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Abstract 20 
The need to train sustainability scientists and engineers to address the complex problems of our 21 
world has never been more apparent. We organized an interdisciplinary team of instructors from 22 
universities in the states of Maine, New Hampshire, and Rhode Island who designed, taught, and 23 
assessed a multi-university course to develop the core competencies necessary for advancing 24 
sustainability solutions.  Lessons from the course translate across sustainability contexts, but our 25 
specific focus was on the issues and trade-offs associated with dams. Dams provide numerous 26 
water, energy, and cultural services to society while exacting an ecological toll that disrupts the 27 
flow of water, fish, and sediment in rivers. Like many natural resource management challenges, 28 
effective dam decisions require collaboration among diverse stakeholders and disciplines. We 29 
linked key sustainability principles and practices related to interdisciplinarity, stakeholder 30 
engagement, and problem-solving to student learning outcomes that are generalizable beyond our 31 
dam-specific context. Students and instructors co-created class activities to build capacity for 32 
interdisciplinary collaboration and encourage student leadership and creativity. Assessment 33 
results show that students responded positively to activities related to stakeholder engagement 34 
and interdisciplinary collaboration, particularly when practicing nested discussion and 35 
intrapersonal reflection. These activities helped broaden students’ perspectives on sustainability 36 
problems and built greater capacity for constructive communication and student leadership.  37 
 38 
Introduction 39 

Society faces many pressing sustainability problems, each characterized by its own 40 
social-ecological context. Developing viable solutions relies on the abilities of diverse 41 
researchers, stakeholders, and policymakers across multiple institutions to craft usable 42 
knowledge together (Whitmer et al. 2010; Clark et al. 2016). Developing training pedagogies 43 
linked to sustainability problems themselves—and the people involved in them—is one clear 44 
way to facilitate these collaborations (Wiek et al. 2011; Yarime et al. 2012; Hart et al. 2016). As 45 
a source of diverse knowledge and technical capacity, academic institutions are well-suited to 46 



2 

train students to craft usable knowledge through interdisciplinary collaborations, build 47 
partnerships with stakeholders, and shape their research efforts for solutions. This focus on 48 
solutions, interdisciplinary approaches, and stakeholder engagement (SIS) are critical for 49 
converting knowledge into actions that can enhance the well-being of nature and society (Clark 50 
et al. 2016). Such problems engage researchers to study problems by emphasizing solutions, and 51 
doing this requires substantial stakeholder and cross-discipline expertise (Lang et al. 2012; Wiek 52 
et al. 2012; Hart et al. 2016). Significant progress has been made in identifying the need for 53 
introducing SIS principles of sustainability science into the academic realm (Sprain and Timpson 54 
2012; Tamura and Uegaki 2012; van der Leeuw et al. 2012), with a particular focus on empirical 55 
pedagogical approaches that emphasize competence development (Wiek et al. 2011), knowledge 56 
application (Barth and Michelsen 2013), mindfulness (Wamsler et al. 2018), interdisciplinary 57 
communication among academics and stakeholders (Woods 2007), useful case studies 58 
(Stauffacher et al. 2006), and collaboration-building across multiple organizations (Tamura et al. 59 
2018; Trott et al. 2018).  60 

Though sustainability science training models have grown since the landmark paper by 61 
Kates et al. (2001), there is still much to learn about the benefits of using sustainability problems 62 
as a focal point for student training. Training in sustainability science remains difficult to fit into 63 
many discipline-based academic structures that prioritize deepening expertise without also 64 
integrating multiple forms of knowledge and engaging with stakeholders to work toward real 65 
solutions (Brewer 1999; Cash et al. 2003; Zarin et al. 2003; Whitmer et al. 2010; Yarime et al. 66 
2012). These academic structures do not account for the significant additional challenges and 67 
rewards encountered in SIS research (Clark et al. 2016). Academic institutions can accelerate 68 
this change by creating incentives that emphasize progress towards solutions and training the 69 
next generation of  researchers and practitioners (Hart et al. 2016). This solutions-emphasis 70 
prepares students to mobilize the capacity of diverse teams through new pedagogical models 71 
emphasizing SIS capacities (Jasanoff 2004; Meyer et al. 2016). Engagement with diverse 72 
stakeholders helps students recognize unique social-ecological contexts and perceptions of both 73 
problems and solutions (Cash et al. 2003; Stauffacher et al. 2006; Clark et al. 2016). Effective 74 
stakeholder collaborations can also foster long-term partnerships critical for progress towards 75 
solutions, demonstrate the responsiveness of academic institutions to societal concerns, and 76 
develop broader community support for higher education practices (Lang et al. 2012; Clark et al. 77 
2016).  78 

To address the need for training models that can be adapted to diverse sustainability 79 
problems, we explore a multi-institution, interdisciplinary curriculum co-developed and taught 80 
by instructors from universities in Maine, New Hampshire, and Rhode Island. The goals of this 81 
collaborative effort were to strengthen core SIS competencies in students, prepare them for 82 
advancing solutions to real-world sustainability problems, and begin constructing a general 83 
training model based on SIS practices. Here we describe learning themes related to  84 
strengthening core competencies, tailored activities, and robust assessment techniques used to 85 
design and implement the course (Wiggins and McTighe 2005; Barth et al. 2007). Our course 86 
design was inspired by concepts from interdisciplinary and sustainability science pedagogy 87 
literature (Cash et al. 2003; Stauffacher et al. 2006; Woods 2007; Dewulf et al. 2007; Morse et 88 
al. 2007; Thompson 2009; Westberg et al. 2010; Winowiecki et al. 2011; Daniels and Walker 89 
2012; Clark et al. 2016; McGreavy et al. 2016). We then detail the experiences of students and 90 
instructors based on course surveys, focusing on the challenges and outcomes of a co-created 91 
educational process for sustainability. Our assessments focus on improving our understanding of 92 
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students’ core competencies, confidence with class topics, and the relative effectiveness of 93 
activities. Drawing from existing literature and the results of our original research, we provide a 94 
generalized training model for undergraduate and graduate students in sustainability science that 95 
could be applied in related science, engineering, and communication courses. We emphasize an 96 
iterative, co-creation training model in which instructors and students collaborate to connect 97 
learning outcomes, competencies, and class activities (Figure 1). 98 
 99 
Course synopsis 100 

Five instructors led the cross-campus, shared course “Learning from dams: Theory and 101 
practice of sustainability science.” Instructors received valuable guidance regarding the design of 102 
the course from other faculty with expertise in sustainability science pedagogy. Faculty first 103 
convened in fall 2016 to design the basic class framework. Twenty-four students, including eight 104 
undergraduate, seven Master’s, and nine doctoral students were enrolled in the course across four 105 
universities in three New England states (seven from University of Rhode Island, seven from 106 
University of Maine, nine from University of New Hampshire, one from University of Southern 107 
Maine). Cross-university recruitment was necessary to expand the academic diversity of students 108 
and to encourage greater interdisciplinarity. No single university had sufficient breadth of 109 
expertise to tackle sustainability problems alone. Class consisted of a three-hour session every 110 
week during the 2017 fourteen-week spring semester, with students and faculty meeting at each 111 
institution and then connecting to other universities via videoconference. These sessions 112 
consisted of multiple combined activities and student-instructor co-creation meetings used to 113 
adapt the course syllabus to the needs and interests of students.  114 

Dams were the central focus for the course, as we were collaborating across universities 115 
on a four-year National Science Foundation EPSCoR-funded research project “The Future of 116 
Dams” (https://www.newenglandsustainabilityconsortium.org/dams), composed of more than 117 
forty researchers whose skills and expertise spanned over twenty disciplines. One goal of the 118 
project was to equip students with team-building and engagement competencies to contribute to 119 
solutions development. As a result, our student cohort was highly interdisciplinary and reflected 120 
the multiple forms of knowledge necessary to understand dam and related natural resource 121 
management controversies. At the start of the course, students indicated academic backgrounds 122 
in wildlife ecology, communication, social sciences, environmental science, civil and 123 
environmental engineering, Earth and climate sciences, biology, watershed management, natural 124 
resource economics, hydrology, fisheries science, and systems dynamics. Dams are a useful 125 
model system because they require interdisciplinary approaches to understand a range of 126 
considerations and decision impacts on freshwater ecosystems, societal connections to rivers and 127 
lakes, and the economics of fisheries and power/water utilities (e.g. Roy et al. 2018). While there 128 
is a growing number of local and global dam decision case studies highlighting their impact on 129 
the food-energy-water nexus within different contexts (World Commission on Dams 2000; 130 
Scodanibbio and Mañez 2005; Opperman et al. 2011), we intentionally developed a generalized 131 
training model that can be modified for other sustainability science and natural resource topics 132 
beyond dams. This reflects our intention to create a course that taught sustainability science 133 
concepts, but used a specific case study to develop critical core competencies in the discipline.  134 

Drawing from an extensive literature review, we designed the syllabus to provide 135 
students with clear learning outcomes for sustainability science theory and practice. Course 136 
learning outcomes, core competencies, and activities were framed around the challenges and 137 
benefits of SIS principles. We focus on three general learning themes for SIS training (Figure 1) 138 

https://www.newenglandsustainabilityconsortium.org/dams
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that include solutions, interdisciplinarity, and stakeholders. For the solutions learning theme, 139 
students were provided opportunities to explore how there is rarely one perfect solution to 140 
sustainability problems, but by working together they better understood problem contexts and 141 
how to contribute to a suite of solutions. The pursuit of solutions contrasted with a traditional 142 
academic focus on the pursuit of knowledge (Yarime et al. 2012; Hart et al. 2016). The 143 
interdisciplinary learning theme encouraged students to exchange and co-create ideas across 144 
academic boundaries. The stakeholder learning theme connected the class with members of 145 
communities and organizations to help students understand sustainability problems and potential 146 
solutions from multiple perspectives. 147 

Students worked within these learning themes by developing three core competencies 148 
recognized as foundational in sustainability science pedagogy: critical reflection (Woods 2007, 149 
Knowlton 2014), communication (Stauffacher et al. 2006; McGreavy et al. 2016), and systems 150 
thinking (Heemskerk et al. 2003; Daniels and Walker 2012; Habron et al. 2013). These core 151 
competencies encompass several nested components, each connected to distinct learning 152 
outcomes developed for our rubric and drawn from existing literature (Cash et al. 2003; 153 
Stauffacher et al. 2006; Woods 2007; Dewulf et al. 2007; Morse et al. 2007; Thompson 2009; 154 
Westberg et al. 2010; Winowiecki et al. 2011; Daniels and Walker 2012; Clark et al. 2016; 155 
McGreavy et al. 2016), and our collective experiences with sustainability science pedagogy 156 
(Supplemental Table 1). Critical reflection represents a student’s ability to describe thoughtfully 157 
their knowledge growth sparked by course activities. Systems thinking represents a student’s 158 
ability to move beyond collective content knowledge to provide critical assessments of system 159 
components and dynamics that relate to a sustainability problem (Daniels and Walker 2012). 160 
Communication represents a student’s capacity to recognize and pursue opportunities for and 161 
challenges in collaboration and engagement. We chose to focus on interdisciplinary collaboration 162 
and stakeholder engagement as two sub-components of communication to reflect their 163 
importance in the learning themes. Our course rubric reflected these core competencies, aligning 164 
student work with learning themes, coursework evaluation, and assessments (Supplemental 165 
Table 1). 166 
 The course syllabus provided enough pedagogical structure to support student learning 167 
themes, yet it was also flexible to encourage student creativity and leadership. Regular student-168 
instructor co-creation meetings (sensu Voorberg et al. 2015) encouraged student reflections on 169 
course direction, suggestions for effective activities, and learning theme adaptations to better 170 
tailor the course to student needs and aspirations. Student-led course changes were more frequent 171 
in the second half of the semester, after students had developed a stronger understanding of SIS 172 
principles. Instructors were more likely to act upon student suggestions to create new activities 173 
and amend learning themes if they advanced the core competencies.  174 

Instructors connected students across campuses using video conferencing software 175 
(Zoom) to foster small group and class-wide discussions regardless of geographic distance 176 
(Tamura et al. 2018). We used an online platform (Google Drive) to organize course materials 177 
and student work and to co-create “live group notes” in real time to reflect dynamically on new 178 
knowledge and questions for larger course-based discussions and interviews with stakeholders 179 
that took place through the course. The benefits were at least twofold: students could refer to 180 
group notes during later activities, and notes served as critical artifacts for post-course 181 
assessment and future course refinement. 182 

 183 
Activities 184 
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We selected activities from sustainability science pedagogy to align with intended 185 
learning themes (Kagan 1989; Dewulf et al. 2007; Sprain and Timpson 2012; McGreavy et al. 186 
2016). We also adapted and created new activities based on student-instructor co-creation 187 
meetings. Each activity was meant to move students towards the learning themes by combining 188 
core competencies in different ways. Instructors often combined multiple activities in a class 189 
session or series of sessions to ensure that students explored a diversity of core competencies. 190 
This approach kept students working towards learning themes and thinking adaptively about 191 
sustainability problems, thereby ensuring continued sharing and co-creation of usable 192 
knowledge. Students completed several short-term projects and one final project based on their 193 
work completed in the activities. These projects emerged from course activities, with topics 194 
based on student collaboratives in and out of class. We do not include short-term and final 195 
projects in our assessment of the course. Students presented their work through the following 196 
activities to emphasize its connection to learning themes.  197 

Icebreakers: We used two activities, the jargon game and mind mapping, as icebreakers 198 
to introduce concepts of interdisciplinary collaboration. For the jargon game, students 199 
independently wrote one-page descriptions of research interests for an audience familiar with 200 
terms and concepts in their discipline. Students then joined randomly assigned groups to collect 201 
jargon terms not understood by a general audience. Students merged jargon terms into group 202 
statements, as prose, poetry, lyrics, or another verbal form of expression. These presentations 203 
served teambuilding purposes, breaking down the barriers between disciplines and stimulating 204 
student partnerships, but they also helped reveal needs to overcome language barriers (Jasanoff 205 
2004). Mind mapping was used to help students describe various social-ecological influences of 206 
dams and the dynamic links among them, identifying how their own content knowledge 207 
contributes to understanding a complex system, and how they planned to work with other 208 
students to broaden this understanding and co-create innovative science (Daniels and Walker 209 
2012). 210 

Nested discussions: A weekly framework for nested discussion was based on the think-211 
pair-share model (Lyman 1987). Nested discussions combined intrapersonal reflection, loosely 212 
organized discussion in assigned groups crossing disciplines and institutions, and organized 213 
class-wide discussions to synthesize important concepts and ways of thinking provided by 214 
groups and individuals that may otherwise be left unmentioned (Kagan 1989; Wiesendanger and 215 
Bader 1992; Addor et al. 2015). Students completed a weekly one-page reflective writing 216 
assignment related to upcoming class activities, current reading assignments, or class 217 
discussions. Instructors selected student leaders to develop compelling discussion questions and 218 
oversee small group organization. Students were split into small groups of about three, 219 
represented by multiple academic backgrounds, to discuss perspectives offered by each member. 220 
Groups elected a lead note-taker as they proceeded with reflections and activities. Group 221 
discussions continued for approximately one quarter to three quarters of class time, depending on 222 
activity length and availability of time. Students convened as one class-wide group before, after, 223 
and occasionally in between small group sessions, in which case participants changed groups 224 
halfway through. Groups and individuals took advantage of class-wide meetings to reflect on 225 
activities and contribute to a larger synthesis of the discussion material through presentations, 226 
conversations, and live group notes. Student leaders and instructors provided concluding remarks 227 
at the end of class.  228 

Local/global case studies: Case studies provided a comprehensive reference of real 229 
sustainability problems gathered from a diverse set of academic and professional knowledge 230 
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(Stauffacher et al. 2006; Sprain and Timpson 2012). Case studies spanned large dam 231 
construction projects in developing countries (e.g., Scodanibbio and Mañez 2005) to local river 232 
restoration debates in New England (e.g., Opperman et al. 2011). Case studies typically consisted 233 
of a collection of published articles, reports, and public comments. These materials were required 234 
reading/listening by students prior to the next class session, at which time instructors used nested 235 
discussions for a deeper analysis. Each case study revealed sustainability issues shaped by a 236 
system with deeply rooted complexities, incomplete social-ecological information, and context-237 
dependent conditions with no clear path to a single, scalable solution (Stauffacher et al. 2006).  238 

Stakeholder interviews: Students and instructors invited stakeholders to class for 239 
informal interviews, including town/state officials and residents, often in conjunction with case 240 
studies. Interview agendas and questions were entirely designed and led by students. In addition 241 
to prepared questions, students also crafted and organized follow-up questions using live group 242 
notes. 243 

Negotiation simulations: Instructors organized negotiation simulations to explore the 244 
complexities of how stakeholders interpret sustainability problems. Students divided into groups 245 
and embodied different stakeholder roles (Ashcraft and Susskind 2008). Students roleplayed 246 
stakeholders involved with freshwater use for irrigation, municipal storage, recreation, and other 247 
concerns about river health and water quality. Negotiation simulations require significant 248 
coordination to ensure participants understand specific roles and that the negotiation forum is 249 
conducted smoothly. There was an incentive to reach consensus on a decision, but multiple 250 
decisions were possible, allowing students to be more flexible with their negotiations. Students 251 
engaged in class-wide discussions afterwards to reflect on these negotiations. 252 

Writing retreat: Students across campuses convened in person for a two-day writing 253 
retreat halfway through the semester. Prior to the retreat, students outlined collaborative plans for 254 
group term papers. The retreat consisted of self-organized group writing sessions, punctuated by 255 
class-wide progress updates. Students were asked to complete a one-page reflection and short 256 
answer essay on their retreat experiences. In our experience, writing retreats may be especially 257 
beneficial if they link to ongoing research partnerships, as retreats can help build relationships 258 
among collaborators. This was a rare opportunity for students to meet one another for the first 259 
time in person. Though not an essential component of our course, we describe below how this in-260 
person meeting provided significant additional benefits on top of our remote course structure. 261 

Fact sheets: Student groups produced disciplinary and interdisciplinary fact sheets to 262 
report case study findings. Groups of students with similar content knowledge produced and 263 
presented disciplinary fact sheets, focusing on case study components most relevant to their 264 
knowledge. Groups that consisted of students with diverse content knowledge produced 265 
interdisciplinary fact sheets, and were challenged to overcome significant communication 266 
barriers while designing a broad case analysis and present their work to a diverse audience.  267 

 268 
Data collection and analysis methods 269 
 Our data collection relied on a pre and post-course survey design and we extended and 270 
supported our analysis of survey data with observations from the course and review of course 271 
documents and student projects (Creswell 2014). The pre- and post-course surveys included both 272 
quantitative, closed-ended questions (i.e. Likert scale) as well as open-ended essay responses 273 
(Supplemental Tables 2-3). Survey questions aimed to operationalize the identified core 274 
competencies related to solutions, interdisciplinarity, and stakeholder engagement and also asked 275 
students to reflect on their own learning experiences in and out of the course. To explore the 276 
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effectiveness of activities, we combined our literature review of course activities, instructors’ 277 
qualitative class observations, and students’ survey responses. Effective activities are those that 278 
deeply engage the student in multiple core competencies simultaneously, or are able to connect 279 
to other activities to increase the practice of core competencies in students (McGreavy et al. 280 
2016, 2017).  281 
 We measured students’ perceptions of the effectiveness of each course activity with 282 
Likert scales. Likert scales were also used to measure changes in confidence in sustainability 283 
science knowledge, testing differences using two-way t-tests and paired, one-way multivariate 284 
analysis of variance (MANOVA) (Anderson 1958), each with means grouped by pre- and post-285 
assessment results, to compare means in self-reported confidence before and after the course 286 
(e.g., Tamura et al. 2018).  287 
 We also conducted content analysis on the open-ended essay responses on the pre- and 288 
post-surveys to assess the extent to which students demonstrated changes in core competencies 289 
(Neuendorf 2017). The content analysis relied on the course rubric (Supplemental Table 1) as a 290 
codebook and the lead author led this analysis and assessed the reliability of the interpretations 291 
through in-depth discussions with co-authors and qualitative observations of course materials 292 
(Corbin and Strauss 2008). Combining quantitative and qualitative forms of analysis and 293 
supporting interpretations with informal observations and review of course materials provided a 294 
rich understanding of students’ conceptualization of SIS principles. 295 
 296 
Results and discussion 297 
What core competencies do students find most valuable?  298 
 Overall, students indicated that communication, especially in the context of stakeholder 299 
engagement and interdisciplinary collaboration, was critical for their training in sustainability 300 
science, followed by developing content knowledge in their own disciplines, and systems 301 
thinking (Figure 2). For example, students reflected on the need for “Communication … and the 302 
ability to work at problems from various perspectives” and “an awareness of both the related 303 
science and social constructs.” The course, they said, helped them to “work with other people 304 
across disciplines and geographies.” Students answered the following survey questions: “What 305 
areas (topics, skills, activities, etc.)  have most strengthened your capacity for conducting 306 
sustainability research?”, “What do you still need to do to improve your sustainability research 307 
skills?”, and “What combination of skills and knowledge do you see as most important for your 308 
work in sustainability research?” (supplemental Table 3).  309 
 Responses that referenced the systems thinking core competency included wanting to 310 
understand the ecological-social-economic connections drawn by dams, like the motivation to 311 
better understand relations between “knowledge about the natural system and the socio-312 
economic context in which the research is being conducted.” Other students showed interest in 313 
learning more about the social structure surrounding dams, including “Identifying what needs an 314 
organization may have, and then being able to work together with others to address those needs 315 
in a way that empowers.” Still others tended to emphasize content knowledge in their own 316 
disciplines, like a freshwater ecology student who wanted to develop “a solid understanding of 317 
ecology and dams.” 318 
 These results suggest that students recognized the need for greater training opportunities 319 
in stakeholder engagement and facilitation in academic institutions, where the primary emphasis 320 
is often on strengthening disciplinary content knowledge. Though content knowledge is centrally 321 
important in academia (Brewer 1999; Zarin et al. 2003; Whitmer et al. 2010; Yarime et al. 2012), 322 
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it was not seen as a primary or singular need in the eyes of students. This finding provides 323 
empirical support for other studies (Woods 2007; Thompson 2009; Lindenfeld et al. 2012) that 324 
call for stronger emphasis of communication capacities. Content knowledge is obviously 325 
important, but these results suggest that if academic institutions are to advance student training in 326 
sustainability science, content training must be paired with training to help students engage with 327 
stakeholders and participate in cross-disciplinary collaboration and systems thinking. Below we 328 
describe specific activities that encourage this pairing. 329 
 330 
How do core competencies influence student learning? 331 
 The content analysis sought to identify how students may be using different modes of 332 
thinking and therefore emphasizing different core competencies when they reflect on or write 333 
about SIS concepts (Figure 3). More specifically, we tracked the frequency with which students 334 
explicitly referenced core competencies to answer a series of pre- and post-course survey essay 335 
questions. Overall, students demonstrated a general increase in the use of core competencies, 336 
with communication exhibiting the greatest increase. Below we identify how students combine 337 
different core competencies when answering essay questions that relate specifically to each 338 
learning theme (Figure 1). 339 
 Solutions-driven: For the solutions-driven learning theme, when students were asked 340 
“Which steps could you or others take to identify a dam-related sustainability problem and 341 
possible solutions?” most students relied on systems thinking competencies with less emphasis 342 
for reflection on personal experiences and discussion of communication needs. However, student 343 
use of communication competencies grew more than others by the end of the course (Figure 3). 344 
One student suggested “possible solutions can be found by the meticulous study of the 345 
underlying causes of each issue,” while another student mentioned that “solutions should be 346 
focused on the specific cause of the problem and vetted to ensure they do not produce unintended 347 
consequences.” However, by the end of the course students demonstrated significantly greater 348 
use of communication competencies, particularly stakeholder engagement, to describe solutions. 349 
Use of critical reflection also increased by the end of the course, but to a lesser degree. 350 
 Virtually all students called for comprehensive environmental/ecological assessments in 351 
some form. Student responses point to the need to understand the many ecological components 352 
and feedbacks of a sustainability problem through observation and data collection before trying a 353 
solution. Many students also recognized the significance of stakeholders as diverse and 354 
influential members in a broader social-ecological system impacted by dam decisions. One 355 
student stated they would like an “open dialogue with stakeholders” to “study the system from 356 
multiple perspectives to identify problems and solutions,” and then provided example 357 
perspectives based on their stakeholder interview experiences. However, there were some cases 358 
where students incorporated the concept of stakeholders in limited and general terms, suggesting 359 
that stakeholder concerns “should be incorporated” in decision making but focusing primarily on 360 
ecological study needs. Students also tended to emphasize stakeholder engagement more than 361 
interdisciplinary collaboration as an important form of communication, suggesting that they 362 
more often associate “solutions” with the interest of stakeholders in mind, rather than just 363 
research findings from interdisciplinary collaborators. 364 
 Based on these results, student responses tended to emphasize the need to understand and 365 
characterize the complex system surrounding a sustainability problem before developing 366 
solutions. Students who expand upon this and recognize the need to be mindful and inclusive of 367 
potential stakeholder roles exhibit a broader understanding of the requirements for solutions to 368 
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sustainability problems (Clark et al. 2016; Wamsler et al. 2018). We found the use of case 369 
studies and stakeholder interviews to be helpful in encouraging this broader social-ecological 370 
perspective in students, as we discuss below. 371 

Interdisciplinarity: Students were asked to offer their definitions of and experiences 372 
with interdisciplinary work. We then compared these to published definitions for 373 
interdisciplinary and  multidisciplinary work to identify what type of collaboration is most 374 
familiar to students (Choi and Pak 2006; Stauffacher et al. 2006; Woods 2007). These two forms 375 
of collaboration are distinguished by the level of co-creation between research partners with 376 
different content knowledge:  377 

1. Multidisciplinary: Sharing knowledge and perspectives with peers to pursue common 378 
research interests. 379 

2. Interdisciplinary: Co-creating new knowledge with peers and contributing to a broadened 380 
group perspective. 381 

Though we did not define “transdisciplinary” explicitly in the course, students frequently 382 
participated in stakeholder engagement and collaborative activities that would be largely defined 383 
as “transdisciplinary” (Thoren and Persson 2013). 384 
 At the start of class, 65% of students provided a multidisciplinary definition, while 35% 385 
of responses were interdisciplinary. This trend was reversed by the end of class. Numerous early 386 
responses emphasized “including multiple disciplines,” or “multiple people in different fields of 387 
study” who “bring their individual expertise to the table.” A few went beyond this to include the 388 
importance of “working across different fields,” describing “work among disciplines, not simply 389 
to draw from the knowledge of another discipline, but rather to integrate different disciplines into 390 
a cohesive whole,” and how “interdisciplinary work can address problems more fully than 391 
isolating aspects of the problem by academic departments.” Students most frequently used 392 
communication core competencies and this trend grew by the end of class (Figure 3). Responses 393 
rich with critical reflection (Figure 3) suggest that prior to this course, most students experienced 394 
multidisciplinary collaborations, or they did not identify differences between sharing and co-395 
creating knowledge (Choi and Pak 2006). Most students’ past collaborative experiences occurred 396 
in undergraduate courses in their discipline, generally matching the traditional academic model 397 
that often limits the exposure of students to other forms of expertise and opportunities to practice 398 
more integrative forms of collaboration (Hart et al. 2016).  399 
 In addition to academic collaborative experiences, students also shared their 400 
interpretations of stakeholder engagement in their definition of interdisciplinary work. Students 401 
suggested that interdisciplinary work can help place stakeholders “in an influential position” to 402 
define sustainability problems, and this can help build “a structured framework to help 403 
stakeholders make decisions.” By the end of class, students tended to reflect upon their 404 
experiences during the course to exemplify interdisciplinary collaboration. One student 405 
suggested, “we drew from our various areas of expertise to co-create something new and adapt it 406 
into something useful/meaningful for the class.” Other students contrasted their previous 407 
experiences with that in the course: “I do have some previous experience with interdisciplinary 408 
work from past courses, but nothing like what the Learning from Dams class involved. It was a 409 
valuable experience to work on assignments with friends from so many different backgrounds 410 
that I would not normally interact with.”  411 
 We suggest that instructors should be explicit about the different definitions and expected 412 
objectives/outcomes between multidisciplinary and interdisciplinary methods. Instructors must 413 
provide recurring opportunities to practice interdisciplinarity and demonstrate its benefits. Pre-414 
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existing interdisciplinary partnerships help facilitate new partnerships between students who are 415 
new to the concept. We found that it is preferable for students, rather than instructors, to share 416 
this expertise, (Kagan 1989; Wiesendanger and Bader 1992), though both approaches are 417 
effective at demonstrating the benefits of interdisciplinarity. 418 
 Stakeholder engagement: When asked the question “What, for you, is a stakeholder? 419 
What role can stakeholders play in sustainability science?” students relied largely on a 420 
combination of stakeholder engagement and systems thinking core competencies to emphasize 421 
the role of stakeholders in the coupled social-ecological aspects of sustainability problems 422 
(Figure 3). The use of these core competencies uniformly increased by the end of class. 423 
Typically, students defined stakeholders as “anyone who is directly or indirectly impacted by or 424 
involved in a decision.” Many students emphasized the broad network of stakeholders impacted 425 
specifically by decisions relating to dams, for example, “property owners, dam owners, 426 
consulting firms, construction workers, people who engage in recreational activities, …people 427 
who make a living from [dams], tribes, …tax payers, policy makers, local government, activist 428 
groups…” Most students identified the value of partnerships with stakeholders (e.g. Senecah 429 
2004; Walker et al. 2006; Daniels and Walker 2012): “stakeholders in sustainability science can 430 
help bridge the gap between science and people.”  431 
 Students relied on the critical reflection core competency only when they had personal 432 
experiences to share, and the use of reflection became more prominent by the end of class 433 
primarily because of stakeholder interviews, strengthening students’ narratives in support of 434 
engagement (Figure 3). Some students expressed how it was “incredibly valuable to hear first-435 
hand how [sustainability] problems are actually tackled and how people respond to presented 436 
solutions”, after meeting with a local dam removal advisory committee. Drawing from their 437 
reflections, some students acknowledged conflict as a common element of stakeholder 438 
engagement, between different stakeholder groups or between stakeholders and researchers. 439 
Students often defined conflict as resulting from “the differing interests of two parties.” Of the 440 
students that acknowledged the presence of conflicts, several of them emphasized the difficulties 441 
they pose for decision makers: “it is almost always true that [a decision] will make one or more 442 
groups of stakeholders unhappy.” A few others extended this thought positively, identifying how 443 
divergences can be important for conflict resolution (e.g. Daniels and Walker 2012; Gardner 444 
2013) vetting potential decisions: “stakeholders can hold researchers and policymakers 445 
accountable for producing sustainable solutions and shape those solutions through their 446 
involvement.” 447 
 Interdisciplinary collaboration was not emphasized in many of these student responses, 448 
both in the pre- and post-assessment. This suggests that students tended to reserve its definition 449 
for collaborations between researchers in this context. This result contrasts with the 450 
interdisciplinary question above where there was greater stakeholder emphasis. Our framing of 451 
these questions may have contributed to the different responses and the pattern may also indicate 452 
a need to emphasize multiple forms of knowledge within and outside of academia. 453 

 454 
What activities were most effective for student learning? 455 
 We measured activity effectiveness for each of our three core competencies based on 456 
class observations and student survey responses (Figure 4), and activities were chosen to ensure 457 
that students experienced thorough training in each core competency. Results suggest that the 458 
effectiveness of each activity varied within the context of the course. Some activities placed 459 
greater emphasis on specific core competencies over others. Combining activities is critical to 460 
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ensure that students are provided opportunities to connect ideas using all core competencies (e.g. 461 
McGreavy et al. 2016, 2017). Instructors frequently combined case studies with stakeholder 462 
interviews and nested discussions to ensure that students had solid experiences in reflection, 463 
systems thinking, and communication. Negotiation simulations were also combined with nested 464 
discussions to incorporate a stronger emphasis on students’ personal reflections of the 465 
experience. Nested discussions dramatically improved the resonance of this and many other 466 
activities. Other combinations, such as among case studies, negotiation simulation, and 467 
stakeholder interviews, helped students to improve in one core competency, such as 468 
communication, by practicing multiple approaches. 469 
 We note that some activities provided significant benefits that may not translate directly 470 
to core competencies but were critical for team building (e.g. Thompson 2009). For example, 471 
icebreakers were important in the early stages of the course but were later overshadowed by 472 
other activities. These encouraged early-stage communication and teambuilding, but they were 473 
followed by other details-oriented group work after the first few class sessions. Other later 474 
activities such as the writing retreat were also important for teambuilding. The writing retreat 475 
stands out as the time when the interdisciplinary collaboration concepts coalesced for many 476 
students. Students indicated that “[the writing retreat] gave us the opportunity to get to know one 477 
another on a personal level and build trust,” “I found that I care about the work more when 478 
others are also involved compared to the time when I am working individually,” and “I got to 479 
know my classmates, and I now would like to stay in contact and collaborate with them in the 480 
future.” Other activities such as the stakeholder interviews were useful for understanding the 481 
context of sustainability problems. Students mentioned that “[stakeholder interviews] made me 482 
realize that science isn't necessarily enough to get the job done on its own,” and “It ‘humanized’ 483 
some of the perspectives I couldn't quite wrap my head around.” 484 
 485 
How confident are students with sustainability science concepts? 486 
 On average, student self-reported confidence increased 7.6% for content knowledge that 487 
relates to SIS principles (Figure 5). The largest improvements in student confidence came in 488 
“using common terms to explain complex research” (16.2% avg.), “stakeholder engagement” 489 
(13.3% avg.), “communication” (6.3% avg.), and “interdisciplinary work” (+5.9% avg.), 490 
suggesting that students gained confidence in communication skills required for interdisciplinary 491 
collaboration and stakeholder engagement. Results for each category follow a normal 492 
distribution with equal variance. However, only one of the changes in self-reported student 493 
confidence from start to end of class was statistically significant based on t-tests (p=0.03 Figure 494 
5). MANOVA results suggest the cross-category unanimous trend of improved confidence is 495 
also not statistically significant (p=0.12). Most students indicated that they had previously taken 496 
courses in sustainability science, and these students tended to rate themselves with moderate to 497 
high confidence at the start of class. These previous courses were predominantly hosted within 498 
students’ primary concentrations. Based on the limitations of our Likert scale results, we strongly 499 
suggest a combined qualitative and quantitative approach including additional student materials 500 
for a more holistic assessment of if, why, and how students benefit from sustainability science 501 
courses (Creswell 2014). We also suggest careful design of the Likert scale questions and 502 
consideration of alternatives, such as slider scales (Cook et al. 2001). 503 
 504 
Building a general model for SIS training  505 
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 We recommend that academic institutions strengthen sustainability science courses by 506 
creating opportunities for nested, interdisciplinary discussion that facilitate cohort-building 507 
among students with disparate academic backgrounds and different experience levels. Students 508 
identified communication core competencies as the most important component of their future 509 
training in sustainability science. These findings agree with previous pedagogy literature (Woods 510 
2007; Lang et al. 2012; McGreavy et al. 2016). Nested discussions emerged as a particularly 511 
effective method for translating and co-creating knowledge across disciplinary boundaries to 512 
address real-world challenges. For our course, the “scale” of communication and opportunities 513 
for co-creation were as important as the content. Students found nested discussion to be a 514 
particularly useful communication method when combined with other activities, such as case 515 
studies, stakeholder interviews, negotiation simulations, writing retreats, and fact sheets. The 516 
interpersonal reflection component of nested discussions provided an important opportunity for 517 
students to “make sense” of complex group conversations with other students and broaden their 518 
own perspectives on course topics. Scaling up our conversations, from personal observations to 519 
group sharing and class-wide synthesis, revealed important insights from a broader collection of 520 
students who otherwise might not have participated.  521 
 The usefulness of nested discussions depended on student participation representing a 522 
broad diversity of expertise. Most students enrolled in our class to learn from fellow students and 523 
broaden their own knowledge of sustainability problems, rather than to deepen their own 524 
disciplinary content knowledge. Unless students’ disciplinary expertise and interests are 525 
sufficiently diverse, the goal of interdisciplinary collaboration will be harder to achieve, and 526 
students will not develop as broad an understanding of the sustainability problem or the 527 
motivations behind SIS principles. Though we were able to assemble a class with the requisite 528 
disciplinary diversity across multiple universities, many of the activities we designed remain 529 
applicable for courses with less interdisciplinary diversity. 530 
 We discovered three major benefits of student-instructor co-creation. First, we modeled 531 
an important commitment in sustainability science to knowledge co-creation processes that can 532 
support the use of knowledge in decision making (Cash et al. 2003). Second, taking on the 533 
responsibility of course co-creation improved students’ commitment to the success of the 534 
activities that they developed and allowed them to better recognize the functions of different 535 
activities. Third, this process encouraged greater trust between students and instructors, allowing 536 
students to build interpersonal capacities within interdisciplinary activities (e.g. Jackson 1993; 537 
Senecah 2004). Students gained important capacities in leadership, negotiation, and trust when 538 
course responsibilities extended beyond scholarship to include the direction of the course itself. 539 
Students gained additional pedagogical skills by openly questioning, negotiating, and shaping 540 
course activities and learning themes. Students justified their pedagogical decisions, empowering 541 
them to think critically not just about designing a successful course but about charting their own 542 
emerging careers. The co-creation process produced some uncertainty in the direction and 543 
outcomes of some course activities, but instructors and students ultimately found that the benefits 544 
of exercising student leadership and flexible goals were indispensable (e.g. Komives 2011; 545 
Seemiller 2013). 546 
 Students indicated that stakeholder engagement was the most crucial core competency 547 
gained in the class, suggesting that sustainability-related courses must involve some form of 548 
discussion and/or collaboration between students and stakeholders. Approaches to student 549 
stakeholder engagement should reflect best practices developed by SIS researchers (e.g. Senecah 550 
2004; Walker et al. 2006; Lang et al. 2012; Wiek et al. 2012; Yarime et al. 2012; Daniels and 551 
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Walker 2012; Druschke and Hychka 2015). This requires that students learn about the diverse 552 
perspectives that stakeholders have about sustainability problems, including the challenges in 553 
finding viable solutions (Clark et al. 2016). Our student-led approach provided four main 554 
benefits. First, students gained important experiences in coordinating and hosting interviews with 555 
non-academic participants, a first-time experience for many students. Second, participating 556 
stakeholders seemed to feel comfortable with the opportunity to share their knowledge of the 557 
sustainability problem directly with students. Third, these conversations provided a space in 558 
which students could hear and consider others’ diverse perspectives about dams (e.g. Wamsler et 559 
al. 2018). Finally, this activity helped students respect stakeholder partnerships and provide a 560 
supportive opportunity to discuss how to build these partnerships in mutually beneficial ways 561 
(e.g. Senecah 2004). Several students also favored negotiation simulations, though these rely on 562 
role-play by the students and do not include participation by actual stakeholders. However, 563 
negotiation simulations provide alternative benefits as a model system with an accelerated 564 
approach to reaching consensus on decisions among diverse stakeholders within a single class 565 
period. Conversely, stakeholder interviews provided snapshots of ongoing issues that might take 566 
years to resolve. 567 
 A major goal was to cultivate longevity in student partnerships and build their capacity to 568 
pursue new interdisciplinary collaborations and maintain previous fruitful partnerships with 569 
long-lasting outcomes (e.g. Voorberg et al. 2015). These student partnerships crossed 570 
disciplinary and institutional boundaries. Sustainability science needs a broad network of 571 
passionate collaborators if it is to take hold and flourish in academic institutions. Training the 572 
next generation of sustainability scientists holds promise to bring about this change. 573 
  574 
Conclusions and future work 575 
 We designed a generalizable sustainability science training model to advance learning 576 
themes encouraging SIS principles. We used dams as a model system to expand and refine this 577 
approach, recognizing that dams as a system share features and challenges seen in other coupled 578 
social-ecological systems (e.g. food systems, urbanization, forest management) requiring 579 
multiple forms of expertise and engagement to solve. Our class brought students together 580 
virtually from four New England universities to develop sustainability-related competencies.  581 
The course was designed to encourage student leadership through co-creation of the course and 582 
multiple leadership roles. Nested discussion techniques were used to ensure that students were 583 
prepared for discussions and co-creation of ideas that crossed disciplinary boundaries. 584 
Assessment suggests that student confidence remained high throughout the course, and by the 585 
end, students reflected that communication competencies are most important for their future 586 
development as sustainability scientists, with a strong emphasis on stakeholder engagement. 587 
Students used different combinations of core competencies in their discourse when asked about 588 
different SIS principles in sustainability science. We expect these results apply to a broad range 589 
of settings and that our model can be used to help train the next generation of sustainability 590 
scientists and incrementally transform academic institutions in the process. Future work should 591 
focus on testing general training approaches on different course topics outside of dams, 592 
emphasizing communication competencies for interdisciplinary teams and stakeholder 593 
engagement, improving procedures for student-instructor co-production, and further 594 
development of concise and recurrent course assessments to span the diversity of student 595 
coursework. 596 
 597 
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Figures 605 
 606 

 607 
Figure 1: Our iterative training model. Key sustainability science learning themes (blue) 608 
influence the selection of activities (green). Each activity incorporates three core competencies 609 
that are common in sustainability science (yellow). Students reflected upon the effectiveness of 610 
training activities and learning themes and suggested future changes to both through co-creation 611 
meetings (orange).  612 
 613 
 614 
 615 
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 616 
Figure 2: General types of core competencies and content knowledge that are important for 617 
future training, as indicated by student survey responses. 618 
 619 

 620 
Figure 3: Frequency of independent instances of core competencies used by students when 621 
answering questions that relate to course learning themes; summed for all students. Hatched bars: 622 
pre-course survey, solid: post-course survey. 623 
 624 
 625 
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626 
Figure 4: Course activities and relevant core competencies for learning. X symbols: use of core 627 
competencies in activities as indicated in literature. % Effective: average level of effectiveness 628 
based on student survey data. demonstration. 629 
 630 

 631 
Figure 5: Mean student confidence ratings based on pre-course (blue) and post-course (orange) 632 
surveys. We identify statistically significant results where p<0.05. Error bars denote one standard 633 
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deviation. Confidence ratings: 1 = “not at all confident”, 2 = “somewhat unconfident”, 3 = 634 
“neither confident nor unconfident”, 4 = “somewhat confident”, 5 = “highly confident”.  635 
 636 
References 637 
Addor N, Ewen T, Johnson L, et al (2015) From products to processes: Academic events to 638 

foster interdisciplinary and iterative dialogue in a changing climate. Earth’s Futur 3:289–639 
297. doi: 10.1002/2015EF000303 640 

Anderson TW (1958) An Introduction to Multivariate Statistical Analysis, 2nd edn. Wiley, New 641 
York 642 

Ashcraft C, Susskind L (2008) Long river: confronting the challenges of instream flow. Harvard 643 
Law School, Cambridge, MA 644 

Barth M, Godeman J, Rieckmann M, Stoltenberg U (2007) Developing key competencies for 645 
sustainable development in higher education. Int J Sustain High Educ 8:416–430. doi: 646 
10.1108/14676370710823582 647 

Barth M, Michelsen G (2013) Learning for change: An educational contribution to sustainability 648 
science. Sustain Sci 8:103–119. doi: 10.1007/s11625-012-0181-5 649 

Brewer GD (1999) The challenges of interdisciplinarity. Policy Sci 32:327–337. doi: 650 
10.1023/A:1004706019826 651 

Cash DW, Clark WC, Alcock F, et al (2003) Knowledge systems for sustainable development. 652 
Proc Natl Acad Sci U S A 100:8086–8091. doi: 10.1073/pnas.1231332100 653 

Choi BCK, Pak AWP (2006) Multidisciplinarity, interdisciplinarity and transdisciplinarity in 654 
health research and policy: 1. Definitions, objectives, and evidence of effectiveness. Clin 655 
Investig Med 29:351–364. doi: 10.1002/eji.201090065 656 

Clark WC, van Kerkhoff L, Lebel L, Gallopin GC (2016) Crafting usable knowledge for 657 
sustainable development. Proc Natl Acad Sci 113:4570–4578. doi: 658 
10.1073/pnas.1601266113 659 

Cook C, Heath F, Thompson RL, Thompson B (2001) Score reliability in web- or internet-based 660 
surveys: unnumbered graphic rating scales versus likert-type scales. Educ Psychol Meas 661 
61:697–706. 662 

Corbin J, Strauss A (2008) Basics of qualitative research: Techniques and procedures for 663 
developing grounded theory. Sage Publications, Thousand Oaks, CA 664 

Creswell JW (2014) Research design: Qualitative, quantitative, and mixed methods approaches. 665 
Sage, Thousand Oaks, CA 666 

Daniels SE, Walker GB (2012) Lessons from the Trenches: Twenty Years of Using Systems 667 
Thinking in Natural Resource Conflict Situations. Syst Res Behav Sci 29:104–115. doi: 668 
10.1002/sres.2100 669 

Dewulf A, François G, Pahl-Wostl C, Taillieu T (2007) A framing approach to cross-disciplinary 670 
research collaboration: Experiences from a large-scale research project on adaptive water 671 
management. Ecol Soc 12:14. 672 

Druschke CG, Hychka KC (2015) Manager perspectives on communication and public 673 
engagement in ecological restoration project success.  674 

Gardner SK (2013) Paradigmatic differences, power, and status: a qualitative investigation of 675 
faculty in one interdisciplinary research collaboration on sustainability science. Sustain Sci 676 
8:241–252. doi: 10.1007/s11625-012-0182-4 677 

Habron G, Goralnik L, Thorp L, et al (2013) Embracing the learning paradigm to foster systems 678 
thinking. doi: 10.1108/14676371211262326 679 



18 

Hart DD, Buizer JL, Foley JA, et al (2016) Mobilizing the power of higher education to tackle 680 
the grand challenge of sustainability: Lessons from novel initiatives. Elem Sci Anthr 681 
4:000090. doi: 10.12952/journal.elementa.000090 682 

Heemskerk M, Wilson K, Pavao-Zuckerman M (2003) Conceptual models as tool for 683 
communication across disciplines. Conserv Ecol 7:8. 684 

Jackson FR (1993) Seven Strategies to Support a Culturally Responsive Pedagogy. J Read 685 
37:298–303 CR–Copyright &#169; 1993 International. doi: 10.2307/40017437 686 

Jasanoff S (2004) Ordering knowledge, ordering society. In: Jasanoff S (ed) States of 687 
knowledge: the co-production of science and the social order. Routledge, pp 25–98 688 

Kagan S (1989) The structural approach to cooperative learning. Educ Leadersh 47:12–15. 689 
Kates RW, Clark WC, Corell R, et al (2001) Sustainability Science. Science 292:641–642. 690 
Komives SR (2011) Advancing Leadership Education. In: Komives SR, Dugan JP, Owen JE 691 

(eds) Student Leadership Development, 2nd edn. John Wiley and Sons, Incorporated, pp 1–692 
32 693 

Lang DJ, Wiek A, Bergmann M, et al (2012) Transdisciplinary research in sustainability science: 694 
Practice, principles, and challenges. Sustain Sci 7:25–43. doi: 10.1007/s11625-011-0149-x 695 

Lindenfeld LA, Hall DM, Mcgreavy B, et al (2012) Creating a Place for Environmental 696 
Communication Research in Sustainability Science. Environ Commun A J Nat Cult 6:23–697 
43. 698 

Lyman F (1987) Think-pair-share: an expanding teaching technique. MAA-CIE Coop News 1:1–699 
2. 700 

McGreavy B, Druschke CG, Sprain L, et al (2016) Environmental communication pedagogy for 701 
sustainability: Developing core capacities to engage with complex problems. Appl Environ 702 
Educ Commun 0389:1–14. doi: 10.1080/1533015X.2016.1181018 703 

McGreavy B, Druschke CG, Sprain L, et al (2017) Praxis-based environmental communication 704 
training: Innovative activities for problem solving. In: Milstein T, Pileggi M, Morgan E 705 
(eds) Environmental Communication Pedagogy and Practice. Routledge, New York, NY, pp 706 
229–238 707 

Meyer SR, Levesque VR, Bieluch KH, et al (2016) Sustainability science graduate students as 708 
boundary spanners. J Environ Stud Sci 6:344–353. doi: 10.1007/s13412-015-0313-1 709 

Morse WC, Nielsen-pincus M, Force JE, Wulfhorst JD (2007) Bridges and Barriers to 710 
Developing and Conducting Interdisciplinary Graduate-Student Team Research. 12:8. 711 

Neuendorf KA (2017) The content analysis guidebook. Sage Publications, Thousand Oaks, CA 712 
Opperman JJ, Royte J, Banks J, et al (2011) The Penobscot River, Maine, USA: A basin-scale 713 

approach to balancing power generation and ecosystem restoration. Ecol Soc 16:04. doi: 714 
10.5751/ES-04117-160307 715 

Roy SG, Uchida E, de Souza SP, et al (2018) A multiscale approach to balance trade-offs among 716 
dam infrastructure, river restoration, and cost. Proc Natl Acad Sci 115:12069 LP-12074. 717 
doi: 10.1073/pnas.1807437115 718 

Scodanibbio L, Mañez G (2005) The World Commission on Dams: A fundamental step towards 719 
integrated water resources management and poverty reduction? A pilot case in the Lower 720 
Zambezi, Mozambique. Phys Chem Earth 30:976–983. doi: 10.1016/j.pce.2005.08.045 721 

Seemiller C (2013) The Student Leadership Competencies Guidebook: Designing Intentional 722 
Leadership Learning and Development. John Wiley and Sons, Incorporated 723 

Senecah SL (2004) The trinity of voice: the role of practical theory in planning and evaluating 724 
the effectiveness of environmental participatory processes. In: Depoe SP, Delicath JW, 725 



19 

Elsenbeer M-FA (eds) Communication and Public Participation in Environmental Decision 726 
Making, 1st edn. State University of New York Press, Albany, pp 13–33 727 

Sprain L, Timpson WM (2012) Pedagogy for Sustainability Science : Case-Based Approaches 728 
for Interdisciplinary Instruction Pedagogy for Sustainability Science : Case-Based 729 
Approaches for Interdisciplinary Instruction. 37–41. doi: 10.1080/17524032.2012.714394 730 

Stauffacher M, Walter AI, Lang DJ, et al (2006) Learning to research environmental problems 731 
from a functional socio-cultural constructivism perspective: The transdisciplinary case 732 
study approach. Int J Sustain High Educ 7:252–275. doi: 10.1108/14676370610677838 733 

Tamura M, Onuki M, Sekiyama M, et al (2018) Developing joint educational programs in 734 
sustainability science across different universities: a case study from Japan. Sustain Sci 735 
13:849–860. doi: 10.1007/s11625-017-0503-8 736 

Tamura M, Uegaki T (2012) Development of an educational model for sustainability science: 737 
Challenges in the Mind-Skills-Knowledge education at Ibaraki University. Sustain Sci 738 
7:253–265. doi: 10.1007/s11625-011-0156-y 739 

Thompson JL (2009) Building Collective Communication Competence in Interdisciplinary 740 
Research Teams. 37:278–298. doi: 10.1080/00909880903025911 741 

Thoren H, Persson J (2013) The Philosophy of Interdisciplinarity: Sustainability Science and 742 
Problem-Feeding. J Gen Philos Sci 44:337–355. doi: 10.1007/s10838-013-9233-5 743 

Trott CD, Weinberg AE, McMeeking LBS (2018) Prefiguring sustainability through 744 
participatory action research experiences for undergraduates: Reflections and 745 
recommendations for student development. Sustainability 10:3332. doi: 746 
10.3390/su10093332 747 

van der Leeuw S, Wiek A, Harlow J, Buizer J (2012) How much time do we have? Urgency and 748 
rhetoric in sustainability science. Sustain Sci 7:115–120. doi: 10.1007/s11625-011-0153-1 749 

Voorberg WH, Bekkers VJJM, Tummers LG (2015) A Systematic Review of Co-Creation and 750 
Co-Production: Embarking on the social innovation journey. Public Manag Rev 17:1333–751 
1357. doi: 10.1080/14719037.2014.930505 752 

Walker GB, Senecah SL, Daniels SE (2006) From the forest to the river: Citizens’ views of 753 
stakeholder engagement. Hum Ecol Rev 13:193–202. 754 

Wamsler C, Brossmann J, Hendersson H, et al (2018) Mindfulness in sustainability science, 755 
practice, and teaching. Sustain Sci 13:143–162. doi: 10.1007/s11625-017-0428-2 756 

Westberg L, Hallgren L, Setterwall A (2010) Communicative Skills Development of 757 
Administrators: A Necessary Step for Implementing Participatory Policies in Natural 758 
Resource Management. Environ Commun A J Nat Cult 4:225–236. doi: 759 
10.1080/17524031003755309 760 

Whitmer A, Ogden L, Lawton J, et al (2010) The engaged university : providing a platform for 761 
research that transforms society. 314–321. doi: 10.1890/090241 762 

Wiek A, Farioli F, Fukushi K, Yarime M (2012) Sustainability science: Bridging the gap 763 
between science and society. Sustain Sci 7:1–4. doi: 10.1007/s11625-011-0154-0 764 

Wiek A, Withycombe L, Redman CL (2011) Key competencies in sustainability: A reference 765 
framework for academic program development. Sustain Sci 6:203–218. doi: 766 
10.1007/s11625-011-0132-6 767 

Wiesendanger KD, Bader L (1992) Cooperative grouping in literacy instruction. Read Horizons 768 
32:403–410. 769 

Wiggins G, McTighe J (eds) (2005) Understanding by design, 2nd edn. Pearson, New York, NY 770 
Winowiecki L, Smukler S, Shirley K, et al (2011) Tools for enhancing interdisciplinary 771 



20 

communication. 7:74–80. 772 
Woods C (2007) Researching and developing interdisciplinary teaching: Towards a conceptual 773 

framework for classroom communication. High Educ 54:853–866. doi: 10.1007/s10734-774 
006-9027-3 775 

World Commission on Dams (2000) Dams and Development: a new framework for decision-776 
making.  777 

Yarime M, Trencher G, Mino T, et al (2012) Establishing sustainability science in higher 778 
education institutions: Towards an integration of academic development, 779 
institutionalization, and stakeholder collaborations. Sustain Sci 7:101–113. doi: 780 
10.1007/s11625-012-0157-5 781 

Zarin DJ, Kainer K a, Putz FE, et al (2003) Integrated graduate education and research in 782 
neotropical working forests. J For 101:31–37. 783 

 784 


