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Abstract: Many of humanity’s most pressing issues are socio-environmental, and as such, are ill-
structured, “wicked” problems. Wicked problems require a participatory process that includes 
researchers from different disciplines and key stakeholders to collaboratively identify science needs. A 
key challenge in working on these problems is that the problem scope is typically unbounded, the 
issues are complex and interwoven, and the modeling approach can be framed in a multitude of 
ways. Because each wicked problem is unique, there exists a plethora of examples of participatory 
processes used to gain traction on modeling such problems, along with an equally extensive list of 
tools and methods used. Unifying frameworks are needed to facilitate understanding of participatory 
approaches as a whole and to provide guidance for research design in participatory contexts. This 
article outlines an approach, EMBeRS (Employing Model-Based Reasoning in Socio-Environmental 
Synthesis), that facilitates collective learning during the early, formative phases of a project based on 
a synthesis of learning and social theories, including: 1) constructivism, 2) experiential learning, 3) 
model-based reasoning, 4) boundary objects, 5) epistemic objects, and 6) distributed cognitive 
systems. A series of EMBeRS-based activities can be purposefully linked to move a collaborative 
group from vague, ill-defined, heterogeneous understandings of the problem to a co-created, shared 
framing. Examples from working with stakeholders on water and agricultural systems are provided. 
 
Keywords: Collaborative learning; model-based reasoning; stakeholder engagement 
 
 
1 INTRODUCTION 

 
In 2015, the United Nations adopted an agenda comprised of seventeen Sustainable Development 
Goals (SDG) to be achieved globally by 2030, such as clean water and energy, life on land and below 
water, and climate action (United Nations, 2015). Many of the goals are tightly coupled and achievable 
only with unprecedented collaboration across diverse perspectives that cross disciplinary, professional, 
cultural and institutional boundaries (ICSU, 2015). The challenges of achieving this level of collaboration 
are vast and require more effective approaches to investigate complex problems in inter- and 
transdisciplinary teams and deliver research findings useful to decision makers (Hamilton et al., 2015; 
Laniak et al., 2013). Effective participatory work on such ill-defined, ‘wicked” problems is often 
accomplished in ad hoc ways, with lessons learned through experience shared as practices in the 
modeling literature (Argent et al., 2016). Although there has been progress in understanding the overall 
participatory modeling process (Belete et al., 2017; Hamilton et al., 2015; Jakeman et al., 2006; Voinov 
et al., 2016; Voinov and Bousquet, 2010), there is a lack of understanding about how to more effectively 
engage participants’ to better enable collective understanding of the problem (Laniak et al., 2013; 
Pennington, 2016, 2011a, 2011b, 2008; Pennington et al., 2016, 2013). Because wicked problems are 
unbounded and ill-structured, they must be framed and structured before they can be solved as part of 
the scoping, envisioning and goal setting processes (Voinov et al., 2016). The objective of collective 
problem framing is for participants to integrate their diverse perspectives in meaningful ways so that a 
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shared conceptualization of the problem is generated, based on the belief that this will result in a more 
comprehensive, synergistic outcome. To achieve this, the team must learn each other’s perspectives 
well enough to discover linkages among their perspectives and use those linkages to generate a new, 
synergistic view of the problem (Pennington, 2008). Most brainstorming-style activities (e.g. Voinov et 
al., 2016) were designed for situations where there are diverse, conflicting perspectives on the problem, 
but those perspectives are not particularly difficult to understand. The assumption is that if participants 
voice their perspectives, other participants will then be able to build on those perspectives. However, in 
complex socio-environmental research that intends to combine very different disciplinary perspectives 
(e.g. social, natural, and computational sciences at a minimum) participants do not hold background 
knowledge adequate for understanding each other’s perspectives, much less building on them. The 
challenge is to create participatory activities that add elements to the process which are intentionally 
designed to enable learning vocabulary, concepts and methods fundamental to: 1) understand each 
other, and 2) leverage new understanding to transform one’s own thinking. This form of learning is 
cognitively intense, yet cognitive struggle is the engine that drives highly creative thinking (Bransford, 
2006). Our question of interest is, “How can we facilitate interactions among participants in ways that 
enable creative, synergistic outcomes while maintaining cognitive struggle at manageable levels?”  
 
In this article, we address problem framing as a collective learning problem and present an approach 
for purposeful design of participatory activities. We describe the EMBeRS approach that is based on 
learning theory and it the culmination of a decade of research (Pennington, 2016, 2011a, 2011b, 2010, 
2008; Pennington et al., 2016, 2013). We present the process of testing the EMBeRS approach through 
workshops designed around water and agricultural research and then provide a set of examples where 
the approach is currently being applied to participatory research involving stakeholders. 
 
 
2 RELEVANT LEARNING THEORIES 
 
All learning requires cognitive change, but not all learning results in the synergistic, integrative outcomes 
sought in socio-environmental modeling research. Transformative learning theory (Meizirow, 2000) 
posits that major integrative revisioning of mental models is catalyzed by experiencing a “disorienting 
dilemma” that forces an individual to critically reflect on deeply ingrained knowledge and beliefs. While 
the theory was originally developed to explain the impact of life-altering events on worldview it becomes 
relevant in this context in that individuals involved in participatory modeling are exposed to a deluge of 
concepts, ideas, vocabulary, and ways of thinking that are foreign to them, creating a disorienting 
dilemma. They struggle to make sense of this information, and in the process, are forced to make 
significant revisions to their existing mental models. This transforms their way of thinking, and can 
enable generation of new, synergistic models of the problem (Pennington et al., 2013). 
 
Transformative learning is one form of constructivist learning theory. Constructivism holds that learning 
is an active process that occurs when learners interact with each other and with their environment. A 
key theory within constructivism is experiential learning. Kolb’s (1984) model of experiential learning 
subdivides learning into two phases: 1) grasping, comprised of observation and reflection processes, 
and 2) transforming, comprised of abstraction and experimentation processes. Grasping processes 
allow unfamiliar content to be acquired and connected to existing mental models, and transforming 
processes generate new, creative content from those connections. When unfamiliar content is difficult 
to grasp, visual and reflective methods can augment learning (Pennington, 2011b). Activities must 
dynamically afford the flow of information among participants and can be sequenced such that mental 
models become progressively more integrative among participants (Pennington, 2011a).  
 
A critical enabling component of these interactions is the dynamic production of external representations 
(Pennington, 2010), including diagrams, charts, concept maps, and any other physical object that is 
produced within the group, whether created individually or co-created. External representations 
facilitate cognitive offloading and allow individuals to manipulate more information. Theories from a 
variety of disciplinary perspectives have converged on the importance of external representations in 
enabling group interactions, including research in learning and cognitive sciences on model-based 
reasoning (Ifenthaler and Seel, 2013; Nersessian, 1999) and macrocognition (Fiore and Wiltshire, 
2016); in social sciences on boundary objects (Star and Griesemer, 1989); and in organizational 
sciences on epistemic objects (Ewenstein and Whyte, 2009). Observational studies suggest that people 
and their tools form distributed cognitive systems that can generate creative capabilities through 
changes in information representation, inaccessible to individuals alone (Hutchins, 1995). 
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3 SYNTHESIS OF THEORIES INTO THE EMBERS MODEL 
 
The above summaries of learning 
theories together with reported 
experiences in complex research 
teams have been synthesized to 
generate models of the research 
team as a distributed cognitive 
system (Pennington, 2016), within 
which model-based reasoning 
occurs (Pennington et al., 2016) 
and transformative, co-created 
research ideas can potentially 
emerge (Pennington, 2011b; 
Pennington et al., 2013). The 
EMBeRS approach views a 
participatory group as a human-
environment-technical system with 
emergent properties, including 
cognition-related properties: 
synergistic research ideas, shared 
mental models of the problem to be 
addressed, and a shared research vision (Figure 1; Pennington, 2016). A participatory research team 
cannot exhibit system properties until linkages have developed between participants. Participatory 
activities have some measure of efficacy for discovering and creating these linkages. This efficacy can 
be augmented by purposeful attention to enabling experiential learning through model-based reasoning, 
invoking transformative learning. If the efficacy of participatory activities is sufficient, integrated 
knowledge capital—knowledge that is linked across participants—will increase, and it is from this capital 
that system properties emerge. Hence, the efficacy with which activities are able to generate integrated 
knowledge capital is of critical importance. While learning is occurring, other important components are 
being changed as well, such as collaboration skills and social ties. Increases in knowledge capital, 
collaboration skills, and social ties all contribute to increased collaboration capital. As this increases the 
group improves the efficacy of their knowledge integration activities. This forms a reinforcing loop, 
whereby the group improves its ability to collaborate the longer it successfully collaborates, which has 
been observed in studies of research teams (Cummings and Kiesler, 2008). However, if knowledge 
integration activities are not successful at generating integrated knowledge capital, individuals will lose 
motivation and leave the collaboration.  
 
This leads to the question of how can activities be designed so that they are more effective at 
integrating knowledge? The EMBeRS approach is designed to: 1) enable experiential learning; 2) 
invoke model-based reasoning among team members; and 3) allow integrated knowledge capital to 
accumulate. It posits that purposeful design of activities that accomplish these three things more 
effectively lead to co-creative emergence (Pennington, 2011b). A given EMBeRS activity typically 
requires three hours to implement. This includes:  

• pre-activity instructions (10-20 minutes);  

• a divergent thinking activity where participants work individually organizing their own thinking, 
representing their mental models with some kind of physical externalization, and explaining their 
perspective to their team members using that externalization (1 hour); 

• a convergent thinking and synthesis activity where participants work together to identify linkages 
between their individual perspectives and to negotiate a shared problem model by co-creating a 
boundary negotiating object (1 hour);  

• an opportunity to share products across groups (30 minutes); and 

• a final question asking participants to reflect critically on the process and products (10-20 minutes). 
 
Activities can be sequenced so that each activity starts with the products from prior activities, and further 
narrows the problem space under consideration. One set of activities we have developed revolves 
around a case study of the Rio Grande watershed in southwestern U.S., designed for a multidisciplinary 
team of researchers to progressively frame an open ended, wicked problem as a more tractable, 

 
Figure 1.The EMBeRS model of knowledge integration, 

showing interactions among individual and group learning that 
occur during collaborative activities. This generates integrated 
knowledge capital that is the ultimate source of system-level 

emergence of synergistic research ideas. 
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integrated research project. This case study involves five sequenced activities over three days, each of 
which follows the three hour format described above: 

• Explore the Problem Space: Participants individually create a concept map about the case, then 
co-create a concept map drawing on and integrating their individual mental models. 

• Who are the Stakeholders?: Participants are assigned a stakeholder perspective. They read a set 
of articles about that stakeholder perspective then individually create and co-create activity 
diagrams that represent the objectives and constraints of each stakeholder. 

• Framing the Issues: Participants are given a set of six frameworks that have been used broadly 
in the literature to conceptualize socio-environmental systems. They choose one and individually 
create and co-create a conceptualization that represents the issues of most interest to the group. 

• Model the System: Participants individually then collectively identify the components and 
relationships that are most relevant to their framing, using MentalModeler (Gray et al., 2015). 

• Mock Solicitation: Participants generate a proposal in the form of a presentation that combines all 
of the above work into a statement of integrated research. 

 
The EMBeRS model is being tested in several contexts, one of which is an eight-day summer workshop 
for PhD students. The workshop has been held twice at the University of Texas in El Paso (UTEP), in 
2016 and 2017 and utilizes the Rio Grande case study to enable in depth investigation of how a team 
interacting through time uses EMBeRS methods. Students were recruited from large, U.S. National 
Science Foundation-funded research projects investigating various aspects of water resources. 
Students selected for the workshop came from different projects, institutions, and disciplinary 
perspectives, as well as mixed demographic characteristics. Eight selected students together with three 
UTEP students participated each summer for a total of twenty-six participants. The EMBeRS PhD 
workshops have evolved into a semester-long course at UTEP, now required for graduate students in 
our Environmental Science and Engineering programs. The summer PhD workshop will be continued 
for at least one more summer under a grant from the U.S. Department of Agriculture.  
 
Data from the workshops were collected by an external evaluator and a team of learning scientists, 
reported in detail elsewhere (Pennington and Vincent, 2018; Kate Thompson et al., 2017; K. Thompson 
et al., 2017; Wheeler et al., 2018). Briefly, surveys and interviews found that students believe the 
workshop provided them with skills and tools unattainable elsewhere, greatly improving their ability to 
contribute to interdisciplinary research projects. Pre- and post-workshop surveys show dramatic 
changes in their attitudes toward transdisciplinary research and their confidence in their abilities to 
engage in such research. Learning analytics suggests that EMBeRS activities contribute to students’ 
abilities to synthesize information across perspectives. As we monitor students over time they 
consistently remark that they are finding the workshop methods and tools gained extremely useful. 
 
We are now beginning to explore how these methods can be used in participatory research with 
stakeholders. This is significant because stakeholders involved in socio-scientific policy decisions  
express three concerns about their participation in research: 1) stakeholder participation is minimal, 
passive, or an afterthought (Simmons 2008; Gaventa 1980; Lacogano, Moore & Goltsman 1990; Katz 
& Miller 1996); 2) stakeholders do not have access to technical information to inform their decisions 
(Potts & Salvo 2017; Hart-Davidson 2001; Simmons 2008); and 3) different perspectives among 
stakeholders are lost in public participation processes because researchers dismiss differences among 
them (Ross 1996; Wills-Toker 2004; Young 1990; Flower 2002; Flower 2008; Higgins, Long & Flower 
2006; Simmons 2008). How, when, and on what terms stakeholders are included in research are 
important factors to consider (Voinov and Bousquet, 2010). We envision that the EMBeRS method 
might fruitfully address some of these well-known and costly problems by working with stakeholders to: 
1) elicit stakeholder concerns that inform emergent cognition-related properties; 2) engage stakeholders 
in considerations of power relations; 3) elicit stakeholders’ priorities in relation to nested individual, 
community, and institutional commitments; 4) conduct culturally attuned and technically accessible 
usability studies to inform simulation modeling; 5) consider how different adaptation strategies might 
affect their communities; and 5) design data-driven processes for reasoning about scientific models 
about possible scenarios, courses of action, constraints, and outcomes for those involved.  
 
 
4 APPLYING EMBERS IN WORKSHOPS WITH STAKEHOLDERS 
 
Several EMBeRS workshop participants work with stakeholders in their research, and have reused the 
EMBeRS approach. Aaron Shew and colleague Bradley Wilson are currently preparing for an invited 
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two-day May workshop for a non-profit organization in Swaziland to inspire collaboration among 
employees. The organization works on economic policy and sustainable development initiatives, 
spanning economics, political science, and public health with a goal of providing actionable public policy 
research to governments and stakeholders. The two-day workshop will introduce the EMBeRS 
approach, stakeholder analysis, and designing actionable research plans. Information on current 
projects will be provided in advance by the host organization to help design the workshop. Stakeholder 
analysis activities, for example, will be designed so participants think about 1) their own obligations and 
perspective as an employee, 2) the obligations of the organization, 3) stakeholders outside of their 
institution (i.e., governments, NGOs, etc.), and 4) the potential tradeoffs between and across the various 
stakeholders at each level. The workshop’s activities will encourage individuals to develop their own 
analysis and rank different aspects in terms of importance before synthesizing their own understanding 
within small groups. This reflective process will be discussed in detail as a large group, with particular 
emphasis placed on the critical role that importance rankings played in the synthesis process. 
 
Alex Killion is also using the EMBeRS approach to design a workshop as part of his dissertation 
research investigating the social processes of human-wildlife interactions to identify how ranchers in 
the American West make decisions when presented with risks posed by large carnivores. To categorize 
different types of decision making, he will present a variety of risk scenarios in a computer-based model 
landscape to stakeholders and record how they make decisions. The research relies on experts and 
diverse local stakeholders, including ranchers, biologists, wildlife managers, and policymakers, to 
develop a computer-based model and co-create large carnivore risk scenarios. In the EMBeRS-based 
workshop, to be implemented in 2018, stakeholders will iteratively map their conceptual model of the 
human-wildlife conflict, reflect on those created by the other stakeholders, and update their model until 
their conceptual distance is decreased and a shared model is agreed upon (Pennington et al., 2016). 
Risk scenarios will be identified using a similar process. Stakeholders in attendance are expected to 
gain integrated knowledge of the issue and have an increased likelihood for future collaborations. 
 
Emily Bondank successfully led a team of sustainability civil engineers in a workshop engaging water 
and power infrastructure managers and city planners. The workshop solicited feedback from 
stakeholders regarding researchers’ conceptual understanding of water and power systems and their 
interdependencies, shared with stakeholders the possibilities of cascading failure given 
interdependencies and extreme weather events, and identified best practices for mitigating and 
becoming more resilient to events that could cause service losses. Two external representations were 
used—1) a board game and 2) a simulation environment. The board game established an experiential 
and model-based representation of water and power distribution networks, a suite of possible 
management strategies, and the relative success of strategies under extreme events. Participants first 
role-played as infrastructure managers and took turns in rounds of managing their network of assets. 
Participants had to choose their investment strategy in the face of increasing probability of extreme 
events, which determined whether or not they were able to stay in business. Then, participants engaged 
in a simulation of the networks that incorporated greater detail in real-time response actions to mitigate 
the propagation of failure between infrastructure systems. Focusing the workshop around external 
representations created a shared experience that encouraged participants to share their thoughts and 
provided a common point for discussion. As a result, participants challenged the model explicitly, 
expanding the researchers’ view of all issues involved in decision-making. Their insights will now be 
used to reorganize the researchers’ mental models of the system to provide more realistic scenarios. 
 
Similar to Emily, EMBeRS thinking has influenced Kelley Sterle’s reflection on iterative engagements 
between local stakeholders and researchers in the highly regulated snow-fed Truckee-Carson River 
System located in the Sierra Nevada of western U.S. The collaborative modeling research design 
developed for this case study systematically and iteratively convened water managers and 
interdisciplinary researchers to 1) develop plausible climate scenarios; 2) review the results of 
hydrologic and operations model simulations under these climate scenarios; and 3) identify viable 
strategies to adapt (Singletary and Sterle, 2018, 2017). Key local water managers, identified and 
selected through a stakeholder analysis (Prell et al., 2009; Reed et al., 2009), represent diverse urban, 
agricultural, environmental and regulatory water use communities (Sterle and Singletary, 2017). 
Researchers also bring diverse perspectives on how to model the system, and what strategies are most 
viable to adapt to climate change. Conducted prior to the EMBeRS workshop, Kelley has observed that 
EMBeRS thinking helps explain how activities led to convergence of these perspectives and a shared 
understanding. Iterations have allowed time and space to form relationships and build trust, familiarize 
with hydrologic and operations modeling tools and capabilities, and revise research objectives 
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accordingly. Incorporating managers’ representation has advanced understanding of climate-induced 
water supply variability in the case study area, guiding researchers to refine model simulations to 
present results in which managers are most interested. Researchers and managers continue to 
prioritize simulations through iterative information exchange, assimilating a collective assessment of 
the most viable strategies and model simulations needed to support understanding. Kelley is striving to 
use this experience to develop a case study teaching tool for navigating adaptive water management 
strategies in snow-fed river systems. 
 
Kat Salas and Deana Pennington are currently designing another activity for the Rio Grande case study, 
involving hands-on work with a new watershed modeling interface developed for the region (Garnica 
Chavira et al., 2018). The interface enables easy execution of an economic and agricultural optimization 
model linked with a hydrologic model. The objective is to facilitate participatory development of future 
scenarios affecting water sustainability with stakeholders. This activity will first be tested within an 
ongoing graduate class that incorporates the activities from the workshop, then will be used with 
stakeholders in the Rio Grande region. In the class students are assigned to teams. For the stakeholder 
analysis activity, each team member is assigned a different stakeholder role. Students will with others 
assigned the same role to run simulations based on their assumptions about what scenarios their 
stakeholder might be most interested in, first as individuals then within their stakeholder group. They 
will co-create a set of scenarios they believe captures the key questions of interest to their stakeholder 
role. Then the students will return to their team and share these scenarios across stakeholder roles. 
They will revise their MentalModeler diagram from the previous activity to incorporate components and 
relationships relevant to different stakeholders. The initial stakeholder meeting will be designed to use 
student-generated scenarios and questions of interest as a starting point for guiding stakeholders 
through a set of activities that consider water sustainability from different stakeholder perspectives.  
 
 
6 CONCLUSIONS 
 
Integrating knowledge across researchers and stakeholders to generate a more comprehensive, 
synergistic understanding of the problem is often a goal of participatory modeling, but can be a 
complicated, difficult undertaking for many reasons. To be successful, participants must learn each 
other’s perspectives well enough to transform their own thinking about the issues. Application of a 
variety of learning theories, including experiential learning, model-based reasoning, and transformative 
learning show promise for guiding the design of activities that are better able to generate synergistic 
outcomes. The EMBeRS project has tested this approach in interdisciplinary training workshops for 
PhD students with excellent outcomes, including building their competencies for teaching these 
methods to their own research teams. We, along with the trained PhD students, are now beginning to 
formulate approaches for applying these methods in working with stakeholders. 
 
 
ACKNOWLEDGMENTS 
 
This material is based upon work supported by the National Science Foundation under Grant No. DGE-
1545404 for the EMBeRS project, HRD-1242122 for the Cyber-ShARE Center of Excellence, and by 
the National Institute of Food and Agriculture, U.S. Department of Agriculture, under award number 
2015-68007-23130. The authors gratefully acknowledge the contributions of Drs. Dave Gosselin, Kate 
Thompson, Shirley Vincent, Rod Parnell, and Antje Danielson to the success of the EMBeRS PhD 
Summer Workshops. 
 
 
REFERENCES 
 
Argent, R.M., Sojda, R.S., Guipponi, C., McIntosh, B., Voinov, A.A., Maier, H.R., 2016. Best practices 

for conceptual modelling in environmental planning and management. Environ. Model. Softw. 80, 
113–121. 

Belete, G.F., Voinov, A., Laniak, G.F., 2017. An overview of the model integration process: From pre-
integration assessment to testing. Environ. Model. Softw. 87, 49–63. 
https://doi.org/10.1016/j.envsoft.2016.10.013 

Cummings, J.N., Kiesler, S., 2008. Who collaborates successfully?: prior experience reduces 
collaboration barriers in distributed interdisciplinary research, in: Proceedings of the 2008 ACM 



F. Author et al. / The title of the paper 

Conference on Computer Supported Cooperative Work, CSCW ’08. ACM, San Diego, CA, USA, pp. 
437–446. https://doi.org/10.1145/1460563.1460633 

Ewenstein, B., Whyte, J., 2009. Knowledge practices in design: The role of visual representations as 
“epistemic objects.” Organ. Stud. 30, 7–30. 

Fiore, S.M., Wiltshire, T.J., 2016. Technology as Teammate: Examining the Role of External Cognition 
in Support of Team Cognitive Processes. Front. Psychol. 7. 
https://doi.org/10.3389/fpsyg.2016.01531 

Flower, L. (2002). Intercultural Knowledge Building: The Literate Action of a Community Think Tank. 
In , edited by C. Bazerman and D. Russell. Writing Selves and Society: Research from Activity 
Perspectives. Fort Collins, CO: WAC Clearinghouse.  

Flower, L. (2008). Community Literacy and the Rhetoric of Public Engagement. Urbana: Southern 
Illinois University Press.  

Garnica Chavira, L., Caballero, J., Villanueva Rosales, N., Pennington, D., 2018. Semi-structured 
knowledge models and web service driven integration for online execution, in: Arabi, M., David, O., 
Carlson, J., Ames, D.P. (Eds.), Proceedings of the 9th International Congress on Environmental 
Modelling and Software. Presented at the 9th International Congress on Environmental Modelling 
and Software, Fort Collins, Colorado, U.S. 

Gaventa, J. (1980). Power and Powerlessness: Quiescence and Rebellion in an Appalachian Valley. 
Urbana : University of Illinois Press,  

Gray, S.A., Gray, S., De Kok, J.L., Helfgott, A.E.R., O’Dwyer, B., Jordan, R., Nyaki, A., 2015. Using 
fuzzy cognitive mapping as a participatory approach to analyze change, preferred states, and 
perceived resilience of social-ecological systems. Ecol. Soc. 20. https://doi.org/10.5751/ES-07396-
200211 

Hamilton, S.H., ElSawah, S., Guillaume, J.H.A., Jakeman, A.J., Pierce, S.A., 2015. Integrated 
assessment and modelling: Overview and synthesis of salient dimensions. Environ. Model. Softw. 
64, 215–229. https://doi.org/10.1016/j.envsoft.2014.12.005 

Higgins, L., Long, E. Flower, L. (2006). Community Literacy: A Rhetorical Model for Personal and 
Public Inquiry. Community Literacy Journal 1 (1): 9– 42.  

Hutchins, E., 1995. Cognition in the Wild. MIT Press, Cambridge, MA. 
ICSU, I., 2015. Review of the sustainable development goals: The science perspective. Paris Int. 

Counc. Sci. ICSU. 
Iacofano, D., R. Moore, and S. Goltsman (1990). Public Involvement in Transit Planning: A Case 

Study Fo Pierce Transit, Tacoma, Washington, USA. In: edited by H. Sanoff, 196– 205. 
Participatory Design: Theory & Techniques. Henry Sanoff.   

Ifenthaler, D., Seel, N.M., 2013. Model-based reasoning. Comput. Educ. 64, 131–142. 
https://doi.org/10.1016/j.compedu.2012.11.014 

Jakeman, A.J., Letcher, R.A., Norton, J.P., 2006. Ten iterative steps in development and evaluation of 
environmental models. Environ. Model. Softw. 21, 602–614. 
https://doi.org/10.1016/j.envsoft.2006.01.004 

Katz, S., and C. Miller (1996). The Low-Level Radioactive Waste Siting Controversy in  
 North Carolina: Toward a Rhetorical Model of Risk Communication. In: edited by C. Herndl and S. 
Brown, 111–40. Green Culture: Environmental Rhetoric in Contemporary America. Madison: U of 
Wisconsin.  

Kolb, D.A., 1984. Experiential Learning: Experience as the Source of Learning and Development. 
Prentice-Hall, Englewood Cliffs, NJ. 

Laniak, G.F., Olchin, G., Goodall, J., Voinov, A., Hill, M., Glynn, P., Whelan, G., Geller, G., Quinn, N., 
Blind, M., Peckham, S., Reaney, S., Gaber, N., Kennedy, R., Hughes, A., 2013. Integrated 
environmental modeling: A vision and roadmap for the future. Environ. Model. Softw. 39, 3–23. 
https://doi.org/10.1016/j.envsoft.2012.09.006 

Meizirow, J., 2000. Learning as Transformation: Critical Perspectives on a Theory in Progress. Jossey-
Bass, San Francisco, CA. 

Nersessian, N.J., 1999. Model-Based Reasoning in Conceptual Change, in: Magnani, L., Nersessian, 
N.J., Thagard, P. (Eds.), Model-Based Reasoning in Scientific Discovery. Springer US, pp. 5–22. 

Pennington, D., 2016. A conceptual model for knowledge integration in interdisciplinary teams: 
orchestrating individual learning and group processes. J. Environ. Stud. Sci. 6, 300–312. 
https://doi.org/10.1007/s13412-015-0354-5 

Pennington, D., 2011a. Bridging the disciplinary divide: Co-creating research ideas in eScience teams. 
Comput. Support. Coop. Work Spec. Issue Embed. EResearch Appl. Proj. Manag. Usability 20, 
165–196. 



F. Author et al. / The title of the paper 

Pennington, D., 2011b. Collaborative, cross-disciplinary learning and co-emergent innovation in 
informatics teams. Int. J. Earth Syst. Inform. 4, 55–68. 

Pennington, D., 2010. The dynamics of material artifacts in collaborative research teams. Comput. 
Support. Coop. Work 19, 175–199. 

Pennington, D., Bammer, G., Danielson, A., Gosselin, D., Gouvea, J., Habron, G., Hawthorne, D., 
Parnell, R., Thompson, K., Vincent, S., Wei, C., 2016. The EMBeRS project: employing model-based 
reasoning in socio-environmental synthesis. J. Environ. Stud. Sci. 6, 278–286. 
https://doi.org/10.1007/s13412-015-0335-8 

Pennington, D., Simpson, G., McConnell, M., Fair, J., Baker, R., 2013. Transdisciplinary science, 
transformative learning, and transformative science. BioScience 63, 564–573. 

Pennington, D., Vincent, S., 2018. A new model for integrating knowledge across disciplines using 
model-based reasoning. Prep. 

Pennington, D.D., 2008. Cross-disciplinary collaboration and learning. Ecol. Soc. 13, 8. 
Potts, L., and M. Salvo, eds. (2017). Rhetoric and Experience Architecture. Anderson, SC: Parlor 

Press.  
Prell, C., Hubacek, K., Reed, M., 2009. Stakeholder Analysis and Social Network Analysis in Natural 

Resource Management. Soc. Nat. Resour. 22, 501–518. 
https://doi.org/10.1080/08941920802199202 

Reed, M.S., Graves, A., Dandy, N., Posthumus, H., Hubacek, K., Morris, J., Prell, C., Quinn, C.H., 
Stringer, L.C., 2009. Who’s in and why? A typology of stakeholder analysis methods for natural 
resource management. J. Environ. Manage. 90, 1933–1949. 
https://doi.org/10.1016/j.jenvman.2009.01.001 

Ross, S. M. (1996). Two Rivers, Two Vessels: Environmental Problem Solving in an Intercultural 
Context. In: edited by S. Muri and T. Veenendall, 171–90. Earthtalk. Westport, CT: Praeger Series 
in Political Communication.   

Simmons, W. M. (2007). Participation and Power : Civic Discourse in Environmental Policy Decisions. 
Albany: State University of New York Press,  

Singletary, L., Sterle, K., 2018. Collaborative modeling to assess and enhance the climate resiliency of 
snow-fed river dependent communities, in: Lachapelle, P.R., Albrecht, D. (Eds.), Addressing Climate 
Change at the Community Level in the United States (Forthcoming). Routledge, New York, NY. 

Singletary, L., Sterle, K., 2017. Collaborative Modeling to Assess Drought Resiliency of Snow-fed River 
Dependent Communities in the Western United States: A Case Study in the Truckee-Carson River 
System. Water 9, 1–19. https://doi.org/10.3390/w9020099 

Star, S., Griesemer, L., 1989. Institutional ecology, translations and boundary objects - amateurs and 
professionals in Berkeleys Museum of Vertebrate Zoology, 1907-39. Soc. Stud. Sci. 19, 387–420. 

Sterle, K., Singletary, L., 2017. Adapting to Variable Water Supply in the Truckee-Carson River System, 
Western USA. Water 9, 768. https://doi.org/10.3390/w9100768 

Thompson, Kate, Danielson, A., Gosselin, D., Knight, S., Martinez-Maldonado, R., Parnell, R., 
Pennington, D., 2017. Designing the EMBeRS Summer School: Connecting Stakeholders in 
Learning, Teaching and Research, in: Proceedings of the 25th International Conference on 
Computers in Education. Asia-Pacific Society for Computers in Education, New Zealand, p. 6. 

Thompson, K., Gosselin, D., Knight, S., Martinez-Maldonado, R., Parnell, R., Pennington, D., Svoboda-
Gouvea, J., Vincent, S., Wheeler, P., 2017. Identifying interdisciplinarity using multimodal data for 
learning. Presented at the International Conference on Computers in Education, Christchurch, New 
Zealand. 

United Nations, 2015. Transforming our world: The 2030 agenda for sustainable development. 
Voinov, A., Bousquet, F., 2010. Modelling with stakeholders. Environ. Model. Softw. 25, 1268–1281. 

https://doi.org/16/j.envsoft.2010.03.007 
Voinov, A., Kolagani, N., McCall, M.K., Glynn, P.D., Kragt, M.E., Ostermann, F.O., Pierce, S.A., Ramu, 

P., 2016. Modelling with stakeholders – Next generation. Environ. Model. Softw. 77, 196–220. 
https://doi.org/10.1016/j.envsoft.2015.11.016 

Wheeler, P., Thompson, K., Vasco, D., 2018. Identifying connectedness in individual and group 
artefacts during a graduate Summer School in interdisciplinary research. Presented at the 13th 
INternational Conference of the Learning Sciences (ICLS), London, United Kingdom. 

 Young, I. M.  (1990). Justice and the Politics of Difference. Princeton, N.J.: Princeton University 
Press.  


	EMBeRS: An Approach for Igniting Participatory Learning and Synthesis
	
	Presenter/Author Information

	tmp.1525105093.pdf.jUsd8

