluated a single mass ‘decision’. More commonly however, each actor will operate in a decision space that has some common attributes with some people or organisations, but contains others which differ. Under such circumstances there would appear to be little a priori justification for undertaking an aggregated evaluation of outcome of the decisions taken by all the actors. Here the aggregate outcome is not simply a matter of distributing correctly, but rather is more deeply related to the interactions between the decision-making processes of the actors involved, their decision spaces and their environments.
Further, what is considered a decision to an outsider may not be considered as a “decision event” by the actor(s) involved. Rather, the notion of “a decision” may itself be a scientific or cultural construct suitable for representing and understanding certain actions under certain conditions.  Similarly the decision space of a policy recipient may be very different to that of the policy which attempts to obtain change in the recipient’s behaviour.  

Decisions and their pertinent spaces are not just hierarchically juxtaposed but are also nested in the sense that on some occasions decisions by, say individuals, form the apex of a hierarchy while in other situations they are the object of decisions.  Decisions at any level interact not only with a given issue but with other issues at different levels of phenomena to form complex and unpredictable pathways of change.

We argue that policy-relevant method should be grounded in the identification of salient issues at the local level. This does not assume homogeneous responses, indeed it recognises that the complicated picture that may emerge is invariably the subject of political arbitration or prioritisation. Similarly the local need not represent only the smallest unit but the representative voice of stakeholders at their constituent levels i.e. the village council, the farmer, the agricultural co-operative. Representatives of these groups may have very different perspectives and some individuals are likely to operate in multiple capacities which on occasions appear contradictory.  By exploring these perspectives an improved, but often less clear, description can be obtained about how issues are defined and the processes that are seen to impact upon them and to be affected by them. These perceived 'pathways' of change do not necessarily coincide with the political or academic agendas relating to pre-defined issues and as such can provide useful insights into the unanticipated consequences of planned change. 

Individuals assimilate process in a more complicated manner than is often understood by focusing upon changes in attributes defined by technical agendas. It is of primary importance to establish whether those attributes and the issues to which they refer are of relevance to the stakeholders concerned - indeed as part of this process it may also be necessary to reappraise who those stakeholders are. At the heart of policy relevant method should be a set of procedures for establishing how change processes are perceived and how decisions might be influenced by that perception. It is this which provides the basis for local description (Murdoch, 1996) and which identifies attributes and relationships that may be overlooked by more structured 'participation' exercises or technocratic agendas. By pursuing this description it is apparent that multiple possibilities for intervention develop and that the scope for future uncertainty is accepted rather than obscured by the procedures of technical simplification.
Policy and support tools - a question of fit
Exploiting scientific knowledge for policy support is, at its roots, a fundamentally communicative and discursive activity requiring the structuring of knowledge from different disciplines in a manner appropriate to the (policy) issues of concern. An abstract ‘fit’ can be imagined between the decision spaces of the actors involved in formulating a policy, the process by which policy is formulated, and the content and format of scientific knowledge. Policy-relevant scientific knowledge must be structured to ‘fit’ the policy context and this is particularly true of knowledge presented in the form of support tools. ‘Ill-fitting’ knowledge will be of little use.
The expansion in opportunities for participation in governance and policy formulation (Kasemir et al. 2003) has generated new tools and opportunities to support both participation and Decision Support. These include frameworks for organising face-to-face dialogue and debate, consultation techniques based on interviews or questionnaires and, increasingly, the deployment of customised ICT platforms and Internet applications. The contemporary transition of Decision Support objectives towards more inclusive modes of participation has widespread implications for the design and deployment of appropriate tools to support the process. With the desired outcomes of participation now being stated in terms of dialogue, knowledge exchange, and social learning (Parson & Clark, 1995), we are confronted by a radical and challenging support tool design specification. Radical because it bears little resemblance to established DSS designs, and challenging because it requires us to consider issues of context, language, usability, and transparency. 

High stakes issues in policy such as response to climate change require extended decision making processes and it is almost unavoidable that the concepts of the information society and electronic governance together with the practical deployment of new Information and Communication Technologies (ICT) have become driving forces of these processes. The involvement of citizens in decision processes through ICT necessitates skilled design of interfaces which can connect issues with intended audiences, following closely the same principles that sustain new styles of governance: congruency, trust, resources and knowledge sharing.

Over recent years, the role of support tools – in which DSS are included – has been enhanced not only because of technological advances but also because of greater skill and openness in the actual use of such tools for consultation purposes. In a sense, this enhanced role has assisted a change of function for decision tools within environmental policy-making processes. Emerging, more accountable and inclusive governance styles reject the concept of a single, omnipotent decision maker and replace it with a deliberative process involving extended debate regarding specific policy issues. Moreover, there has also been a progressive recognition that it is not at the level of decision that appropriate consultation, dialogue and deliberation take place among those concerned with a certain issue. 
So how best to support policy-making at stages prior to specific decisions being taken, at points where the agenda, the decision space may still be influenced and the shape of policy be changed? This design question requires more than the fixed agenda formulation commonly found in traditional DSS, which are design to ‘solve’ relatively well-specified decision problems. Instead the requirement now is to structure and present relevant scientific knowledge in such a way that it can be accessed and used in participatory governance where the aim is more exploratory than solution oriented. If model-based or ICT support tools are to become an effective medium for structuring and communicating science, and also an effective means of promoting dialogue and debate, they must become ‘tools to think with’ rather than simply ‘tools to solve with’ - a significant design challenge.
New ICT has been used extensively in educational programmes but its use to enhance participatory processes has also recently been explored. For instance, De Marchi et al. (1998) and Guimarães Pereira et al. (2001) have deployed multi-media technology to introduce scientific issues to lay audiences. In these examples, ICT was used to make a bridge between remote issues such as climate change or envisioning futures for European cities, and more tangible aspects of everyday life in order to initiate debates about sustainability options with groups of citizens. In this work the very function of ICT platforms takes on a new mantle; information tools are no longer viewed as means to legitimate decisions – as was often the case with DSS – but rather to initiate and inform debates, dialogues or deliberations. There is therefore an opportunity to develop new tools as shared ground platforms based on different flows of knowledge and wisdom.

If participation is seen as essentially a process through which exchange of knowledge is produced, the common understanding of the actors’ multiple languages is essential to achieve effective dialogues and outcomes. Burgess et al. (2000) point out that the bringing together of different knowledge, experiences and actions into a management scheme depends on the abilities of the different actors to accommodate and make sense of each others’ worlds. More generally then support tools must be capable of assisting with is process of translation and not confounding it. Further, as Walsham (2001) points out, ICT tools containing explicit knowledge must also work to connect with the user’s tacit world in order for them to meet their objectives. 
Implementing tools to support policy

Redundancy in effort within the modelling research community has been recognised by both academics and funding bodies. If models, or parts of models (some form of elemental model component) could be implemented, stored in a virtual library and re-used as needed, it has been argued that effort currently deployed in (re-)implementing models of well-accepted processes could be better used to undertake genuinely novel work in theoretical or policy-relevant terms. Even if process models are still subject to argument and debate (i.e. not well-accepted), different versions could still be encoded in a standard format, stored virtually and used by different teams rather than have multiple teams (re-)implementing the same contentious process models. Such notions of re-use could have a significant influence on the exploitation of scientific knowledge in the form of support tools. The availability of models or parts of models could provide suitably designed and interfaced support tools with increased flexibility perhaps by allowing the user to select different models for different tasks, and in doing so perhaps also reduce development time.
The notion of re-using models or parts of models is established (Falkenhainer & Forbus 1991, Reynolds & Acock 1997) and various methods have been established to accomplish the task. However integrating knowledge from different disciplines in the form of models to develop support tools that address socio-natural processes is an ontologically and technically challenging task. Often the resulting support tools are some form of ‘integrated model’ composed of a number of smaller sub-models which may have been implemented from scratch or re-used (existing models ‘glued’ together in some way). There are many groups within the environmental research community concerned with either facilitating model-based scientific research or developing model-based support tools for policy. Many different techniques have been and continue to be used for development and implementation (Rizzoli & Young 1997) but, as Muetzelfeldt (2000) points out, there appears to be (1) poor levels of model and knowledge exchange and reuse between different (competing) research teams across the globe, and (2) little sign of convergence towards a single standard means of implementing, sharing and re-using models. Significant challenges face the research community to make models easier to implement; easier to re-use and to tailor to specific needs, and; easier to analyse and interpret. 
The Modulus project (Engelen et al. 2000, Oxley et al. 2002) was commissioned to help improve the relevance of EC FP research output by exploring the feasibility of directly integrating the results of various Framework funded research projects - EFEDA, ERMES, ModMED, ARCHAEOMEDES, EPPM, and MEDALUS. More specifically Modulus was designed to integrate the ‘research’ models developed in each of these projects in such a way as to  produce a tool to support ‘integrated environmental decision-making’ at a regional scale. In attempting to do so the project needed to figure out a way of both getting models to interact with each other in a manner consistent with existing knowledge about the substantive domains and over mutually suitable spatial and temporal scales. Further, the project also had to devise a software method for engineering the interactions. 

The ontological and modelling challenges facing the support tool development community can be partly attributed to the complex and only partially understood nature of socio-natural dynamics. There may be knowledge of separate processes but special problems occur when attempts are made to integrate understanding of different social and natural processes through linking previously unconnected (sub-) models into a bigger model. Unforeseen and possibly unforeseeable feedback effects may occur and dramatically change the behaviour of the original (sub-) models. 
When designing a model-based support tool the complexity of multiple spatial scales and different time-steps must be assessed on both a technical (how do you get the models to interact) and ontological (are the models interacting with each other in a way that makes sense with respect to what we know about the world) level. Two critical issues must be addressed here. The first relates to time-steps and the second relates to spatial self-organisation. Both issues bear on the dynamic sensitivities of the composite system. All of the component models in an integrated have definite time-steps that determine the simulated times at which system variables are updated. Aquifer levels, for example, are updated relatively infrequently though water enters the soil in definite precipitation events and may move through the soil very rapidly. Thus the surface hydrology ‘wants’ to give water to the aquifer on an hour-by-hour basis while the sub-surface aquifer can only accept it on a much longer time step. The effect of this is that water may appear to be delivered to the aquifer in enormous and unnatural torrents with potentially significant dynamic impacts. Water abstraction poses similar problems in that irrigation decisions are made on a much shorter time frame than aquifer level changes. Aquifers can therefore build up huge ‘irrigation debts’ which are paid off instantly at the beginning of a hydrological step.

Prigogine (1978) has shown that periodic disturbances of this sort can result in spontaneous self-organisation with the development of complex spatial patterns that could show up on model output distribution maps. His work was intended to explain how spontaneous self-organisation could occur in nature, but we are concerned that similar effects could be manifest merely as artefacts of model design. We suggest that under such circumstances it is difficult to know a priori how to separate computational artefacts and patterns that emerge as a spurious consequence of model integration from meaningful dynamics.  

Reducing time steps to bring every model into step with the others is not an option because the increased computational load would increase run-time to an unacceptable level. Increasing time steps is similarly unacceptable because fine time-scale phenomena like single storm events can have very significant effects. One response to such problems is to use interpolation and this provided a workable compromise in the Modulus project, at least in the hydrological domain. The members of Modulus developed a novel ‘bucket-tip’ technique such that timesteps responded dynamically to rainfall events (chapter 5 of Engelen et al. 2000). Importantly though, it did not appear that there existed any generic ‘off the shelf’ solution to problems of scale difference between models. Rather, the adaptations made to each model were primarily made in model and domain-specific ways.

Such domain specificity was essential to ensure that model integration made ontological sense and to minimise the chances of implementation artefacts in the finished model. However, in the long run, there is no real alternative to an intensive sensitivity analysis designed to evaluate the likely dynamic knock-on effects of time-step variability and to ensure that integrated model behaviour reflects substantive understanding rather than computational artefact. We suspect that, to do so might require such substantial investments of time that any saving made by connecting pre-existing models could be nullified.
The technical challenges to the support tool development community can also be partly attributed to the lack of a set of common methods, a standard, for representing knowledge in the form of a set of models, and for manipulating that knowledge formally to perform tasks like simulation. It has been argued that the current choice of object and component-based software technologies is in fact a significant barrier to making models and model-based support tools more accessible and modular in a cost-effective way (Muetzelfeldt 2000, 2002).
Current integrated model and support tool development work tends to use some form of object-oriented, perhaps component-based software engineering technique, where models are represented and manipulated as individual software objects or components as part of a procedural program. Such a choice of technique poses problems when trying to integrate existing models, of which there are many. 
The project concluded there are three  levels at  which  existing  models  can  be  integrated  within  a  support tool  for  policy application, given the choice of an object-oriented or component-based approach to implementation. First, the models can simply be integrated as code or executables in close to their original form, providing that the interactions with other models are clearly specified.  In this case, unless the models were specifically built for policy application or cover only small parts of the modelled system, it is likely that many of the end-user requirements on speed and responsiveness will not be fully met.  Secondly, models can be kept in their original form but the code adapted in minor ways to meet the end-user requirements more successfully.  The kinds of adaptations carried out may include changes to the spatial resoluion, scale or timesteps of the model or simplification of key process equations. 

The third level at which models can be integrated within a support tool is through a complete rebuild of the model for incorporation.  This has a number of significant advantages over the other methods.    In  particular  it  allows  the  model  to  be  specifically  designed  to  meet  the  user requirements.  Realistically, for many research models, rebuild is the only way in which the very extensive end-user requirements for policy support can be fully met.  At the same time, the key innovations and most significant processes and lessons from the original model can be transferred to the rebuild.  In this way the research model can be rationalised, simplified, modified to the correct scale and rebuilt according to the new objective.
The three-way strategy of re-use, adapt and rebuild may only be required if procedural implementation methods are selected. The third option of rebuild was found to be the most applicable in the Modulus project because of the difficulty in breaking open procedurally coded models. It was difficult to only re-use parts of each model or to re-use them in the manner demanded by the support tool being developed.

The alternative, argued for by Muetzelfeldt (1989, 2000, 2002), is that formal models should be treated and specified declaratively as a design, rather than as a piece of procedural code. In doing so a clear separation between the representation of a model (structure, equations / rules etc.) and the methods used to interpret and manipulate the specification to perform tasks like simulation or logic-checking etc. may be achieved. Such a separation is analogous to the separation between the specification of a webpage (an HTML file) and the webpage itself (the HTML file interpreted by a web browser) and brings with it a number of possible benefits to the development and use of support tools composed of multiple interacting sub-models, including:
· The representation of models could be done free from concerns about how they will run.
· Similarly, work on developing model manipulation (e.g. simulation) programs can be undertaken free from concerns about how models are represented and specified.
· Different programs could be developed to do different tasks (simulation, amodel comparison, model integration based upon structural and scale specification, automatic model documentation generation etc.) so the same model specifications can then be put to a greater variety of tasks. This may provide a key cost-effective means of re-using scientific knowledge for different purposes (i.e. no need to re-implement models in different ways, simply re-interpret a specification).

· Sub-models conforming to the standard representation could be exchanged between groups.
· Libraries of sub-models could be built up and (re-)used. 

· Model interpretation programs could either be shared or kept in-house, without affecting the ability of other groups to develop and use their own tools.

Although we have not followed this technological option in Modulus or other previous projects (it requires the development of a standard representation language and set of tools – neither of which have been done yet), we believe this route may offer good prospects for improving model compatibility and re-use. Certainly the approach is technically possible as demonstrated by modelling environments like Simile (Simulistics 2003), which specify models declaratively and interpret the specification to accomplish tasks like simulation. However the ontological issues raised above, particularly the model and domain specific changes required for confident integration, still present challenges to generic model re-use.
Conclusions – model-based methods in socio-natural science
From the results of the research reported a number of points relevant to the design, use and implementation of model-based tools:

1. Policy-relevant science must be issue driven rather than science driven. Tools must be designed to address the issues of relevance rather than the agendas of the research community. In this context, models may be best designed to represent only policy and decision relevant processes at policy and decision relevant spatial and temporal scales (Oxley et al. 2002).
2. Integrating the insights and knowledge from multiple disciplines to inform policy requires careful issue-focussed consideration and management. Experience in multi-disciplinary policy-relevant research has shown that structuring multi-disciplinary knowledge using formal modelling methods can present significant barriers to communication (Winder & van der Leeuw 1998). Not all disciplines view models as equally useful or valid epistemological devices so care must be taken when formalising or useful disciplinary knowledge may either become lost in the process of translating knowledge from discipline to model and vice-versa.
3. Understanding the decision spaces of the actors concerned is crucial. Supporting policy requires that tools are designed with an understanding of the decision options open either to tool users or to the users of output from tools. Tools and output may simply be irrelevant if care is not taken to ‘fit’ tool with policy process. Further, when using and interpreting the output of tools it is essential to possess an understanding of policy recipients’ decision-spaces and potential responses to policy decisions – pathways of change may not be as expected.
4. The relation between tool design, cognitive impact on user and policy process matters. Changing forms of governance and the fundamentally messy nature of socio-natural policy formulation mean that opportunities for support tool use are appearing at the agenda-setting stage, not the problem solving stage. It is not yet clear what effect the use of tools to explore decision options has on the decision space of the users in such exploratory settings – do they constrain users to thinking within the confines of the model representation or does the interaction between user and model cause a change in conception? Are there particularly useful for tool (interface) designs for particular policy formulation processes? 
5. The task of generically solving the problem of model integration and re-use is non-trivial, and may not be possible at all. There are a number of software engineering difficulties to overcome in integrating models but more seriously there are also a number of ontological difficulties. What generic mechanisms can be imagined to automatically integrate models with different spatial and temporal resolutions? Can this be done without recourse to exhaustive sensitivity analysis? Is it responsible to provide such a mechanism for doing what could be argued is more properly the job of individual disciplines and domain scientists?
In conclusion then, models are attractive pieces of conceptual technology with a proven track record in benefiting natural science but we must not assume they will automatically prove as beneficial in supporting policy directly, in the form of support tools. Assessment of policy actor agendas and constraints, and a more systemic understanding of how support tool functionality and interface design relate to and impact different types of policy activity are required. Further, there are barriers that need to be overcome with respect to the software technology and methods used to implement support tools that must be resolved before modular, re-usable model-based software can become widely available for either research or policy use. As a final thought, we must not forget our primary objective, to improve environmental policy and management, and must ensure our tools facilitate these processes.
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