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Abstract:
Despite its widespread emergence and adoption, sustainability science continues to suffer from definitional ambiguity within the academe. A review of efforts to provide direction and structure to the science reveal a continuum of approaches anchored at either end by differing visions of how the science interfaces with practice (solutions). At one end, basic science of societally defined problems informs decisions about possible solutions and their application. At the other end, applied research directly affects the options available to decision makers. While clear from the literature, we also point to survey data that suggests the dichotomy does not appear to be as apparent in the minds of practitioners. 


Introduction
Despite the widespread emergence of sustainability science, complete with associated journals [1-4] and programs of study [5-8], sustainability per se remains surrounded by conceptual ambiguity, even within the research academy at large [9]. In recent years, several efforts to characterize sustainability research using bibliographic analysis have been undertaken [10-17]. These studies reveal that the core concerns of sustainability science are rooted in consideration of the function of the Earth system and ecosystems that enable resource provisioning and other environmental services [12,17,18], and, in the socioeconomic development and well-being of humankind [17,19], including questions of equity [20] and justice [21]. 

Within this context, various formal and informal assessments and frameworks have emerged worldwide that seek to provide structure and direction to the theory and application of sustainability science. These efforts, we propose, have formed a continuum of characteristics anchored at either end by differing visions of how this science interfaces with practice (solutions), consistent with typology of science (Fig. 1). At one end, proposed implicitly and explicitly in various publications [1,3,4,22], basic science of societally defined problems informs decisions about possible solutions and applications, akin to the Pasteur quadrant of science in Stokes 1997 formulation[footnoteRef:3] [23]. The other end of the spectrum coincides with Edison’s quadrant engaged in applied research seeking solutions, often technological in kind, that directly affect the options available for decision makers [24]. This approach has no formal literature proclamation but, we suggest, has emerged in the practice of certain research communities (e.g. [2,24-30]). [3:  At the end of World War II, Vannevar Bush, the Director of Scientific Research and Development during the war, proposed a peace time role for science that was anchored by “basic research” on the one hand and “applied research” on the other. Basic research was defined as research performed “without thought of practical ends.” Applied research, in contrast, was then intended to convert discoveries from basic science into technological innovations to meet “the full range of society’s economic, defense, health, and other needs” (Stokes, 1997). In his 1997 critique, Donald Stokes extended the dichotomy into a two-dimensional spatial grid oriented along two axis, the first: consideration of use, the second: quest for fundamental understanding. Stokes placed Bush’s basic research in the low use/high understanding quadrant and labeled it Bohr’s Quadrant in honor of Niels Bohr, the Nobel Prize winning physicist. He further placed Bush’s applied research in the high use/low understanding quadrant and labeled it Edison’s Quadrant honoring Thomas Edison, the prolific American inventor. Finally, Stokes proposed a third role for science, naming the high use/high understanding quadrant Pasteur’s quadrant, in honor of Louis Pasteur, a French biologist, microbiologist and chemist whose work was revolutionary for vaccines, microbial fermentation and pasteurization. ] 
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Figure 1. Stokes Quadrant for classification of research inspiration (modified from Stokes, 1997)

Is this view of the range of engagement in sustainability/sustainability science, foremost the Pasteur-Edison anchors, accurate? Does it help to capture the state-of-the-art of this emerging field or fields of study and research? We explore these questions through two initial, if incomplete, data sources—a subjective assessment of publications and use of a small-sample practitioner survey.

Assessment of Publications
We drew 200 publications from more than 60 journals and books from across a wide range of disciplines contributing to “the science of sustainability” identified by Bettencourt and Kaur [10: Fig. 3]. This sample is by no means exhaustive, but captures several broad themes and some of the more highly cited works within the primary sustainability outlets and related journals [14]. 

<Table 1 here>

This literature reveals to us a set of shared research questions consistent with the sustainability challenge of meeting the needs of humanity while preserving the life support systems of Earth [31]. This framing, in turn, leads to a shared phenomenon of study, social-environmental systems (SES; a.k.a. coupled human-environment systems, coupled human-natural systems, social-ecological systems), although individual research efforts tend to examine only a subset of the components or processes in these systems by way of analyses that vary in their scale dynamics. Conceptually, this literature tends to address such common themes as tradeoffs between subsystems or among components within one subsystem (e.g., [32]); complexity, non-linearity and uncertainty (e.g., [33]); resilience and vulnerability (e.g., [34,35]); equity and intergenerational wealth in which natural capital is included [36,37]; and, adaptive management (e.g., [38]).

A substantial cohort of the reviewed research focused on basic research of societally defined sustainability problems (Pasteur’s quadrant), somewhat akin to the agricultural sciences [20]. These problems are treated as the outcome of interacting processes operating between and within the two subsystems at multiple scalar dimensions (spatio-temporal and hierarchical). Employing mixed methods [39,40] within scientific modes of understanding, the goal is to understand these interactions, or parts of them, sufficiently to project the states of SESs and their consequences into the future [41], thus providing science-based insights for decision-making (e.g., [40,42,43]). It is recognized, however, that complexity of SESs are such that few, if any, sustainability panaceas exist [44,45], reflecting the inherent interdependencies in human-environmental relationships in the Anthropocene [46]. We recognize at least two subgroups among this cohort. The first is an outgrowth of interest in global environmental change but refocused on sustainable development [20,47-49]; the second includes the longstanding efforts addressing environment-development, resource management, and related topics such as the equity in human wellbeing (e.g. [50-53]).

A second substantial cohort emerged from practitioners trained and working largely in the applied sciences, including engineering and business management, and focused on the implementation of technical and managerial solutions to particular sets of sustainability challenges [2]. Many of these efforts are tied to long-standing efforts originating in industry to assess the impact of products and services across multiple dimensions, like the life cycle assessment methodology, which has become a sub-discipline onto itself [54,55], or the application oriented parts of industrial ecology [27]. Research approaches in this cohort tend to separate the techno-economic and social dimensions of SESs consistent with the sustainability triangle concept (i.e., nature, society, and economy: [56-62]), and attempts to identify a solution that balances the three legs of the triangle. Analyses might treat each leg separately before joining them [58] or employ integrated, context specific models [59]. Regardless, the objective is not to project the state of the SES into the future per se, although the work recognizes that, for example, consequential LCA [63,64] is at times an approach to project consequences of actions into the future. Rather, the focus of triparte methods is to design solutions based on integrative understanding. While the appropriate application of techno-managerial solutions to augment sustainability is debated in many applied fields [60,28,29], we find the methods are used to address an array of challenges, including nexus interactions between energy, water, food and health [65-67], the availability and security of the supply chains as well as production-consumption systems [2,30,68,69], and the built environment [70,71].

Practitioner Survey
In addition, we employed an online survey instrument and invited researchers worldwide to provide insights on our views taken from the literature (Table 1). The survey was active from October 3-17, 2014. Individual candidates for survey participation were identified: [1] from the corresponding author information provided in the published literature reviewed (N = 82); [2] via affiliation with a selection of academic or research programs advertising connections to sustainability science (N = 1,392), including 16 in the U.S. and 11 external to the U.S.; and [3] from national and international government agencies and other organizations noted for sustainability activities (N = 32). The survey instrument included 23 questions and was open for 14 days. Of the total population contacted (N = 1,506), 537 (36%) opened the survey and 97 (7%) responded, ten of which were incomplete, resulting in 87 responses used in this analysis. The survey data were addressed by way of Chi-square tests for correlation with a tolerance threshold of 95 percent; and, using analysis of variation (ANOVA) tests to assess variance in mean values between multiple groups, again assuming a 95 percent confidence threshold [72-74]. Owing to selection methods and sample size, the results must be considered exploratory in kind.

<Table 2 here>

The survey results (Table 2) point to certain distinctions in our Pasteur-Edison spectrum as valid, others more equivocal, specifically, the following two findings.

(1) The distinctive Pasteur and Edison quadrant categories described by Stokes [23] and the audiences each addressed, as we identified in the literature, are apparent but much more blurred than we anticipated. This suggests that practitioners array their research and the field in multiple gradations of the dichotomy we supposed. 

Specifically, asked to identify their research directly with Stokes classification scheme (Question #1), the distinctions between the Pasteur and Edison clusters revealed a strong relationship between disciplinary affiliation and research approach (χ2 = 39.31, df = 15, p < 0.05), but with an unexpected twist. In contrast to their solution interests (above), applied researchers identified their approach rather evenly: as Edison’s quadrant (34%), Pasteur’s quadrant (28%), and a mix of Edison’s with Pasteur’s (31%). Natural science and social science researchers in contrast were biased toward reporting their research as a mix of Edison’s and Pasteur’s (50% and 40% respectively), while another cluster identified with Pasteur’s approach (25% and 16% respectively). Combined, these two approaches constituted 63% of the responses for natural and social scientists. While statistically differentiated, these results suggest a bit more blurring of the two approaches, at least in regard to how those registering “implementing alternative solutions” and “complex human-environment interactions” interpreted their aims within Stokes classification scheme. 

When asked to identify sustainability science at large within Stokes classification scheme (Question #2), the disciplinary communities remain strong (χ2 = 21.99, df = 12, p < 0.05), but appear to coalesce towards an Edison-Pasteur mix identification. A majority of 55% of those answering survey Question #2 (N = 82) identified sustainability science at large as either “use inspired basic research” (Pasteur’s quadrant) (17%) or a “mix” of this with application research (Edison’s quadrant) (38%). Of applied researchers, 74% identified the field as either residing in Pasteur’s quadrant or an Edison-Pasteur mix (35% and 39% respectively). Natural scientists, in contrast, strongly characterize the field as an Edison-Pasteur mix (60%), while social scientists were more divided: Pasteur’s quadrant (32%), Edison-Pasteur mix (21%). Again, this last result may reflect the number of social scientists that did not classify themselves as sustainability scientists (below).

(2) Despite the Pasteur-Edison orientation of the researchers surveyed, an overwhelming response to Question 3 (N = 76) indicates that the primary research audience for all respondents was “other scientists” (55%). Applied science researchers, however and as expected, were more likely to collaborate with industry partners “very often” (43%) compared to the natural and social science researchers reporting to “never” collaborate with industry partners (43%) (Question #4; χ2 = 15.76, df = 8, p < 0.05).

Summary – Findings and Needed Research
Our exploration into the questions posed about sustainability science reveals that distinctions we observed in the literature about the field may be far less apparent in the minds of practitioners and that the Stokes dichotomy is a useful heuristic but may belie the variance that exists. These observations, however, should be viewed cautiously. Our survey results imply, perhaps strongly so, the existence of an emerging dichotomy of approaches within the maturing field of sustainability science, however they may reflect the biases in our survey sample. In particular, our respondents were overwhelmingly English speaking, based in the United States (80%), holding or having held tenured positions within universities and research institutions (61%), and were not evenly distributed across the many fields of study from which sustainability researchers are drawn. While our findings are consistent with previous undertakings of this kind [10,13,15], a more inclusive survey by world region, base language, and profession is required to determine the validity of our base claims and survey results. Such inclusiveness should increase the sample size of sustainability researchers housed or trained within the humanities (N = 3 in our survey) in our review, and might further aim to distinguish results between researchers identifying as sustainability scientists versus those affiliated with sustainability programs but not identifying as sustainability scientists. Finally, while we understand from this study that there is a bias in knowledge production oriented inward toward the scientific community and that Edison practitioners exhibit a propensity to collaborate with industry partners, we did not fully explore the dimensions of involvement stakeholders take in knowledge production and translation to practice [75,76]. Therefore, additional attention should also be given to the distinctions between the knowledge emanating from those researchers identified as Pasteur and Edison practitioners and the role that knowledge plays in pathways of decision-making.   
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Table 1. Journals included in literature review

	Ambio
	Harvard Business Review

	Annual Review of Ecology, Evolution & Systematics
	International Journal of Life Cycle Assessment

	Annual Review of Environment and Resources
	Integrative Zoology

	Annual Review of Ecology and Systematics
	International Journal of Animal Science

	Annual Reviews in Control
	Journal of Agricultural and Environmental Ethics

	Asian Development Review
	Journal of Cleaner Production

	Biodiversity and Conservation
	Journal of Experimental Botany

	Biological Reviews
	Journal of Industrial Ecology

	Bioscience
	Management Science

	BioSystems
	Mathematics and Computers in Simulations

	Business Strategy and the Environment
	Nature

	
	Nature Physics

	Chemical Engineering Science
	Nonlinearity

	Ecological Complexity
	PANS

	Ecological Economics
	Philosophical Transactions of The Royal Society B

	Ecological Modeling
	PNAS

	Ecology and Society
	Policy and Society

	Ecosystems
	Policy Sciences

	Energy Policy
	Research on the Scientific Basis for Sustainability (RSBS) Secretariat

	Environmental Resource Economics
	Science

	Environment
	Sustainable Development

	Environment and Planning B: Planning and Design
	Sustainability Science

	Environmental Development
	Sustainability

	Environmental Engineering Science
	Sustainability: Science, Practice, & Policy

	Environmental Impact Assessment Review
	Sustainable Development Law & Policy

	Environmental Management
	System Dynamics Review

	Environmental Modelling & Software
	Systems Practice

	Environmental Science & Technology
	The Academy of Management Journal

	Fluid Phase Equilibria
	UNEP

	FORUM: Science and Innovation for Sustainable Development
	Urban Ecosystems

	Geomorphology
	Whole Earth





Table 2. Sustainability Science Survey Results Summary
	Question 1. Classify your research (Stokes):

	 
	Discipline
	All Respondents

	Answer Categories
	Applied Science
	Natural Science
	Social Science
	Humanities
	Response Count
	Response Percent

	Bohr's Quadrant
	0
	0
	0
	0
	0
	0%

	Edison's Quadrant
	11
	0
	4
	0
	15
	17.2%

	Pasteur's Quadrant
	9
	5
	5
	2
	21
	24.1%

	Mix of Edison's and Bohr's
	0
	2
	0
	0
	2
	2.3%

	Mix of Edison's and Pasteur's
	10
	10
	13
	0
	33
	37.9%

	Mix of Pasteur's and Bohr's
	0
	3
	5
	0
	8
	9.2%

	None of the Above
	2
	0
	5
	1
	8
	9.2%

	Answered Question
	32
	20
	32
	3
	87
	100%

	Skipped Question
	0
	0
	0
	0
	0
	0%

	Question 2. Classify Sustainability Science in general (Stokes):

	 
	Discipline
	All Respondents

	Answer Categories
	Applied Science
	Natural Science
	Social Science
	Humanities
	Response Count
	Response Percent

	Pasteur's Quadrant
	11
	4
	9
	0
	14
	17%

	Mix of Edison's and Pasteur's
	12
	12
	6
	1
	31
	37.8%

	None of the Above
	1
	0
	4
	2
	7
	8.5%

	Mix of all three
	1
	1
	4
	0
	6
	7.3%

	Other
	6
	3
	5
	0
	14
	17.1%

	Answered Question
	31
	20
	28
	3
	82
	94%

	Skipped Question
	1
	0
	4
	0
	5
	6%

	Question 3. Primary research audience?

	 
	Discipline
	All Respondents

	Answer Categories
	Applied Science
	Natural Science
	Social Science
	Humanities
	Response Count
	Response Percent

	Policy Makers
	4
	5
	6
	0
	15
	19.7%

	Industry or commercial enterprises
	9
	0
	3
	0
	12
	15.8%

	Other Scientists
	12
	14
	14
	2
	42
	55%

	Combination
	2
	1
	2
	0
	5
	7%

	Other
	1
	0
	1
	0
	2
	2.6%

	Answered Question
	28
	20
	26
	2
	76
	87%

	Skipped Question
	4
	0
	6
	1
	11
	13%

	Question 4. I collaborate with Industry…

	 
	Discipline
	All Respondents

	Answer Categories
	Applied Science
	Natural Science
	Social Science
	Humanities
	Response Count
	Response Percent

	Very Often
	12
	1
	5
	0
	18
	23.4%

	Somewhat Often
	4
	1
	3
	0
	8
	10.4%

	Regularly
	2
	1
	1
	0
	4
	5.2%

	Somewhat Regularly
	6
	6
	8
	1
	21
	27.3%

	Never
	4
	10
	10
	2
	26
	33.8%

	Answered Question
	28
	19
	27
	3
	77
	89%

	Skipped Question
	4
	1
	5
	0
	10
	11%
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