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Abstract

:

Managing social–ecological systems that benefit both humans and nature is the central challenge of natural resource management. Integrating multiple perspectives into decision-making adds flexibility to social–ecological systems by reducing rigidity and promoting adaptability. Our objective was to assess expert perceptions of the structure, content, and function of the Puget Sound stormwater social–ecological system. We interviewed Puget Sound stormwater experts to document their mental models of the system and compared the network structure of expert maps. We also assessed differences among experts in the components of the social–ecological system which were included in mental models. Our analyses revealed differences between genders, as well as between managers, in how experts characterized the system. Notably, female participants tended to characterize the social–ecological system as one in which there were many system drivers generating multiple impacts across the system. The mental models of the scientists tended to include more resource units than those of the managers, which focused more on governance compared to those of the scientists. Finally, we incorporated the diverse input from mangers and scientists to create a single mental model to represent a consensus on the Puget Sound stormwater social–ecological system. This work highlights the fact that addressing the stormwater problem requires that we embrace the varied perspectives of scientists, managers, and stakeholders. We contend that incorporating the diverse perspectives of experts within the context of social–ecological systems provides a promising path towards a lasting and durable recovery for the ecosystem.
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1. Introduction


Social–Ecological Systems (SES) are complex, adaptive systems that consist of diverse connections between people and their environments [1]. The SES approach to natural resource management emphasizes that people, communities, economies, societies, and cultures are embedded parts of the ecosystem, and that each part is shaped by, dependent on, and evolving with one another [1,2,3]. Given this interdependence between human and ecological well-being, it is vital to incorporate this connection during natural resource decision-making [4]. Indeed, managing social–ecological systems that benefit both humans and nature is a central challenge of natural resource management [1,5,6].



Relationships among components of an SES can be complex and non-linear, and can operate across multiple scales; as a result, a first step in natural resource decision-making must be to understand the constituents of SES components and their connections [7,8]. To this end, experts often play a key role in building an understanding of social–ecological processes (e.g., [9,10,11]), and decision-makers frequently seek input from a wide range of technical experts (e.g., [9,10,12,13]). Elicitation of expert knowledge can generate valuable information, particularly in data-poor situations that require rapid management action [14]. Expert opinion can provide information on possible consequences and tradeoffs of management action (e.g., [9]), and because experts are trained in a diversity of disciplines and hold positions that focus on different parts of the system, they bring a variety of perspectives to bear on issues [15]. Thus, it is both a challenge and an opportunity for natural resource management to understand and effectively use the diverse perspectives of experts [16].



Capturing mental models is an emerging approach used to integrate and share knowledge from diverse experts [17,18,19,20]. Mental models allow individuals to use their “fuzzy” logic to illustrate how they catalog, interpret, and assign meaning to their environment [21,22]. In this way, experts can indicate what they believe are the most critical components and causal relationships, and then determine the strength, directionality, and impact of these relationships [20]. The qualitative nature of mental models allows individuals to describe components of the system that are not well-known, and makes them able to incorporate relationships that have yet to be quantified [20]. As examples: (1) Stier and colleagues [12] used mental models to describe and compare varying conceptualizations of the pelagic food web in Haida Gwaii, Canada; (2) Henly-Shepard and colleagues [23] used participatory modeling workshops to develop mental models that represented, explored, and actively questioned community beliefs about the natural hazards faced by communities of the North Shore of O’ahu Hawai’i; and (3) Nayaki and colleagues [24] used mental models to compare the assumptions driving externally-generated bushmeat management with perceptions of bushmeat trade derived from local community members. In these examples, mental models have proven to be useful tools for aligning perceptions of diverse actors and improving success by promoting context-appropriate policies.



Herein, we use mental models as a tool to capture the perceptions of experts of the Puget Sound, USA, (Figure 1) social–ecological system, with a focus on urban stormwater management. Our objective of this project was to elicit the opinions of stormwater experts in order to fill a key knowledge gap about the linkages among biophysical and social dimensions of stormwater management, as well as to reveal the perceptions of experts regarding the factors and processes influencing the stormwater SES in Puget Sound. We define the Puget Sound stormwater SES as the resources, resource systems, actors, and governance engaged with managing urban stormwater pollution in Puget Sound. Specifically, we elicited mental models from diverse stormwater experts and asked whether the structure of mental models differed among experts with varying demographic or employment attributes (i.e., stormwater managers and scientists). We built a consensus mental model to highlight key components of the stormwater SES, and then characterized the mental models using an SES framework to examine whether experts varied in their perspectives on the Puget Sound stormwater SES structure.




2. Materials and Methods


2.1. The Puget Sound Study System


Puget Sound encompasses 41,500 km2 of upland, freshwater, estuarine, and marine habitats in Washington State, USA, and British Columbia, Canada, and supports a large (>4.2 million) and increasingly urban population ranging from Vancouver, British Columbia to Olympia, Washington [25] (Figure 1). With dozens of birds, mammals, fishes, plants, and invertebrates currently listed on state and federal endangered species lists, Puget Sound is also considered a hot-spot of extinction risk [26].



The Puget Sound region receives up to 1 m of precipitation annually, generating about 1.5 billion cubic meters of stormwater runoff [27]. This runoff is largely untreated, resulting in 544 fresh and marine waterbodies being designated as impaired or threatened by pollutants [27]. Stormwater impacts a diversity of species, from invertebrates [28] to marine mammals [29]. For example: (1) Tian and colleagues [30] recently demonstrated that a compound from tire rubber causes acute mortality in coho salmon (Oncorhynchus kisutch) when they migrate to urban creeks to spawn; (2) Pacific herring (Clupea pallasii) exposed to urban stormwater runoff suffer cardiac injury and reduced growth [31]; and (3) toxic contaminants in the blubber of southern resident killer whales ostensibly result in adverse health consequences, such as modifications in hormone levels, reproductive disruption or miscarriages, reduced immunity to diseases, neurotoxicity, neurobehavioral disruptions, and cancer [32]. Managing and mitigating stormwater impact is a priority in the Puget Sound region and beyond, but linkages among components of the biophysical and human dimensions of the stormwater SES are poorly understood [33].




2.2. Expert Elicitation of Mental Models


We conducted semi-structured interviews with stormwater experts to understand how experts perceived the Puget Sound Stormwater SES. Using stratified chain referral sampling (also known as snowball sampling) [34], we identified 25 Puget Sound stormwater experts. To accomplish this, we identified individuals who were considered stormwater experts by local, state, or federal management agencies, and, following the interviews, we asked them for the names of others whom they considered to be experts. We defined a stormwater expert as someone who works professionally in stormwater policy, science, or management. Experts were described as having either scientific or management expertise (hereafter referred to as “scientists” or “managers”). There was no exchange of money or goods for participating in the interviews. Interviews lasted between 60 and 110 min.



Following Carley and Palmquist [35], we asked each expert to draw a network with the most critical components and interactions in the Puget Sound stormwater SES. We asked experts to consider key drivers of stormwater, impacts of stormwater, ways to mitigate stormwater, species, habitats, threats, and ecological relationships. We then asked participants to consider linkages between the components of the system and describe the strength of interactions, ranging from −2 (strongly negative) to +2 (strongly positive). We also asked a series of demographic questions to gather information that could potentially influence responses (e.g., age, years of experience, professional affiliation, and gender).



We constrained expert responses in two ways: (1) they had to include herring and stormwater in their model, and (2) due to computational efficiency, they could include no more than 20 components in their model. We focused on herring because they have been identified by the Puget Sound Partnership as a key indicator of ecosystem health [36], are a critical component of the Puget Sound food web [37], and play a vital role in the trophic transfer of contaminants in the food web [38].




2.3. Analysis of Mental Models


Network Structure


We transformed each expert drawing of the Puget Sound Stormwater SES into adjacency matrices in the form A(D) = [aij], where the variables vi are listed on the vertical axis and vj on the horizontal axis to form a square matrix [17]. Connections among variables were then coded in the square matrix (between −2 and 2).



We assessed the content and structure of the mental models by evaluating eight network descriptors: number of components, number of connections, number of drivers, number of receivers, centrality, complexity, number of connections per component, and density (Table 1).



To test the null hypothesis that scientists and managers did not differ in the network structure of their mental models, we used t-tests to test for differences in the means of each of the eight network descriptors. We used a Bonferroni adjustment to modify the level of significance to account for multiple tests [39]. To examine the influence of years of experience on the structure of mental models, we used linear regression, with years of experience as the independent variable and network descriptors as dependent variables. We again adjusted p-values using a Bonferroni adjustment.



We also conducted a non-metric multidimensional scaling analysis (NDMS) using a Bray–Curtis dissimilarity matrix to further analyze patterns in the network structure of mental models. We used the number of components, number of connections, number of drivers, number of receivers, centrality, complexity, number of connections per component, and density (Table 1) as inputs for the analysis. The analysis was performed in R using the Vegan package [40].





2.4. Characterization of the Puget Sound Stormwater SES


We next investigated the degree to which experts emphasized different components of the Puget Sound SES. To accomplish this, we followed McGinnis and Ostrom [7] and classified each component that arose in mental models as follows: (1) actor, (2) resource system, (3) governance system, or (4) resource unit. We then examined the frequency at which participants emphasized different components of the SES. As with the structural network descriptors above, we used t-tests with Bonferroni adjustments to evaluate the null hypothesis that scientists and managers did not differ in the mean number of SES categories in mental models.




2.5. Development and Analysis of Aggregate Models


Following the approach of Özesmi and Özesmi [17] and Gray et al. [20], we created an aggregate mental model of the Puget Sound SES. Individual mental models were given equal weight in the aggregating process. Our first step was to group similar components by SES framework elements (actor, resource system, governance system, resource unit). Because individuals differ in the level of detail or components of their models, our next step was to qualitatively combine similar components to produce an aggregate model with about 20 components. We estimated interaction strengths in the aggregate model by averaging interaction strengths from individual mental models [20].





3. Results


3.1. Structural Characterization of the Mental Models


We elicited 25 individual mental models from experts with an average of 13.7 (SD 1.7) years of experience in stormwater science or management. Of the experts, 56% identified as female, and 44% as male. Individuals who identified as scientists comprised 40% of our subjects, while 60% described themselves as managers.



The mental models had an average of 18.04 (SE 0.53) components, with a mean of 31.44 (SE 1.68) connections. The average number of connections per component was 1.75 (SE 0.08), and that of complexity was 0.64 (SE 0.17). Individual mental models can be found in O’Connor, 2020 [41].



We were unable to detect an association between years of experience and eight network descriptors: number of components, number of connections, number of drivers, number of receivers, centrality, complexity, number of connections per component, and density (in all cases, r2 < 0.03; p > 0.05).



In models generated by participants who identified as female, the average number of drivers (4.86, SE 0.75) was nearly double that of models created by males (2.45, SE 0.39; t = 2.85, adjusted p = 0.02), and the average number of receivers in female-created models (2.21; SE 0.41) was 2.4-fold that of participants who identified as male (0.91, SE 0.32; t = 2.53, adjusted p = 0.02). We did not detect differences between the genders in any of the other network descriptors. In models generated by scientists, the average number of receivers was more than twice that of managers (2.13 (SE 0.40) vs. 0.90 (SE 0.31); t = 2.42, adjust p = 0.04). We did not detect differences between scientists and managers in any of the other network descriptors.



The non-metric multidimensional scaling (NMDS) shows no evidence of any groupings of mental models based on the network descriptors we used (Figure 2). However, the spread of individuals across the multivariate space in the NMDS plot highlights the diversity of the mental models developed by the experts we interviewed.




3.2. Aggregate Mental Model of the Puget Sound Social–Ecological System


When we combined the 25 mental models elicited from stormwater experts, 4 ecological resource units emerged: salmon, herring, plankton, and southern resident killer whales (Figure 3; Figure A1). While some participants spoke of salmon generally (e.g., “salmon” or “Puget Sound salmon”), others listed specific species of salmon (e.g., Chinook salmon, Coho salmon, see also [41]). Similarly, some experts referred to plankton generally, while others specified zooplankton or phytoplankton. Most respondents included herring as a single node in their mental model; however, some separated different life stages (i.e., eggs, embryos, adults). Experts also included nutrients and stormwater as resource units in their models (Figure 3). In the resource unit sub-model, increased stormwater has negative impacts, both direct and indirect, on the food web. Nutrients, however, had mixed impacts on the food web—small increases in nutrients had a positive impact on plankton while large increases had negative effects.



The combined mental model characterized the resource system with nine components that represented the region’s urban and adjacent rural areas. In the resource system sub-model, urban development is the primary driver (Figure 3). The model highlights that increased development directly increases stormwater by expanding impervious surfaces, and indirectly increases stormwater toxicity by raising the number of vehicles in the region. Additionally, the model underscores that increased roadways and other impervious surfaces result in more overflow events from combined wastewater–stormwater systems, resulting in increased toxics and nutrients entering the system. Development also impacts nutrients directly (e.g., from wastewater or septic systems) or indirectly through agriculture.



The governance and actor sub-model derived from our interviews included five additional components (Figure 3). In this sub-model, stormwater education was a key driver. Participants perceived that increased education would lead directly to more effective stormwater regulations, more funding for stormwater management, and increased use of green stormwater infrastructure to mitigate its negative effects on ecosystems and human well-being. Experts also identified funding as an important limitation to increasing green stormwater infrastructure in the Puget Sound region.



Finally, stormwater experts noted two key externalities in their mental models: climate change and political context (Figure 3). Study participants predicted that climate change would increase precipitation, leading to increased runoff of stormwater pollutants and nutrients. Unless mitigated, this would negatively impact human well-being and ecosystem health. Experts also noted that political decisions and political will to address would significantly impact the implementation of measures to mitigate stormwater; however, whether the political milieu would have a positive or negative effect was uncertain.




3.3. Characterization of the Social–Ecological System


When we organized mental models by elements of the Social–Ecological System (i.e., resource system, resource units, governance system, and actors), it became clear that managers and scientists emphasized different aspects of the SES (Figure 4); thus, a complete picture of the SES required us to include perspectives from both scientists and managers.



On average, scientists included about twice the number of resource unit components than managers (t = 3.31; adjusted p = 0.002; Figure 4). In contrast, models created by managers included eight times the number of governance system components compared to scientists (t = 2.57, adjusted p = 0.04; Figure 4). We did not observe differences between scientists and managers in the number of actors or resource system components in the models (Figure 4).



We estimated centrality values of the components in two aggregate models: one created using only scientist input and a second created with only manager input. The rank order of the centrality values of components from the scientist model was correlated with those of managers (Spearman rank correlation, R = 0.68; Figure 5). Despite the overall correlation between models, managers and scientists appeared to differ in their perspectives on the importance of some model components (Table 2). Centrality of plankton, for example, ranked seventh in the scientist model, but was twentieth in the manager model (Table 2). Scientists also perceived agriculture as more important (centrality rank = 9) than managers did (centrality rank 19; Table 2). In contrast, the centrality of stormwater regulation ranked 10th in the manager model, but 17th in the scientist model (Table 2).





4. Discussion


People are drawn to places where land and water meet [6]. While cities emerge along coasts out of geographic and economic necessity, the land–water interface also provides leisure and recreational opportunities and meets critical cultural needs for a range of indigenous and non-indigenous communities [42,43,44]. While coastal zones are essential contributors to the delivery of ecosystem services, their growing population, geographical location, and frequent pattern of unsustainable land use has led to their degradation. The diversity of users and threats to coastal zones makes their management particularly challenging [45]. Herein, we elicited knowledge from Puget Sound stormwater specialists in the form of mental models. These mental models provided insight into the varying perspectives of stormwater professionals and highlighted the need to synthesize disparate perceptions to achieve a holistic view of the system.



To solve complex problems such as those associated with stormwater, decision-makers increasingly embrace the integration of knowledge from diverse experts into natural resource management (e.g., [11,46,47,48,49]). However, expert knowledge can be siloed, incomplete, variable, and biased [11,50,51,52]. Despite this, mental models make the implicit explicit, which provides a concrete way of examining the perspectives of experts, including what is fundamental and of value to them [20,49,53]. The usefulness of this information may justify and explain the behavior of individuals or support for certain management.



Our analyses revealed wide diversity in the network structure of mental models. In particular, experts who identified as male or as managers created mental models with fewer receivers than scientists or female participants. Thus, experts and scientists who identified as female tended to characterize the social–ecological system as one in which its drivers generate multiple impacts across the system (cf. [54]). Moreover, female experts also identified more drivers than males; thus, they perceive the Puget Sound system as one where some SES components are impacted by multiple factors (cf. [54]). For example, such experts see the node “Healthy Nearshore Habitat” as being affected by a diversity of direct threats (e.g., nutrients, stormwater pollution, freshwater quality) as well as a variety of indirect drivers (e.g., regulations, agricultural practices, transportation policy, education). The Puget Sound Partnership, the State agency charged with Puget Sound management, defines six management domains (healthy human population, vibrant quality of life, thriving species and food web, protected and restored habitat, abundant water quantity, and healthy water quality) [55]. Thus, the tendency of managers to build models with multiple impacts across the system may reflect the multiple objectives of the State. For example, managers often linked water quality, human community, and health objectives to each other and with ecological objectives. For instance, one participant noted that




“We want to improve stormwater for the health of Puget Sound and the health of people, so that leads to two questions we don’t know. We don’t know how much water quality would need to improve in order to help specific species, and we don’t know how much nature in communities we would need to have a positive impact on several different aspect of human communities, whether it be individual health, or community cohesion, or improving the water into human communities”





Our analysis of the models using Ostrom’s SES framework revealed differences between the SES elements on which experts focused, and contained individual and group discourses that justified and explained the experts’ behavior [53,56,57,58,59]. Managers were much more likely to emphasize aspects of governance in their models, while scientists were more likely to highlight resource units. This may be because scientists often focus on the ecological components of the system, while managers are required to meet regulatory standards. Our findings support the notion that incorporating a diverse range of expertise is necessary to fully conceptualize management plans for the Puget Sound stormwater SES. Therefore, to completely conceptualize the Puget Sound stormwater SES and to fully consider the potential consequences of different management actions or policies, managers and scientists must both be included to ensure all facets of the SES are considered.



Incorporating a diversity of perspectives into management may lead to outcomes that are enduring, because it makes knowledge structures less rigid and more adaptive to change [20,60,61,62]. However, including diverse perspectives can introduce some challenges. Indeed, knowledge diversity can lead to conflict and, sometimes, may even be counter-productive [15,63]. For example, diverse perceptions of the structure or function of social–ecological systems can lead to conflicts over where to intervene or where there are “leverage points” in a resource system [15,20,24]. Additionally, diverse perceptions of functional goals of management can lead to conflict over the appropriate management actions to take [64,65,66].



One means of overcoming such conflicts is participatory modeling—an approach for including a broad group of actors in the process of developing and implementing scientific models [67]. The work we conducted here is a necessary pre-cursor to participatory modeling approaches using a diversity of methodologies, including Bayesian Belief Networks (e.g., [9]), Qualitative Network Models (e.g., [68,69], and Fuzzy Cognitive Models (e.g., [12,21]). Moving from the static mental models we created here to more dynamic models that could be used to test the efficacy of alternative management strategies requires a more detailed understanding of the strength of the linkages among nodes (for Fuzzy Cognitive Models) or joint probability distributions (for Bayesian Networks) [70]. While such models will require additional effort and engagement, they have proven to be effective in reaching a consensus regarding the direction that management actions should take [22,71]. Importantly, our work highlights the fact that effective participatory modeling will require input from both scientists and managers to capture the complete social–ecological system. Thus, future work will advance more effectively when individuals and institutions who are skilled boundary spanners are engaged, as they will be able to foster transparent discussions and expose unconscious biases and assumptions [72,73]. Ultimately, as conservation scientists increasingly embrace and integrate community values, we expect better and more durable outcomes for both nature and humans.




5. Conclusions


The recognized importance of stormwater mitigation to the health of Puget Sound requires prompt research and action [33]. Ideally, conservation action is grounded in strong empirical science; however, conservation science, particularly that informing restoration at local scales, is often inelegant, ambiguous, and uncertain (e.g., [73]). Given the substantial repercussions regarding human and ecological well-being that conservation actions can have, in conjunction with limited conventional scientific information, it is clearly necessary to broaden participation and knowledge sources to include all those who can contribute. Equally important is that broadening project goals and outcomes to include community needs builds support for actions that benefit conservation.



In the face of a degraded Puget Sound ecosystem [74], our work highlights that addressing the stormwater problem requires that we embrace human as well as ecological processes, and innovative solutions leading towards transformative progress will most likely emerge from processes that include the varied perspectives of scientists, managers, and stakeholders. Moreover, it is clear that the diverse stormwater experts in the Puget Sound region have cogent views on system connections, and this shines a light on specific ecological and socioeconomic research that could inform future management decisions. Indeed, incorporating the diverse perspectives of regional experts within the context of the Puget Sound social–ecological system provides a promising path towards the lasting and durable recovery of Puget Sound. Rich, collaborative processes, though time- and resource-intensive, are critical for success in environmental management [49]. We highlight here that such an approach, built on genuine engagement with experts, yields a picture of the social–ecological system that is better positioned to advance the needs of both nature and humans.
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Appendix A. Interview Guide


Opening



(Establish rapport) My name is Caitlyn O’Connor and I am a graduate student at SEFS at UW. Based on your knowledge, skills, and abilities, we would like to interview you about stormwater in Puget Sound.



(Introduction) I would like to start by asking a few quick demographic questions and then I will ask you to draw a mental model of the Puget Sound stormwater to marine environment ecosystem.



(Motivation) I’m interested in learning what you believe are the drivers and effects behind the stormwater problem. I understand that your model is no means complete but I want to capture your experience and understanding to provide the start of better stormwater management.



(Privacy) Your privacy is important to me. Your name and this recording will not be linked unless you identify yourself in the recording. Only myself and my graduate advisor, Phillip Levin, will have access to your recordings.



(Timeline) The interview should take about 1 h. I would like to record this conversation to go back and clarify any of your responses as well as be able to draw out the key themes in your responses. Do you provide consent for me to record our discussion? Do you have any questions at this time?



Discuss Research Project



So, as we both know, urbanization is increasing and along with it, the amount of impervious surfaces. Of course, this means that when it rains, the water picks up contaminants that mostly go straight to the closest body of water. This polluted rainwater can harm aquatic life and is making our waterways an unhealthy place to live, work, and play. Today, I’d like to focus our discussion on stormwater in Puget Sound.



I am particularly interested in understanding how experts in stormwater (management or science) perceive this problem’s structure, impacts, and solutions within this urban to marine ecosystem problem.



To look at this land–sea connection, I have decided to use herring as my indicator species. As you know, the Puget Sound Partnership has identified this as one of its vital signs because of its centrality in the food web.



As we move forward, I want to be clear that I am really interested in your perceptions of how the system is structured and functions. I expect that you will have a great deal of uncertainty about some components of the system—that’s okay! Part of my work is understanding where people see key uncertainties and understanding similarities and differences among experts in this field. So, I’m interested in your opinion—whether or not there are quantitative data to back it up. I am looking to see what your experience tells us. How you see the system and the solutions. In essence, I’m investigating the scientists who study or manage stormwater, not the stormwater itself.



General Information



This is the part where I collect data on gender, years of experience, professional affiliation, training, and place of residence.



	
Educational background?



	
Highest degree, Major, and Where?



	
Who is your employer?



	
E.g. government, state, local, federal, university, consultant, etc.



	
How would you describe your role in stormwater management?



	
E.g. science, policy, management, communication



	
How long have you worked on this topic?



	
Birth year?



	
Preferred pronoun?






Transition into Mental Model Exercise



In this mental model exercise, I would like you to sketch out the most important players and interactions in the Puget Sound stormwater system—this could include key drivers of stormwater, the impacts of stormwater, and ways to mitigate stormwater—so anything like species, habitats, human activity, threats, predator–prey relationship, or factors affecting stormwater. You can focus on whatever you like or a combination of all.



I have three requirements.



You must include stormwater and herring.



You then get 18 more nodes. You can use as many or few of those 18 as you would like.



And you should draw arrows illustrating the interactions between the nodes. They can be positive or negative interactions—and you can illustrate these   − − , −  , +, ++. Arrows can go both ways, and they don’t have to be symmetrical.



For example, seal predation might be strongly negative for salmon (  − −  ), but salmon might only have a moderately positive interaction on seals (+) if seals eat lots of different kinds of fish.



Conceptual Model Activity



I would ask this for anything directly connected to stormwater and herring and would ask these similar questions.



	
How much stormwater needs to be treated to ensure a healthy Puget Sound?



	
I see that you put a (negative/0/positive) from (stormwater to herring/species), I’m wondering how much would you guess that I have to reduce this toxicity to change this negative to a zero?



	
Would you say 50% or would I have to get rid of all of it?



	
Like what is your ballpark guess?



	
How confident are you on a scale from 0 to 100%?



	
How would this change make the Puget Sound species respond?



	
How come?



	
Would you expect to see a response higher in some species rather than others?



	
Would some species decline if stormwater pollution decreased?



	
If they have other species on their mental model



	
Which species are most at risk?



	
What is the dynamic response of the food web?



	
How would you describe the difference between one negative/positive to two negative/positives?



	
Ask them to clarify what they mean by each relationship.



	
Ask them to define the node.






Closing



(summarize)



(maintain rapport) I appreciate the time you took for this interview.



Is there anything you would like to add?



Have we missed something you think is important?



What else should we talk about regarding this issue/topic?



(action to be taken) I should have all the information I need. Would it be alright to call/email you if I have any more questions?



Thanks again.
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Figure A1. Matrix representation of the aggregate mental model of the Puget Sound stormwater social–ecological system shown in Figure 2. The aggregate model integrates information from all experts interviewed in the study. Numbers represent interaction strengths between nodes in the mental model and were estimated by averaging interaction strengths from individual mental models. See methods for more details. 
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Figure 1. Map of Puget Sound, USA study region. Urbanized areas are shown in gray, National Parks are shown in dark green. 
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Figure 2. A plot of non-metric multidimensional scaling of individual fuzzy cognitive map-based network analysis. Each point represents a single expert and is derived from the eight metrics of model structure which we calculated from the fuzzy cognitive maps created by experts. Distance: Bray-Curtis; dimensions: 2 (2-dimensional plot represents the data structure well); stress: 0.14 (a stress level <0.2 is good); weak ties, 2 convergent solutions found after 20 tries. 
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Figure 3. The aggregate mental model of stormwater experts showing connections among ecological resource units (yellow), the resource system (green), governance and actors (orange), and key externalities (blue). Details of the linkages among nodes can be found in Figure A1. 






Figure 3. The aggregate mental model of stormwater experts showing connections among ecological resource units (yellow), the resource system (green), governance and actors (orange), and key externalities (blue). Details of the linkages among nodes can be found in Figure A1.



[image: Urbansci 07 00014 g003]







[image: Urbansci 07 00014 g004 550] 





Figure 4. Box plot showing the number of Ostrom’s SES components mentioned by each expert. The circles represent an amount mentioned by an expert. The top of the box represents the 75th percentile, the bottom of the box represents the 25th percentile, and the line in the middle represents the 50th percentile. The whiskers represent the highest and lowest values that are not outliers. The circles beyond the whiskers represent outliers. 
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Figure 5. Spearman rank order correlation reveals a positive correlation between centrality of components in an aggregate model derived from stormwater managers and an aggregated model derived from stormwater scientists. 
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Table 1. Structural metrics applied to matrix forms of fuzzy cognitive maps to quantify structural properties of each expert’s perceived food web. Adapted from [12].
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	Mental Model,

Structural Measurement
	Description of Measure and Cognitive Inference





	Components
	Number of variables included in the model; higher number of concepts indicates more concepts in the mental model



	Connections
	Number of connections included between components; a higher number of connections indicates a higher degree of interaction between components in a mental model



	Drivers
	Components with only arrows out—this means that they are not affected by other components and have influence over other variables, and, consequently, over the entire system



	Receivers
	Components with only arrows in—this means they are impacted by other components, but have no effect on the system



	Centrality
	Absolute value of either (a) overall influence in the model (all + and − relationships indicated, for the entire model), or (b) influence of individual concepts, as indicated by positive (+) or negative (−) values placed on connections between components. Indicates (a) the total influence (positive and negative) in the system or (b) the conceptual weight/importance of individual concepts. The higher the value, the greater the importance of all concepts or the individual weight of a concept in the overall model



	Complexity
	Ratio of receiver variables to transmitter variables. Indicates the degree of resolution and is a measure of the degree to which outcomes of driving forces are considered. Higher complexity indicates more complicated systems.



	Connections

per component (C/N)
	Number of connections divided by number of variables (concepts). The lower the C/N score, the higher the degree of connectedness in a system.



	Density
	Number of connections compared to number of all possible connections. The higher the density, the more potential management policies exist [17].
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Table 2. Rank centrality scores for components in the mental model created by aggregating all stormwater experts (aggregate model); a model derived by aggregating models from stormwater scientists (scientist rank), and a model derived by aggregating models from stormwater managers (manager rank). Centrality rank is the overall influence in a model, with rank one being the most important and 21 being the least important.
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	Mental Model Component
	Aggregate Rank
	Scientist Rank
	Manager Rank





	Stormwater
	1
	1
	1



	Biotic Habitat
	2
	2
	2



	Management Practices
	8
	3
	4



	Stormwater Quantity
	6
	4
	5



	Salmon
	4
	5
	9



	Impervious Surface
	3
	6
	3



	Plankton
	14
	7
	20



	Herring
	11
	8
	13



	Agriculture
	15
	9
	19



	Freshwater Quality Health
	9
	10.5
	6



	Human Well-Being
	10
	10.5
	11



	Human Population
	7
	12
	7



	Orcas
	16
	13
	15



	Climate: Precipitation
	13
	14
	12



	Economy/Funding
	5
	15
	8



	Nutrients
	17
	16
	14



	Regulation
	12
	17
	10



	Transportation
	18
	18
	16



	Combined Sewer Overflows
	20
	19
	18



	Education
	19
	20
	17



	Politics
	21
	21
	21
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