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Abstract

:

The use of vegetation and infiltration into soils to manage stormwater and water quality—called green stormwater infrastructure (GSI)—is now widely recognized as a viable alternative or supplement to the pipes and pumps of conventional, or “gray”, drainage infrastructure. Over the years, much research has emerged regarding spatial aspects of GSI implemented at large scales, including where it is located, where it should be located, and what metrics best represent the benefits it brings to different locations. Research in these areas involves expertise from multiple academic disciplines, but it is unclear whether and how researchers from different disciplines identify and approach questions related to the spatiality of GSI. By adopting the explanatory sequential mixed method design, we identified four categories of spatial GSI studies through a literature review of over 120 research papers: empirical, ecological, decision support systems, and optimization. Here, we present representative examples of these categories of spatial GSI studies, as well as associations between the academic disciplines represented in these categories of spatial GSI papers. Then, we conducted semi-structured interviews with a sample of GSI researchers which revealed the value of interdisciplinary training and knowledge. Finally, in this paper, we identify several gaps that could be addressed to improve interdisciplinary research on GSI implementation, and sustainability transitions in general.
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1. Introduction


Green stormwater infrastructure (GSI) is becoming an increasingly popular approach to overcoming the limitations of traditional gray infrastructure systems that are facing issues of deferred maintenance and are unable to adequately manage stormwater under conditions of climate and land use change. Many administrators view GSI as an alternative solution to the problem of aging water infrastructure. Furthermore, stormwater runoff in GSI is utilized by plants and soil resources within cities, which means that its benefits are not limited to sewage system maintenance or upgrading nature-based stormwater control and management [1,2]; GSI is also a means of greening cities, providing local citizens access to nature, and restoring stream health and water quality [3,4].



With the growing acceptance of GSI, questions are shifting from whether or not cities should implement GSI to more practical issues, such as where it tends to be located, where it should be located, and how GSI networks can be planned and designed so that they create the maximum benefits for communities [5,6,7]. These questions address the spatiality of GSI as a network, rather than individual best management practices.



More widespread implementation of networks of green infrastructure practices such as rain gardens and bioswales addresses fundamentally different challenges compared to conventional gray infrastructure systems, making green infrastructure research more cross-disciplinary [8,9,10]. Cross-disciplinary research is an umbrella term that encompasses multi-, inter-, and trans-disciplinary research along a continuum. On one end of the continuum is multidisciplinary research, which is the least integrative form of collaborative or team-based research. While multidisciplinary research teams involve members from two or more disciplines, with each member bringing a different perspective to understand or address the problem, they do not result in integrative conceptualizations or frameworks, or new techniques or models that integrate or transcend the confines of a single discipline. Interdisciplinary research, on the other hand, integrates information, data, methods, tools, concepts, or theories from two or more disciplines to address a particular problem or question. Transdisciplinary research transcends disciplinary worldviews by generating overarching conceptual and methodological frameworks that cross disciplinary boundaries by engaging stakeholders in the co-production of knowledge [11,12]. Tools that aid interdisciplinary collaboration often focus on facilitating knowledge sharing by making explicit assumptions about relevant system components, causal relationships, and the directionality of relations. Examples of these tools include collaborative conceptual modeling, focused dialogic approaches for collaborative problem conceptualization, and qualitative modeling techniques such as concept maps, mind maps, and causal loop diagrams [13].



Most GSI projects require some level of cross-disciplinary collaboration among experts in different fields, such as civil engineering, hydrology, urban planning, ecology, landscape architecture, and economic and behavioral sciences. Each of these disciplines brings its own disciplinary perspectives, theories, and methodologies to the framing of complex spatial GSI problems [14]. In this study, we are particularly interested in identifying the extent to which spatial GSI research has incorporated the cross-disciplinary framing of research questions and cross-disciplinary methods. By conducting a systematic literature review of over 120 papers addressing the spatiality of GSI as a network, we address the following research questions (RQ):




	
RQ1: What patterns can be identified in the stated motivations, assumptions, and research approaches in current spatial GSI research?



	
RQ2: How do these patterns relate to how different disciplines frame and approach research?



	
RQ3: What is needed to improve cross-disciplinary research for spatial GSI?









2. Background: What Is Spatial GSI Research?


Currently, there is no universal definition of “green infrastructure” [15,16,17]. Over 40% of the publications on green infrastructure do not provide an explicit definition of what is meant by the term. The lack of a singular clear definition of green infrastructure has made it a widely evocative term that has allowed researchers and practitioners the flexibility to focus on what they believe is important. Concepts including blue infrastructure, ecosystem services, and nature-based solutions share similar boundary-spanning characteristics. A thorough review of the literature, however, has revealed that “green infrastructure” mainly refers to three concepts: (1) a greenspace planning concept, (2) an urban ecology concept, and (3) a water/stormwater management concept [17]. Despite being an evocative concept, the widespread implementation of green infrastructure faces challenges of urban governance and physical and social path dependence. This results in barriers to implementation: the path dependence of gray infrastructure obstructs the implementation of green infrastructure by government officials and the greater public [18].



In this research, we focus on green stormwater infrastructure (GSI), a conceptualization of green infrastructure that is directly related to the infrastructure that manages drainage and mitigates flooding in urban areas. In the United States, much of the technical acceptance of GSI was spurred by regulatory acceptance of engineered rain gardens, bioswales, and permeable pavement as technologies that could reduce the prevalence of combined sewer overflows, which occur when wet-weather events result in the discharge of untreated sewage from sewer systems that collect both stormwater runoff and domestic and industrial wastewater into the same, aging pipe network [19]. In this conceptualization, natural elements such as infiltration into soils and evapotranspiration from vegetation are used to reduce or delay the volume of runoff entering combined sewer systems, and thus prevent combined sewer overflows. Technical acceptance of GSI has been supported by a large body of empirical research on the effectiveness of individual GSI facilities to reduce volumes and delay peaks in runoff [20,21,22,23]. GSI also leads to water quality benefits, as rain gardens and bioswales have been shown to reduce sediment, pollutant retention, and nutrient transport from urban land uses to surrounding rivers and streams. Therefore, GSI has been accepted as a best management practice for drainage systems that complement existing sewer systems [24,25,26,27]. Other countries employ similar approaches to stormwater management, such as water-sensitive urban design (WSUD), sustainable urban drainage systems (SUDS), blue-green infrastructure, and sponge cities [17]. It should also be noted that the physical, morphological, cultural, political, ecological, climatic, socio-economic, and planning conditions in which GSI and similar approaches are implemented vary enormously. Particularly notable is the difference in goals between older cities seeking to update aging infrastructure using GSI and new developments seeking to mitigate the effects of urbanization on the pre-development aquatic environment and hydrological cycle.



GSI benefits extend beyond reducing flooding and improving water quality. GSI could restore the healthy stream flows in rivers and streams by increasing infiltration into soils rather than quickflow surface runoff typical of urbanized watersheds [27,28,29,30]. However, there is evidence that the spatial location of infiltration opportunities within a watershed is an important factor to consider [26,31,32]. Some researchers have considered these questions by examining the spatial dependence of urban variable source areas, in terms of where and how surface runoff is produced. Others have considered interactive or synergistic effects between infiltration opportunities [33,34].



Other co-benefits have also been identified. GSI has been found to require lower capital costs more than increasing the capacity of buried pipes systems would, therefore saving resources for cash-strapped municipal budgets [35,36,37]. GSI has also been associated with increased property values [38,39,40,41], has been found to have aesthetic and beautification value in urban neighborhoods [42,43], and creates habitats and increases biodiversity [44]. GSI is associated with lower crime rates and can be used to rehabilitate blighted or vacant land [45,46]. Additionally, vegetation and trees used for GSI may reduce air pollution, urban temperatures, and heat island effects [47,48,49]. GSI can be co-located with community gardens and schools to address food access issues and improve community engagement and place-based learning opportunities [50,51,52]. Thus, the management of GSI by the government is comprehensive rather than solely environmental. Many local governments rely on external funding to meet the costs of GSI [53].



However, despite these potential opportunities, the question of where GSI is located could have undesirable social and economic effects. Compared to traditional drainage infrastructure, which is currently located beneath the public right-of-way, much of the cost-savings associated with GSI is often presumed to come from reduced costs of building on the surface rather than underground, and on private rather than public property [35]. Some researchers view GSI implementation through a critical lens of environmental justice. For example, across the heterogeneity of cities, costs may be highly variable. Maintenance costs of GSI on private property borne by the property owner rather than city maintenance crews can be viewed as placing burdens of public service provision on residents themselves [53]. In St. Louis, MO, USA, the locations of GSI investments and the logic of cost savings were found to reinforce rather than challenge decades of unequal public service provision [54]. Working on private property will often require the voluntary willingness of property owners and depend on private residents’ variable preferences for participating in public/environmental programs and access to information, which also vary across communities and space [42,55,56]. Where the co-benefits of constructed GSI will accrue, to whom, and by what decision-making process have implications for equitable distribution, fairness, and participatory processes [57,58,59].



The literature indicates that there are multiple reasons to look beyond the evaluation of single GSI facilities and focus on the implications of GSI networks. Furthermore, the literature illustrates the many considerations that must be taken into account when studying the effectiveness of a spatialized GSI network serving diverse populations with multiple benefits [60,61]. Finally, it also emphasizes the need to conceptualize spatial GSI questions holistically, necessitating inter- and transdisciplinary approaches that aim to integrate multiple potentially competing goals and identify synergies between divergent disciplinary perspectives and methods, if the implementation of GSI is to occur on a larger scale.




3. Methods


In this study, we used an explanatory sequential mixed method design, or a two-phase model, which consists of a quantitative data analysis followed by a qualitative study that elaborates and explains the findings of the quantitative portion of the research [62,63]. In this type of research, sample size is not an indicator of rigor or validity [64]. The philosophy of this model is that the quantitative analysis builds an overall image of the issue that the qualitative studies then elaborate on, supplementing the issue with more in-depth details [63]. The purpose of the interviews, therefore, is not to generate thick descriptions or aim for the saturation of data as a purely qualitative study.



3.1. Literature Review and Coding Papers


First, to understand the current state of spatial GSI research, as RQ1 asks, we conducted a systematic literature review of papers addressing the spatiality of GSI as a network. We collected all publications from 2009 to the early half of 2020, by applying the keyword searches shown below to the indexed databases available on Web of Science Core Collection.



TS = (“green infrastructure” OR “Low impact development” OR “water sensitive urban design” OR “sustainable urban drainage system” OR “sponge city”) AND TS = (“location” OR “spatial” OR “distribution” OR “site selection”) AND TS = (“stormwater”)



This resulted in 214 papers. We then filtered the papers for relevance to green stormwater infrastructure, in English, and whether they addressed more than one GSI facility (for example, not merely evaluating the performance of a single rain garden or bioswale). In the end, 127 papers were included in this study.



In each of the studies we reviewed, we developed codes that represented the basis of knowledge—or epistemology—represented in the paper. “Epistemology” here refers to the theory of knowledge that underlies and motivates inquiry, especially with regard to methods, validity, and scope. We operationalized this idea by asking three questions:




	
What was the authors’ stated motivation for exploring the spatiality of GSI?



	
What were the implicit or explicit assumptions the authors considered in their study?



	
What research approaches did the authors use in their research?








For each of these broad categories, we first began with open coding to generate a comprehensive list across the 127 papers. We then grouped the open codes into larger subcategories. Table 1 below illustrates example categories that were coded in each of the studies.



For each of the above subcategories, we coded the presence/absence (1/0) of the motivations, assumed components, and approaches used.



Because we were also interested in relationships between the research motivations, assumptions, and approaches of studies and disciplinary inquiry, we also collected data on the first authors’ departmental or institutional affiliation through a web search of the author’s name and the affiliation provided in the correspondence section of the article because of the first authors’ the main role in organizing and composing the paper. Departmental and institutional affiliations were grouped into academic disciplines. These academic disciplines were then grouped into broader categories of natural science, engineering, and social science. We provide more detail on first author affiliations, disciplines, and assigned discipline categories in the table in the Table S1.




3.2. Development of Commonly Occurring “Types” of Spatial GSI Research


Once all the papers had been coded, we conducted a k-means nearest neighbor cluster analysis to understand commonly occurring combinations of motivations, assumptions, and approaches in spatial GSI research, as our RQ1 and RQ2 propose. K-means cluster analysis is an unsupervised machine learning algorithm that can be used to organize variability within and between subgroups in a population. Clusters are formed iteratively around centroids within a multidimensional space by minimizing the distances between each observation and the centroid of its closest group and maximizing the distances between groups. The results of a k-means cluster analysis are therefore very dependent on the choice of the number of groups (centroids). To determine the ideal number of clusters within the 127 papers reviewed, we used the “elbow method”, which identifies the number of clusters that results in the largest reduction in the within-cluster sum of squared distances to the centroids. Beyond this number of clusters, there is a diminishing return of including more clusters, which could result in identifying overly specific clusters that are not generalizable.




3.3. Interviews of Researchers


After the literature review and the development of “types”, we selected and conducted semi-structured interviews with a sample of authors of papers included in our literature review to investigate possible solutions to RQ3. Authors were selected to participate in the semi-structured interviews in English based on our classification of the “types” of their studies and sampling to achieve a diverse representation of authors’ departmental affiliations. The purpose of the interviews was to evaluate how researchers with different disciplinary backgrounds perceived the most important theoretical knowledge underlying their research and the most important unanswered questions about spatial GSI.



Most of the interviews were recorded and transcribed with the interviewees’ permission. In cases where the interviewee did not wish to be recorded, we made notes of the main points the interviewees mentioned. Interviews were limited to 30 min, and the interview protocol can be accessed in the Supplementary Information. We then analyzed the transcribed interviews for major themes related to what kinds of knowledge are necessary to conduct cutting-edge spatial GSI research, and the influence of academic discipline on how research is defined.





4. Results


Among the 127 papers included in the review, the top three countries of first authors’ affiliations were the United States (75), China (25), and Australia (15), and approximately 24 were from various European countries. The number of articles included in our literature review, 127, is appropriate given our search and exclusion criteria, as well as our analysis method (cluster analyses), for which it makes sense to have at least 10 observations per anticipated cluster [74].



4.1. Examples of “Types” of Spatial GSI Research


The cluster analysis revealed four “types” of spatial GSI research in our set of 127 reviewed papers. We assigned labels that capture the principal characteristics of each cluster. Cluster 1 (EMPIRICAL) was characterized by a motivation to untangle confounding factors in GSI performance using empirical data and statistical models. Cluster 2 (ECOLOGICAL) was characterized by a broader consideration of natural functions, such as stream baseflow or ecological function (in addition to drainage infrastructure function), and the use of dynamic models to evaluate the effects of various influences on system performance. Cluster 3 (Decision Support Systems (DSS)) was motivated by decision support and tended to consider broader criteria, often through multicriteria decision analysis methods. Cluster 4 (OPTIMIZATION) used simplified or “static” physical models (often coefficient-based) along with economic criteria to perform optimization studies. Because the clustering algorithm was performed on the 15 codes assigned to 15 sub-categories for each paper included in the review, the principal characteristics of each cluster varied (the clustering was not solely based on the “approach” of the study, for example, nor was it solely based on “motivation” nor “assumed components”). Therefore, the labels we assigned each cluster reflected the characteristics that most strongly dominated each cluster, whether they be motivation, assumed components, or approach. Figure 1 shows a visualization of the clusters formed. Because clustering took place on a 15-dimensional space (the coded attributes), in order to visualize the clusters, we used principal component analysis (PCA) to project the 15 dimensions of each paper included in the study onto a two-dimensional space. Note that because a projection has occurred, some variation in the original data may not be captured by the PCA, and points that appear far from cluster centers in the two-dimensional projection may not in actuality be far in the original 15-dimension space.



Table 2 shows the percentage of papers in each cluster by the academic discipline category of the first authors. A table showing the resulting cluster assignment for each paper included in the review is provided in the Table S2.



The results show that the distributions among clusters for first authors in engineering and natural science are similar. However, social science is very different, with many more social science studies in Cluster 3 (DSS), and fewer in Cluster 4 (OPTIMIZATION) and Cluster 2 (ECOLOGICAL).



Below, we provide illustrative descriptions of the studies that were most representative of each cluster. Representativeness was operationalized by calculating the Euclidean distance of each study (based on assigned codes) and the centroids of each cluster that resulted from the cluster analysis. In cluster analyses, studies that have the least distance to a cluster’s centroid are the most similar to that cluster; clusters that are further from a cluster’s centroid are the most dissimilar to that cluster.



4.1.1. EMPIRICAL Type


The first type of paper evaluated the effectiveness of GSI under various conditions using empirical, or field-collected, data. The motivation for such research was often to untangle, isolate, or identify interacting factors influencing an observed phenomenon related to GSI. Empirical models often used statistical analyses or techniques to isolate causality, including time-series analysis, comparisons of means, and regression analyses to break down the conflated factors.



One of the most representative studies of this type (located closest to the cluster’s centroid) was Kavehei et al., 2019 [75]. In this study, the authors investigated carbon accumulation patterns in a bioretention facility. The motivation of the study emphasized the importance of bioretention basins in GSI designs and the significance of the functionality of carbon in ecosystem cycles, and then pointed out that the carbon sequestration in GSI-related bioretention soil was not well understood from previous research. The authors then collected empirical soil data from over 25 subtropical bioretention basins in Australia over a 13-year chronosequence and studied the variance of carbon content by time, space, and depth. ANOVA tests were applied to test carbon sequestration levels among soils in different conditions; finally, regression analysis was performed to assess the relative impacts of various spatio-temporal factors on changes in soil texture, especially the carbon.



Another representative study by Monrabal-Martinez, Meyn, and Muthanna (2019) [76] studied the characteristics of metal fractions and particle-size distributions in an urban area with a cold coastal climate to better understand sustainable urban drainage systems (SUDS) as an overall system. Like Kavehei et al., this study also relied on collecting spatial samples of empirical data and found that suspended and dissolved solids increased at different levels during salting periods. Again similar to Kavahei et al., it used statistical analyses (Spearman correlation) and produced distribution histograms and box plots to present evidence.



Carson et al., 2013 [77], exhibited a similar research approach. In this study, the researchers monitored three green roofs in New York City and observed that the difference in the percent of rainfall attenuation levels is negatively correlated to the total rainfall. They then developed an empirical model called the characteristic runoff equation (CRE) using the historic rainfall data to project the rainfall retention for the aforementioned locations. By comparing the difference between the monitoring data and modeled data, the study identifies abnormally large rainfall events as the reason for model errors, concluding that using multi-year retention data for the CRE model could record a more accurate estimate for green roofs.




4.1.2. ECOLOGICAL Type


The second type of paper utilized dynamic models to simulate ecological phenomena that were more likely to include components outside of engineered GSI facilities, such as streamflow or groundwater. Many of these papers conducted sensitivity analyses to evaluate which model parameters were particularly influential on the model’s output. This was sometimes conducted as a formal sensitivity analysis but was also performed by comparing output between policy or practical consideration-driven scenario designs. Physics-based or dynamic rules-based models were commonly used by GSI researchers in this type of study.



Krebs et al. (2014) and Lee, Nietch, and Panguluri (2018) [78,79] are two of the most typical (closest to cluster’s centroid) publications that used dynamic models to compare scenarios and parameter sensitivity. Interestingly, both studies’ motivations included pointing out that many models commonly used in GSI research, such as the Storm Water Management Model (SWMM) developed by the U.S. Environmental Protection Agency (USEPA), are often not able to represent key ecological processes. Processes such as decentralized/dispersed depression storage and infiltration were perceived as important processes for low-impact development (LID) that could have large impacts on how effectiveness is evaluated.



Lee and colleagues assumed that the distinction of directly connected impervious surfaces from total impervious areas would have different performances during rain and drainage events, and such separation of classifications of subcatchements would improve the representation of modeled runoff processes. To verify the hypothesis, they used SWMM to simulate the dynamic performance of runoff discharge from six different urban spaces to a single inlet under 8–24 h synthetic storms. The results show that the developed SWMM model calibrated by adjusting parameters per land cover component, instead of per subcatchment, could provide better simulation results for large-scale watersheds. The authors suggested that this finding might be helpful for green stormwater infrastructure modeling and engineering.



Similarly, Krebs et al., 2014 [78], conducted a sensitivity analysis by using different calibration models for SWMM parameterizations on three catchments. The results demonstrate how the limitations on large-scale modeling could affect its results—high-resolution surface representation reduced the number of calibration parameters during the modeling process.




4.1.3. DSS Type


The third type of paper in our analysis was characterized by a motivation to provide support for decision makers evaluating multiple aspects of GSI, and often used multi-criteria decision analysis (MCDA). Decision support papers demonstrate the development of tools to support stakeholder decision making. MCDA was the most prominent model used in GSI papers that aimed to provide decision support. In these studies, authors selected criteria perceived as influential to the local natural and built environment, then assigned weights to each criterion. Among the studies included in our review, B. Li et al., 2019 [80], was one of the most representative of this type. In their paper, the authors developed an MCDA model called Environmental Risk Assessment (ERA) to specifically assess land use and identify parcels that are suitable for sustainable land use planning, which they viewed as an essential part of building a healthy and resilient urban ecosystem. The authors defined the function of green infrastructure as “reduc[ing] inundation, control[ling] nonpoint source pollution, and enhanc[ing] the landscape”. The ERA assembled and balanced the various criteria based on weights and scores through the analytic hierarchical process, informing outcomes that addressed the multifunctionality of the GSI. The ERA model they used included criteria such as topography, hydrology, ecosystem, land use, and traffic. The different weights were then used to compute a risk index across a landscape and produce a spatial risk map. The authors applied the ERA model to an environmentally sensitive area in Shenzhen, China, and prioritized high-risk urban areas for GSI implementation. In contrast to the representative studies in the previous cluster, Krebs et al., 2014, and Lee et al., 2018 [78,80], who focused on evaluating the specifics of processes represented within hydrological models, this paper paired MCDA methods with broader assumptions about which criteria would be relevant when defining and evaluating a spatial GSI network.



Another representative study of this type by Gruwald, Heusinger, and Weber (2017) [81] also illustrates the use of broader criteria in evaluating spatial GSI. The authors developed a DSS with criteria including elevation, land use, building ground plans, traffic counts, and climate function maps to calculate green roof potential area (GPRA) and applied it in Braunschweig, Germany.




4.1.4. OPTIMIZATION Type


Compared to the ECOLOGICAL type, which tended to use dynamic simulation models, the fourth type uses simpler, coefficient-based models in order to optimize multiple factors that might be considered in the GSI implementation processes. Studies of this type are also distinct from the DSS type, in that the DSS type of study tended to focus on the process of weighting criteria as part of the decision support, whereas the OPTIMIZATION type studies were more likely to frame their studies as “finding” an optimal solution. Many scholars acknowledge that the cost-effectiveness of GSI is one of the major concerns for GSI adoption. Thus, publications of the OPTIMIZATION type tended to incorporate cost/economic factors alongside measures of effectiveness as their major criteria considered. By setting optimization as the motivation for the study, these papers aim to find an efficient outcome given resource constraints related to the financing of GSI. Static, usually coefficient-based models were utilized as a common approach to operationalizing “effectiveness” within the optimization.



For example, in Xu et al., 2019 [82], the authors developed a novel optimization method on the existing adaptation pathway (AP) approach called the marginal cost-based greedy strategy (MCGS) to overcome the uncertainty of climate change, and to continually secure dynamically robust and cost-effective planning for GSI. By applying the AP with MCGS optimizations and comparing it with the existing genetic algorithm optimization in Suzhou, a pioneering sponge city in China, the authors showed that their method could save 1–60% in costs over the lifecycle of the GSI network compared to the implementation optimized by the existing genetic algorithm (GA). Additionally, the computational efficiency of MCGS was over 13 times faster than the GA.



In another example, Yazdi and Khazaei (2019) [83] tested the harmony search algorithm on the SWMM model in Tehran, Iran, to find the optimal place and size of online/offline detention ponds in a GSI network that would maximize the effectiveness of urban flood attenuation. Like Xu et al. [82], the authors also included cost as a significant part of the harmony search algorithm they developed. Giacomoni (2015) [84] also developed a multi-objective evolutionary algorithm (MOEA) to optimally site GSI so that hydrological effectiveness is maximized. Similarly, costs in association with peak flow and hydrologic footprint residence were used as metrics within the MOEA.




4.1.5. Interdisciplinary Spatial GSI Studies


Similar to how the cluster analysis allowed us to identify the studies that were most representative of each cluster (closest to cluster centroids), we also were able to identify the studies that had the shortest distances to every cluster centroid. We interpreted these studies to be the most interdisciplinary spatial GSI articles. These studies tended to not fit squarely into the k-means clustering results, and were often classified into different clusters when the k-means clustering algorithm was performed under different random seed starting conditions. Here, we present the most interdisciplinary studies by motivation, aspects of green infrastructure considered, and methodological approaches.



Dawson, Vercruysse, and Wright (2020) [85] developed a spatial framework that combined hydrodynamic modeling with other spatial information about the infrastructure network. The development of the framework was motivated by decision support and the optimization of the spatial network, as well as by evaluating the sensitivity of various parameters. Similarly, considerations of multiple and divergent aspects of green infrastructure were especially salient in Meerow (2019) [86], who developed a spatial planning model to evaluate synergies and tradeoffs in green infrastructure networks. In that study, the authors consider physical infrastructure, natural ecological function, equity, process representation in decision making, and economic factors. Another example of an interdisciplinary spatial GSI study was Kuller et al., 2017 [87], which included several methodological approaches. This was a synthesis study that identified how site selection studies for GI are focused either on finding places that need GI or finding opportunities to place GI, but not both. The authors illustrate how an overarching framework requires a greater variety of methodological tools.





4.2. Interview Findings


We conducted interviews with nine first authors selected from the studies included in our literature review. Of those interviewed, eight of the researchers were based in the U.S., and one in Europe. In the interviews, respondents were able to provide much more detail in describing their expertise areas.



Table 3 shows the terms researchers used to describe their own subject area expertise. While researchers in all three discipline categories stated expertise in “green infrastructure”, descriptions of expertise among the social scientists tended to be broader, including areas such as “policy and planning”, “spatial analysis”, and “coupled human and natural systems”. Potential linkages between the discipline categories also emerged. For example, social science researchers’ expertise and engineering researchers’ expertise overlapped in the area of “sustainability”, and engineering researchers’ expertise and natural science researchers’ expertise overlapped in the area of “urban stormwater management”. However, several topics or fields that researchers used to describe their expertise could be considered multi- or interdisciplinary. Some fields such as urban planning and urban geography are established as interdisciplinary. In fact, four of the researchers interviewed explicitly described themselves as “interdisciplinary researchers”.



In response to the question about what researchers believed to be the most important outstanding questions in spatial GSI research, the most frequently mentioned topic was addressing the question of “scaling up” or the implementation of GSI (mentioned by five researchers: two social scientists and three engineers) as a spatial network. The need to scale up was primarily mentioned with respect to regulatory obligations around drainage infrastructure (all nine interviewees mentioned this). One researcher (in the engineering discipline category) emphasized the importance of the stormwater context in the United States as follows:




“There is a lot of interdisciplinary green infrastructure work that doesn’t consider the engineering and urban design aspect of it and I feel like that work misses an opportunity, especially in the United States because funding for green infrastructure in the US is associated with its role in managing stormwater. There’s a lot of green infrastructure research that talks about green infrastructure in an abstract way independent of its role in stormwater management, and I feel like that research is limited in its potential for transforming green infrastructure because they’re not understanding the processes that are leading to billion-dollar investments in cities.”





However, all nine interviewees also mentioned the importance of accounting for physical functions other than stormwater management. Quantifying and/or accounting for multiple benefits of green infrastructure (beyond stormwater management) was mentioned by four researchers (two social scientists, two engineers). Several mentioned that a certain maturity in understanding the physical function of stormwater benefits and hydrologic benefits has already been reached over the past ten years, but that more is needed for other co-benefits:




“We have a reasonably good understanding of the stormwater benefits, hydrologic benefits of green infrastructure. I think obviously there is more that we could learn. And I think more consistent modeling of performance on hydrologic elements is definitely needed. But I think where we really need more work is an understanding of how we can really achieve these multiple co-benefits. When do we see those benefits? When do we not? And that includes more of these cultural ecosystem services and more social benefits.”





Another researcher mentioned the dilemma of increased attention to co-benefits, with relatively superficial means of systematically and proactively planning for those co-benefits.




“We do not yet really have tools and concepts or principles to design these systems to deliver these multifunctional benefits… It runs the risk of people getting a bad impression of these systems if they don’t work. It runs the risk of over investment where it becomes just yet another asset to manage or another issue to deal with, rather than what is actually a strategic, planned solution.”





Several interviewees pointed out that green infrastructure is primarily driven by the singular rationale of stormwater, despite the existence and acknowledgment of other rationales. This, coupled with the lack of a strategic approach to the holistic benefit of green infrastructure in cities, has resulted in an opportunistic rather than a systematic approach to implementation, which is still a major challenge in GSI implementation. Others mentioned that social science methods such as resident surveys and interviews are critical to understanding how GSI may be accepted by residents in cities. Both these gaps were attributed in part to the superficiality of interdisciplinary research:




“If we take the initial vision of trying to build multi-functional infrastructure that can deliver sustainable cities, we have to take an interdisciplinary approach. [We] talk about biodiversity, health, and heat islands. But … the interdisciplinarity of it, in my opinion, is not truly interdisciplinary. If I search for a bunch of papers that use multi-criteria decision analysis and all these spatial tools to figure out where’s the best place to put a green infrastructure, what I end up seeing over and over again is the use of proxy indicators, with little regard for understanding the underlying dynamics of why there’s an urban heat island in these locations, why there’s biodiversity loss here…”





One researcher mentioned how training in an inherently interdisciplinary discipline—geography—prepared her to understand how to integrate across methods and approaches. Another mentioned that identifying certain theories could help bridge more deeply across methods and disciplines:




“You could map out [different kinds of] spatial networks. You could map out how water flows, you can map out how species move, and you can map out the transport network for example, [or] energy balance modeling [and]…species distribution models… social networks … how the urban water cycle behaves… [then] use those within network theory to identify solutions. These need to be from datasets that are derived from first principles or from rigorously tested methods, [rather than simple proxies].”





Other researchers echoed the need to facilitate deeper interdisciplinarity and strategies for achieving this. One described how she had to learn how to think more broadly across a range of issues, while her collaborator (of a different discipline) had to learn how to compartmentalize components of the problem more effectively before they could work together. Two interviewees, both trained as engineers, went further, taking it upon themselves to learn the methods typically associated with social sciences.



Several researchers mentioned challenges with assumed knowledge and understanding the vocabularies, jargon, and even written language organization of other disciplines:




“Having enough of just a basic understanding of the science there so that you can communicate is important. If you can’t even find a common language to discuss these ideas, it’s hard to get anywhere so I think there has to be some effort from every side in terms of developing that basic set of language, or that set of concepts that you all can agree on and focus on.”





One engineer mentioned initially not understanding why social scientists put such emphasis on conceptual framing, realizing later that framing added context and meaning, while one social scientist commented that despite working on interdisciplinary projects: “I don’t feel like we ever felt like we got on the same page with the engineers, about what it meant to be engaged with community or what it meant to design something that was community-focused. I think there was a disciplinary thing but there was also a definite power differential there”. These examples emphasized the importance of a transdisciplinary orientation, including openness to learning and changing one’s own perspective, and being aware of one’s own positionality in an interdisciplinary project [88].



Lastly, through their responses to the interview questions, the interviewees generated lists of important skills, theories, and background knowledge they believed necessary for conducting cutting-edge research on GSI. This list is shown, organized by broad academic discipline category, in Table 4. Unsurprisingly, given the focus on the spatiality of GSI, understanding geographic information systems (GIS) is listed as a necessary skill across all the discipline categories. Theories and knowledge areas generated by the interviewees also included cross-disciplinary topics; for example, understanding equity and justice, human factors of decision making, and environmental justice appear in all three discipline categories.





5. Discussion and Conclusions


5.1. Main Findings and Contributions


In this study, we set out to understand the types of interdisciplinarity in spatial GSI research by proposing three research questions. In response to RQ1, we reviewed 127 articles to develop commonly occurring “types” of studies, including stated motivations, assumptions, and methodological approaches. We then selected nine authors from the reviewed literature to provide more context on the state of interdisciplinarity in spatial GSI research, challenges, and opportunity areas.



Addressing RQ2, we found four distinguishable “types” of spatial GSI research: (1) those that are motivated by untangling confounding factors in GSI performance and use empirical models; (2) those that use dynamic models to evaluate various influences on system performance as a broader ecological system; (3) those that are motivated by decision support and are likely to use multicriteria decision analysis methods; and (4) those that are motivated to “optimize” spatial networks, usually using criteria of costs and performance. Studies that were not clearly categorized by the clustering algorithm we used tended to include a broader range of motivations, system components, and methodological approaches than studies that were clearly classified into the above types. We noticed that the distributions of study types were more similar between first authors from engineering and natural science disciplines, while the distribution of types of papers with first authors from social science disciplines tended to emphasize decision support and multi-criteria decision analysis much more frequently.



Despite the separation of these clusters and the correlations with first author disciplines, in our in-depth interviews with researchers, we found that all interviewees had engaged in and recognized the importance of deeper interdisciplinary approaches in moving GSI research forward. The researchers also acknowledged the difficulty of interdisciplinary research, including the necessary investments in learning theories and methods of other disciplines and fields in order to effectively communicate with collaborators, and the need to move beyond superficial proxy-like representations of various system components towards first principles or science-based process representations. It is possible that the researchers may not be aware of the significance of systems and interdisciplinary thinking as important approaches for GSI research, which addresses RQ3.



Furthermore, although methods such as multicriteria decision analysis have the potential to integrate more system components into decision criteria, the interviews revealed the perceived shortcomings of the approach, including the superficiality of proxy indicators, the reduction in dynamic spatial processes that occur within the urban environments in which GSI is being implemented, and generally, a lack of deeper cross-disciplinary integration and communication that would lead to true inter- or transdisciplinary research.




5.2. Limitations


There are several limitations of our research. Firstly, limiting our literature review searches and interviews to green infrastructure for stormwater management (GSI) likely biases the studies to include those that are more likely to position their research in relation to the technical aspects of stormwater and urban drainage management infrastructure. In Table 4, approaches and strategies required for interdisciplinary GSI research, such as systems thinking and interdisciplinary thinking, were not mentioned by the interviewees, possibly indicating that the researchers we selected are not aware of the significance of system/interdisciplinary thinking as important approaches for conducting interdisciplinary GSI research. While more cities are increasingly viewing such systems as socio-ecological technical systems, this is a relatively recent shift in the approach to infrastructure planning [10,89], and there are many more studies that address urban ecology, green/open space, and urban public services more generally that could be considered “green infrastructure” and that may have increased the representation of social science approaches.



Secondly, we used the departmental affiliation of the first author of each paper as a proxy for their disciplinary epistemological foundation. However, in many cases, research teams comprised multiple academic disciplines. The team’s research process may have included meaningful inter- or transdisciplinary collaboration and multiple-loop learning but may simply not have been explicitly stated in the final publications, which usually need to be tailored to (disciplinary-specific) journal standards. A bibliometric analysis of citations in the papers included could help represent how cross-disciplinary knowledge is being integrated in different kinds of journals.



Moreover, the inclusion of English-only articles may also result in the overrepresentation of GSI papers from English-speaking countries. As our results show, the majority of the papers in the literature review are from the U.S. Thus, the findings of the paper may be most applicable to North America and Europe.



Lastly, while interviews were helpful in elucidating the nature of cross-disciplinary research and spatial GSI, it was difficult for some interviewees to answer questions about what research questions about GSI and what theories or kinds of literature they believed to be “most important”. We believe this in part to be because many of our interviewees had collaborated in multidisciplinary groups where they experienced how discipline shaped what knowledge was brought forward and the priorities of different researchers, making it difficult to answer, even from their own perspective, what they believed to be “most important”.




5.3. Suggestions for Future Research


The gaps in interdisciplinary research found in this study could be addressed through an explicit process of collaborative problem-framing in cross-disciplinary teams that includes more in-depth discussions about researchers’ motivations for research questions, the reasons for which some system components are considered/represented and others are not, and the methodological approaches that allow researchers to engage in knowledge creation.



In socio-ecological systems research, the shifts in problem-framing that occur during transdisciplinary research have been conceptualized as a “multiple-loop” social learning process, in which participants develop the awareness of others’ different goals and perspectives and engage together in problem identification through exercises that elicit different mental models of the same socio-ecological system [90]. The purpose of eliciting such models is to speed up and formalize the processes of learning about cross-discipline collaborators’ epistemological foundations, which several of our interviewees revealed were often slow processes that involved breaking down stereotypes and caricatures of other disciplinary approaches. In fact, these strategies are common in socio-ecological systems management and ecosystems services literatures; see, for example, Pennington et al., 2021, and Hedelin et al., 2021 [91,92].



In the introduction of this paper, we touched on tools that are often used to help researchers communicate implicitly held assumptions about relevant system components and causality to potential collaborators with different backgrounds. These tools included mind-mapping, concept mapping, and collaborative conceptual mapping. Participatory modeling is one approach to transdisciplinary collaboration that has been applied to the adaptive management of socio-ecological systems. Unlike the qualitative approaches mentioned earlier in the paper, participatory modeling spans a range of quantitative and qualitative methods at varying levels of formalization [93]. The purpose of all the methods is to intentionally provide opportunities to integrate the knowledge, values, and perspectives of experts and stakeholders. In addition, the concept may be extended to quantitative modeling through computer simulation. This makes participatory modeling particularly flexible for bridging cross-disciplinary knowledge, ranging from problem conceptualization, assumed system components, and methodological approaches, the three categories of epistemological approach addressed in this paper. There are many examples of the process of co-creating model representations of socio-ecological systems [91]. These examples illustrate how both conceptual and computational models can be used to facilitate in-depth transdisciplinary discussions about appropriate resolutions, processes/dynamics that need to be represented, important system outputs, and system components [94,95].



Although there are numerous applications of the participatory modeling approaches to transdisciplinary research in water resources [96,97,98], our literature review did not reveal any examples of these approaches applied to facilitate cross-disciplinary research about spatial GSI implementation. While many participatory modeling techniques have focused on the involvement of non-expert stakeholders, tools commonly used in participatory modeling processes, such as fuzzy cognitive mapping, causal loop diagramming, and participatory GIS, may also help academic researchers find opportunities for deeper integration of knowledge [93,99]. Such techniques have been used in the past in advancing transdisciplinary research in other systems that may include meeting multiple potentially competing objectives that require cross-disciplinary collaboration, such as energy systems transitions planning and planning the provision of ecosystem services [100,101]. This suggests that participatory modeling techniques in spatial GSI implementation research could be a promising area for further development.
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Figure 1. Illustration of the clusters formed from the cluster analysis, projected onto two-dimensional space for visualization purposes. 
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Table 1. Subcategories that emerged in research papers addressing spatial GSI questions.
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Motivations for Spatial GI Research




	
Name

	
Description

	
Example






	
Participatory process

	
Article mentions the objective of increasing participation in decision making processes. Emphasis placed on elevating voices/perspectives of marginalized people.

	
[65,66]




	
Optimization/efficiency

	
Article mentions optimization (or spatial location of GI, or amount of GI) to find an “efficient” outcome given scarce resources, as a purpose of the article.

	
[67]




	
Complexity/emergent patterns/causality

	
Article’s motivation is to untangle, isolate, or identify interacting factors influencing an observed phenomenon.

	
[56]




	
Decision support

	
Article demonstrates the development of tools, systems, etc., to support stakeholder decision making.

	
[68]




	
Sensitivity and scenarios

	
Article’s purpose is to evaluate the “sensitivity” of a spatial process (assessing the level of variability between scenarios).

	
[69]




	
Assumptions about what are Important Components of Spatial GSI Systems




	
Physical function of built infrastructure

	
Article addresses the performance of built infrastructure (for example, drainage infrastructure’s ability to prevent flooding, or prevention of combined sewer overflows) and water quality/quantity with respect to infrastructure.

	
[70]




	
Physical function of natural processes

	
Article addresses the function of natural systems (for example, water quality/quantity with respect to natural hydrology, maintaining minimum baseflow or other stream metrics, biodiversity/habitat, groundwater recharge, urban air temperatures, etc.).

	
[25]




	
Social equity

	
Article addresses the fair distribution of resources (for example, siting of green infrastructure in poor/underserved neighborhoods).

	
[58]




	
Process/representation

	
Article addresses whether diverse voices are heard in decision making, or have access to resources.

	
[58]




	
Economics/costs/financing/monetary policy incentives

	
Article addresses capital costs, fee/credit systems, costs of operations/maintenance, monetized lifecycle analysis, etc.

	
[71]




	
Approaches used to Study Spatial GSI




	
Multicriteria decision analysis

	
Article uses or discusses the weighting of multiple criteria according to user values or expert opinion.

	
[60]




	
Empirical/statistical model

	
Article includes observed data collected from field sites or observational social data and analyzed using statistical models, including time-series analysis, comparisons of means, regression analyses, resampling techniques (e.g., Monte Carlo resampling), etc.

	
[56]




	
Static rules-based model

	
Article includes a static (coefficient-based) model for either social or physical phenomena (e.g., CN method for runoff).

	
[72,73]




	
Dynamic rules-based model

	
The article includes a dynamic rules-based model for either social or physical phenomena (e.g., agent-based modeling, or process-based modeling).

	
[34]
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Table 2. Frequency of types of studies, by academic discipline.
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	Discipline
	Cluster 1: EMPIRICAL
	Cluster 2: ECOLOGICAL
	Cluster 3:

DSS
	Cluster 4: OPTIMIZATION





	Social Science
	24%
	8%
	44%
	24%



	Engineering
	22%
	27%
	16%
	34%



	Natural Science
	23%
	26%
	17%
	34%
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Table 3. Participants’ self-described expertise, aggregated by discipline categories.
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	Discipline Category
	Number of Interviewees
	Self-Described Expertise Summary





	Social Science
	3
	Urban geography, policy and planning, urban sustainability, social–ecological systems, urban resilience, urban geography, spatial analysis, GIS, green stormwater infrastructure, urban greening, computational modeling of coupled human–natural systems, participatory modeling



	Engineering
	4
	Urban hydrology, urban water management, land use change and hydrology, natural treatment systems, ecological restoration, green infrastructure design, planning monitoring, modeling, climate change adaptation and resilience strategies, sustainability issues, engineering, interdisciplinary research



	Natural Science
	2
	Soil physics, hydrology, urban stormwater management, green infrastructure design, stormwater filtration
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Table 4. Models, skills, theories, and knowledge necessary to carry out cutting-edge GSI research.
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	Discipline Category
	Models/Skills
	Theories/Knowledge





	Social Science
	GIS, computational modeling
	Geography, planning, socio-ecological technical systems (SETS), urban governance, ecosystem services, community context and perception, definitions of equity and justice, individual and organizational attitudes toward GSI, hydrology, ecosystem function, green infrastructure performance, urban ecology, climate and meteorology



	Engineering
	Watershed data-analysis, urban hydrological modeling, programming, GIS, remote sensing, time-series approaches, distributed spatio-temporal modeling
	Hydrology, hydraulics, soil science, water quality, plant sciences, runoff generation, ecological design principles,

network theory, networking graph theory, urban water cycle, temporal scales, infrastructure capacity, constraints and costs, human factors, social science, urban planning, social context regulatory policies and structures, land use decision making



	Natural Science
	Hydraulic and hydrologic modeling, instrumentation installations, GIS
	Soil science, drainage properties, interaction between green infrastructure and natural constraints, restoration, ecology, cost, public education, environmental justice, policy decision making
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