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It is likely that half of the urban areas that will exist in 2050 have not yet been designed and built. This provides tremendous opportunities for enhancing urban sustainability, and using “nature in cities” is critical to more resilient solutions to urban challenges. Terms for “urban nature” include Green Infrastructure (GI), Green-Blue Infrastructure (GBI), Urban Green Space (UGS), and Nature-Based Solutions (NBS). These terms, and the concepts they represent, are incomplete because they tend to reduce the importance of non-terrestrial ecological features in cities. We argue that the concept of Urban Ecological Infrastructure (UEI), which came from a 2013 forum held in Beijing and from several subsequent 2017 publications, is a more inclusive alternative. In this paper we refine the 2013 definition of UEI and link the concept more directly to urban ecosystem services.

In our refined definition, UEI comprises all parts of a city that support ecological structures and functions, as well as the ecosystem services provided by UEI that directly affect human outcomes and wellbeing. UEI often includes aspects of the built environment, and we discuss examples of this “hybrid infrastructure”. We distinguish terrestrial, aquatic, and wetland UEI because each type provides different ecosystem services. We present several examples of both “accidental” UEI and UEI that was explicitly designed and managed, with an emphasis on wetland UEI because these ecotonal ecosystems are uniquely both terrestrial and aquatic. We show how both accidental and planned UEI produces unexpected ecosystem services, which justifies recognizing and maintaining both purposeful and serendipitous types of UEI in cities. Finally, we posit that by incorporating both “ecological” and “infrastructure”, UEI also helps to bridge urban scientists and urban practitioners in a more transdisciplinary partnership to build more resilient and sustainable cities.
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Infrastructure and nature in cities

Homo sapiens is becoming an increasingly urban species (Wigginton et al. 2016; Elmqvist et al. 2018; NSF AC-ERE 2018), a global shift that underscores the profound importance of understanding urban ecosystems. Cities, as concentrated consumers of energy and resources, are producers of various wastes, but they are also centers of innovation, efficiency, social networks, and solutions (David 1995; Grimm et al. 2008; Bettencourt et al. 2009; Pickett et al. 2013; Grimm and Schindler 2018). Cities are designed and built to be human habitats, and the result is urban infrastructure. Infrastructure is typically defined as the physical components of interrelated systems that provide commodities and services essential to enable, sustain, or enhance societal living conditions (sensu Neuman and Smith 2010). In its classical definition, infrastructure is generally restricted to the built [and otherwise human-constructed] environment; this is the way architects, engineers, and city planners and managers often think of it. In contrast, our focus here is on non-built “nature in cities” infrastructure and the broader adoption of a more inclusive term and concept for it: Urban Ecological Infrastructure (UEI).

The traditional concept of infrastructure likely began to expand to include nature in cities with the designs of Frederick Olmstead, then later with the work of Ian McHarg (1969) and, more recently, Frederick Steiner (2006). Awareness of nature in cities began to mature and become more widespread during the environmental movement of the 1960s and 70s. Since then, the importance and value of nature in cities has strengthened with the growth of urban ecology as both a discipline and an approach to understanding urban systems dynamics. With this strengthening has come the prevalence of several terms by European and U.S. urban scientists and practitioners to refer to nature in cities. Green Infrastructure (GI) is one (Tzoulas et al. 2006; Keeley 2011; Andersson et al. 2014; Larsen 2015; Koc et al. 2017); it is typically defined as the interconnected network of natural and semi-natural elements capable of providing multiple functions and ecosystem services encompassing positive ecological, economic, and social benefits for humans and other species (Benedict and McMahon, 2006; Koc et al. 2017). The GI concept has recently been expanded to Green-Blue Infrastructure (GBI), in order to include urban aquatic features (sensu Barbosa et al. 2019). Another more recently used term is Urban Green Space (UGS), defined as the natural, semi-natural, and artificial ecological systems within and around a city that comprise a range of habitats (Niemela et al. 2010; Cilliers et al. 2013; Aronson et al. 2017). Additionally, the term Nature-Based Solutions (NBS) has gained considerable traction, particularly in Europe (Eggermont et al. 2015; Cohen-Shacham et al. 2016; Maes and Jacob 2017; Kabisch et al. 2017; Frantzeskaki et al. 2019; Keeler et al. 2019), although this concept seems to be more focused on goal-oriented engineering rather than on the natural infrastructure itself (Nesshover et al. 2017, WWAP/UN-Water 2018). The definitions of GI, GBI, UGS, and NBS overlap considerably, and all are routinely coupled with the ecosystem services concept (e.g., Gomez-Baggethun et al. 2013; Andersson et al. 2015; Locke and McPhearson 2018; Keeler et al. 2019). GI and UGS are more strongly focused on terrestrial ecological features in cities; notably, a recent review and typology of GI by Koc et al. (2017) included no aquatic features, while a review of the GI literature by Haase et al. (2014), that was focused on ecosystem services, did not include urban wetlands. Similarly, applications of the GBI and NBS terms and concepts rarely discuss or include urban wetlands.

The concept of Ecological Infrastructure first appeared in a 1984 report by the United Nations Educational, Scientific, and Cultural Organization’s (UNESCO) Man and Biosphere Program. It was several decades before the concept of UEI emerged in the literature, as a product of the 2013 International Ecopolis Forum on “Urban Ecological Infrastructure for New Urbanization” that was held in Beijing, China (Li et al. 2017a). This forum defined UEI as the organic integration of blue, green, and gray landscapes, combined with “exits” (outflows and recycling) and “arteries” (corridors; Li et al. 2017b). This definition included the built urban environment, and thus seems to include all urban infrastructure. The Li et al. (2017b) definition was also complicated by the inclusion of processes both within and between patches of UEI in the urban matrix. Perhaps because this definition was so expansive, the UEI concept has not become known by, let alone resonated with, the larger communities of urban systems scientists or practitioners in Europe, the U.S., or elsewhere beyond China.

Our objectives for this paper include:

1. The presentation of a simplified and more concise definition of UEI that directly connects UEI to the ecosystem services it provides, eliminating the need to include the ecological processes that produce those services explicitly in the definition.

2. A desire to make urban researchers and practitioners from Europe, the U.S., and elsewhere more broadly aware of the UEI concept, in hopes that it will be adopted as a more inclusive concept for nature in cities.

3. Justification for the idea that use of both “ecological” and “infrastructure” in the UEI concept forms a key bridge between urban ecologists and urban practitioners–UEI elevates urban ecological features to the same consideration by the latter as urban built features.

4. Demonstration that terrestrial, aquatic, and wetland types of UEI provide unique ecosystem services, and that a more refined focus on these ecosystem-specific processes may produce “surprise” ecosystem services.

A simplified definition of UEI

Our simplified and more concise definition of UEI encompasses all parts of a city that include ecological structures and functions. Ecological structure is the physical components that make up ecosystems (e.g. species, soils, waterways) while ecological function is the processes that result from interactions among the structural components (e.g. primary production, nutrient cycling, decomposition). UEI forms a critical bridge between nature in cities and the people that live in cities via its purveyance of urban ecosystem services (Figure 1). These ecosystem services are, by definition, the benefits that people gain from UEI and the resulting effects on human outcomes. Many of these ecosystem services result from the ecological function of UEI (the arrows in Figure 1 that connect function to ecosystem services to outcomes), but some are purely structural (the arrow in Figure 1 that connects UEI with outcomes). For example, urban trees are known for providing a number of function-derived ecosystem services, such as transpirational cooling and soil retention and development. But urban trees also provide services that are strictly tied to their ecological structure, including shade and habitat for wildlife.

[image: image]

Figure 1

Conceptual framework of the CAP LTER Program.
 The conceptual framework being used by the Central Arizona-Phoenix Long-Term Ecological Research Program (CAP LTER) to structure and guide its urban ecological research. Note the blue oval in the center that demonstrates how UEI bridges the biophysical and human realms of the urban ecosystem.
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Notably, infrastructure must possess ecological structure and function to be considered UEI. For example, swimming pools provide key services such as exercise, recreation, and cooling, but [by design] pools do not have ecological structure or function so they are not UEI. In our broadest of definitions, UEI is effectively all of the physical components of a city except the built environment. A building roof that is painted white (or even green) and called a “green roof” because of energy savings is not UEI, but a green roof that includes soil and plants and is designed and managed for stormwater and heat abatement has ecological structure and function, and thus is UEI. Other examples of UEI include parks, streams, street trees, residential yards, riparian areas, lakes, urban agriculture, vacant lots, and constructed treatment wetlands. To the extent that a planted front porch flowerpot provides aesthetic benefits and food for pollinators, it is also UEI. Thus, UEI occurs at all scales. Finally, UEI is typically designed and managed to varying degrees, but not always. Examples of unplanned and/or unmanaged UEI include “accidental wetlands” (sensu Suchy 2016; Palta et al. 2016, 2017), vacant lots (McPhearson et al. 2013), and [seemingly] neglected areas.

Our ecologically inclusive UEI concept [of course] includes all terrestrial ecological features in cities, which we refer to as Green UEI. Bare soil is a particular terrestrial ecological feature that is present in all cities and is often a separate land cover class. Bare soils are sites of important ecological functions, including a host of biogeochemical processes and water infiltration (Herrmann et al. 2016). Thus, we distinguish bare soil from green UEI because it is not vegetated and is generally overlooked in research on GI/UGS and ecosystem services. For example, many vacant lots in Phoenix—a hot, dry desert city—are bare soil because without irrigation few if any plants can survive. Interestingly, vacant lots make up a large fraction of total urban land area, averaging 15% or more (Kremer et al. 2013). For these reasons, we include this unvegetated Brown UEI in our terrestrial ecological categorization.

All cities also have various types of aquatic ecological features, including lakes, streams, rivers, canals, and coastal oceans. We refer to this as Blue UEI. Notably, in their analysis of cultural ecosystem services in cities, Andersson et al. (2014) explicitly discussed both green and blue infrastructure, as do other recent publications (Ioja et al. 2018). In addition, because of the ways that water moves across landscapes, aquatic and wetland UEI features are often highly connected in urban ecosystems, even when those connections are not readily visible (e.g. buried urban streams). Yet urban wetlands are the ecological components that are either left out of discussions, studies, and reviews of nature in cities or are designated as either terrestrial or aquatic. All cities have wetlands of some form—undisturbed or degraded, constructed or restored, or simply accidental (sensu Palta et al. 2017). But wetlands have structural and functional characteristics that are both terrestrial and aquatic—they are effectively ecotone systems (Mitsch and Gosselink 2015). This means that wetlands combine the ecological characteristics of both Green and Blue UEI, yet wetlands are uniquely neither terrestrial or aquatic. For this reason we categorize urban wetlands separately, as Turquoise UEI (as first defined in Childers et al. 2015), because when one combines the colors green and blue the result is the color turquoise.

Our four-color approach to defining the UEI concept distinguishes Green, Brown, Blue, and Turquoise UEI because each type provides a unique set of ecosystem services, and each type has its own management trade-offs because of potential disservices (in Table 1 we present examples of Blue, Turquoise, and Brown UEI; the literature is rich with examples of Green UEI). Still, having these four categories reunited under the common banner of UEI allows for the connectivity among them (e.g., the same water may flow through Brown, Green, and/or Turquoise UEI before it reaches Blue UEI) to be more readily highlighted and to be managed in more integrated ways.



Table 1

Select examples of Blue, Brown, and Turquoise UEI, including associated ecosystem services and potential or perceived disservices. Ecosystem service abbreviations: P = provisioning services; R/S = regulating or supporting services; A/C = aesthetic or cultural services.
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Why UEI is more inclusive than currently used terms for nature in cities

We argue that UEI as both a term and a concept, is necessary because of the terrestrial-centric nature of GI and UGS. Both GI and UGS seem to downplay or even ignore the importance of aquatic and wetland ecosystems in cities, yet all cities have streams, rivers, canals, lakes, shorelines or coastlines, and various types of wetlands. This emphasis on the terrestrial makes some sense, given that Homo sapiens is a land-bound species. Regardless, a focus on only terrestrial ecological features is an incomplete representation of nature in cities. The recent expansion of GI to GBI, so as to include aquatic features, still fails to acknowledge the ecological uniqueness of wetlands and their important contributions to UEI-based urban ecosystem services. While NBS does include aquatic features and wetlands (WWAP/UN-Water 2018), it is a goal-oriented and engineering-based concept that tends to focus on single-service delivery. We know this is insufficient because nature in cities provides multiple, and sometimes conflicting, benefits and these vary because of the social, technological, and ecological context of individual cities (Keeler et al. 2019). Our definition of UEI, detailed above, is considerably less abridged in its inclusion of urban ecological systems.

Another complication with GI is that this same term has a number of enviro-political connotations. Green infrastructure is routinely used to describe environmentally friendly, or “green” policies (e.g., recycling) or technologies (e.g., solar panels). This confusion over what GI actually means may lead to miscommunication or misunderstanding when urban ecologists are working with decision makers or with the public. One person’s conception of nature in cities may be another person’s idea of environmentally-supportive policies. As urban ecologists are striving to work more with urban designers, engineers, planners, other practitioners, and urban residents, it is important to ensure that we are all talking about the same things.

UEI as a bridge between urban scientists and practitioners

We posit that UEI, as both a term and a concept, will resonate with designers, planners, and managers, strengthening this ecologist-practitioner bridge and thus advancing our ability to move knowledge to action in support of more sustainable urban futures (per Childers et al. 2015; Pickett et al. 2016). An example of this comes from recent work by two authors of this paper (DLC and CAS) on a UEI stormwater management project on the campus of Arizona State University, Tempe AZ USA. A newly-constructed LEED Platinum Student Pavilion building included bioswales and other UEI features in the surrounding landscape to manage stormwater. The university administration also wanted to apply for SITES certification for the site (SITES is a certification program similar to LEED that focuses on the ecological efficacy of a building’s surrounding landscape). The SITES certification process requires that the applicant empirically demonstrate effective outcomes of UEI solutions, which thus requires monitoring of UEI processes. These practitioners had little to no experience with environmental monitoring, but they did know about our long-term research on stormwater management using UEI through the Central Arizona-Phoenix Long-Term Ecological Research Program (CAP LTER; Hale et al. 2014, 2015).

The subsequent practitioner-researcher collaboration on the Student Pavilion’s UEI involved several meetings, workshops, and field trips and resulted in a fully co-produced monitoring design for the site. Our research on this stormwater management UEI not only produced ecohydrological and biogeochemical data, but also included survey data derived from interviews of all practitioners and scientists involved in the monitoring design process (Sanchez 2019).

The architects and engineers involved in the project came into the co-production design process referring to their stormwater management features as GI. When asked to define GI, practitioner definitions of GI were remarkably similar to UEI. Further, it was clear they were aware of the many different perceptions of what GI means, including its enviro-political connotations, and they readily acknowledged the confusion this may produce. When introduced to the UEI concept, it was clear they had never heard of it before but they were quickly receptive to it as a better, more inclusive, and less confusing alternative. We posit that as the UEI concept becomes more prevalent in these design co-production activities, its value as a bridge between urban research and practice will become clearer.

Ecosystem services, and “surprise” services, provided by UEI

The UEI concept, and UEI itself, also forms a critical bridge between nature in cities and the people that live in cities (Figure 1). The most important link between these two realms is the ecosystem services provided by UEI. Most of these services derive from the ecological functions of UEI, as shown in Figure 1, but some of the benefits people derive from UEI are structural and more direct. For example, trees in a city park provide a number of functionally-based ecosystem services, including cooling via evapotranspiration, soil development, carbon and nutrient sequestration, and stormwater management. But the same trees also provide shade for people and habitat for birds, insects, and other wildlife—these are purely structural ecosystem services. UEI is also an important component of hybrid urban infrastructure, which Grimm et al. (2016) define as components of the urban fabric that are a mix of built and environmental structures in cities. As such, hybrid infrastructures provide benefits via both ecological structure and function (e.g., ecosystem services) and built structures (e.g., services; Depietri and McPhearson 2017).

In this section we present case study examples of ecosystem services provided by UEI. The literature is rich with examples of terrestrial UEI—also known as GI, UGS, or NBS—and the ecosystem services it provides (e.g., Figure 4 in Haase et al. 2014). For this reason, there is no need to expand on these here. Rather, we focus our UEI case studies on Blue and Turquoise UEI because: 1) these systems have been neglected in GI, UGS, and NBS research and in the urban ecosystem services literature; 2) it is important to demonstrate that urban wetlands provide services that are unique from those of terrestrial or aquatic UEI and; 3) Blue and Turquoise UEI often provides unexpected, or “surprise”, ecosystem services. Our point here is that by focusing on the terrestrially-based UEI in our cities, we are often surprised by the additional benefits that people derive from other “wetter” forms of UEI. The following examples document the value of Blue and Turquoise UEI to urban residents, via both the ecosystem services these systems were designed and managed to produce as well as via serendipitous ecosystem services.

1. Blue UEI in Phoenix AZ USA

Tempe Town Lake is a man-made lake that was built in the heart of downtown Tempe AZ in 1999 (Figure 2A, B). It was built by constructing dams across the bed of the Salt River, which has been effectively a dry river since the late 1930s. Tempe Town Lake was built to promote economic development, to provide recreational opportunities, and to manage stormwater and flooding. The lake provides effective flood control because the dams can be lowered, allowing the lake to accommodate significant flows during storm events or upstream dam releases. High flow events (>1000 cubic feet per second over a period of days to weeks) have necessitated opening the dams on five occasions since 2005. According to the City of Tempe, the economic impacts of the lake have exceeded $1.5 Billion. More than 2.4 million people spend time at the lake and the associated Tempe Beach Park every year, making it Arizona’s second most popular public attraction—after the Grand Canyon (https://www.tempe.gov/city-hall/community-development/tempe-town-lake). Clearly, Tempe Town Lake has provided the three main ecosystem services of design.
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Figure 2

Photographs of the UEI systems described in the case studies. (A)
 Tempe Town Lake, Tempe AZ. The lake is directly north of downtown Tempe and the ASU campus; (B) There has been substantial economic development along the south shore of the lake (Photos A and B: Google Earth images); (C) The Tres Rios CTW (center). (D) Long-term monitoring and research have been carried out in the L-shaped 42 ha wetland cell on the right, which includes 21 ha of vegetated marsh. The wastewater treatment plant is on the far left of both photos, and the Salt River is immediately above the CTW (Photos by D. Childers); (E) The stormwater management UEI at the Ostwaldergraben system in Strasbourg, France shortly after installation. (F) The nearby stream shortly after restoration (Photos by P. Bois); (G) Accidental wetlands in the Salt River bed, downtown Phoenix AZ USA; (H) A stormwater outfall into the river bed with a large enough stormwatershed, or pipeshed, that it produces perennial flow (Photos by A. Suchy).
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In 2012, 68 users of Tempe Town Lake and park were surveyed about their perceptions and attitudes towards six ecosystem services: habitat provisioning, aesthetics, microclimate and stormwater regulation, and recreational and educational opportunities (Wilson 2012). Attitudes towards all of these ecosystem services were positive, and not surprisingly water was the central interest for most park users. Microclimate regulation, aesthetics, and recreational opportunities ranked highest in user preferences, and user attitudes and perceptions aligned reasonably well with the City’s design and management goals for the lake and park.

We have monitored water quality in Tempe Town Lake since 2005 as part of the CAP LTER Program. One outcome of this long-term monitoring effort is our discovery of an unexpected ecosystem service: Because the lake is highly productive, it takes up significant amounts of atmospheric CO2 over most of the year. The primary evidence for high primary production is the consistently alkaline pH (>8.5; Figure 3A) due to the uptake of CO2—which is an acid when dissolved in water—by phytoplankton. Corroborating evidence is found in the consistently high dissolved O2 concentrations (7.8 to 13 mg L–1; Figure 3B); on average, the lake is ~12% supersaturated with respect to O2 throughout the year. The lake has very low nitrogen concentrations (<2 mg NO3– L–1; <0.2 mg NH4+ L–1) because of high algal productivity. While this carbon sink cannot come close to offsetting the atmospheric carbon sources of Tempe, most of which are associated with transportation, this is a valuable and little-known service of this Blue UEI.

[image: image]

Figure 3

Tempe Town Lake water quality data.
 Tempe Town Lake monthly average data for pH (top), dissolved oxygen (bottom, open symbols), and water temperature (bottom, blue line). Data are taken from the City of Tempe water quality database; weekly data are grouped by month and monthly averages are calculated for the period 2005 to 2017 (n = ~50 for each month). Error bars are ±1 S.D. of the monthly mean (CAP LTER dataset DOI: 10.6073/pasta/59d2e20260ad78d887e9bf3dd8987db4).
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2. Deliberate Turquoise UEI in Phoenix AZ USA

In 2010, the City of Phoenix began using a large constructed treatment wetland (CTW) to provide final tertiary treatment to effluent from its 91st Avenue wastewater treatment plant—the largest in the Phoenix Metro Area (Figure 2C). This CTW, known locally as Tres Rios, includes three wetland treatment cells that total roughly 100 ha and the system is capable of treating up to 400,000 m3 day–1 of wastewater effluent. Since 2011, the CAP LTER Program has been quantifying wetland ecosystem processes in the largest of the three wetland cells (Figure 2D; Weller et al. 2016). Tres Rios was designed to provide the ecosystem service of surface water treatment in the form of nutrient reduction, and our data confirm that it is meeting this goal quite well (Sanchez et al. 2016). In fact, we have found that if nitrogen makes its way into the vegetated wetland component of this system, it is nearly completely expunged from the water (Figure 4).

[image: image]

Figure 4

Tres Rios constructed treatment wetland water quality data.
 Nitrate (top) and ammonium (bottom) concentration data from the Tres Rios CTW. Data are collected bimonthly along three transects within the vegetated marsh; the red circles represent triplicate samples collected at the marsh-water interface and the blue squares are samples collected near the shore. Not that in nearly all samples, nitrate is in very low concentrations near the shore, relative to near the open water. The pattern for ammonium is similar, but not as dramatic. See Sanchez et al. (2016) for methodological details (CAP LTER dataset DOI: 10.6073/pasta/3eb1f02c8db033f63a144a6f9d778fa7).
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As part of our long-term research in the Tres Rios CTW, we have also been quantifying and estimating the whole-system water budget. This includes water loss via plant transpiration, which is remarkably high during the hot, dry Sonoran Desert summers (Sanchez et al. 2016). As we analyzed these data, we realized the large volumes of water being lost to the atmosphere from the vegetated marsh must be replaced, and the only possibility for this was via a gradual but persistent flow of surface water into the marsh from the adjacent open water areas. We call this phenomenon the “Biological Tide”. It has been verified in the field and represents the first time that anyone has ever documented plant-mediated control of surface hydrology in a wetland (Bois et al. 2017). In addition, the biological tide brings additional nitrogen and pollutants into the vegetated marsh for treatment, enhancing the ecosystem service for which it was designed. This enhanced efficacy of the CTW was an unexpected ecosystem service of this Turquoise UEI. Another surprising ecosystem service is that Tres Rios quickly became a significant habitat for wetland and aquatic wildlife, including being a mecca for birds. This CTW is a seasonal or permanent home to dozens of species of wetland and aquatic birds, including protected species.

3. Deliberate Blue-Turquoise UEI in Strasbourg France

Strasbourg, in NE France, is characterized by a dense network of waterways within the city boundaries. One of them, the Ostwaldergraben, is a small stream fed mostly by groundwater. As the city grew it was strongly channelized and enlarged. It also once received wastewater discharge from former tanneries. The City of Strasbourg launched a program in 2010 to restore the stream and recover it from its “mediocre” ecological state, as assessed by the European Water Framework Directive (EC 2000). The restoration process highlighted that the stream could be morphologically and chemically degraded by stormwater being discharged from the nearby urban residential watershed. Given this information, stormwater inflows were equipped with ponds (Blue UEI) and constructed wetlands (Turquoise UEI; Bois et al. 2019). This UEI was designed to improve water quality and mitigate stormwater flows (Figure 2E, F). After six years of operation, we have confirmed that the system is providing the ecosystem services that it was designed to provide: Fewer than 20% of storm events discharge into the stream and the UEI effectively removed suspended sediment, organic matter, nitrogen, phosphorus from the water (Figure 5; Schmitt et al. 2015, Walaszek et al. 2018).

[image: image]

Figure 5

Ostwaldergraben stormwater treatment wetland water quality data.
 Change in pollutant concentration from the inlet to between the pond and the constructed treatment wetland (intermediate) to the outflow in the Ostwaldergraben system shown in Figure 2E, F (from Schmitt et al. 2015). COD = chemical oxygen demand; TN = total nitrogen; TSS = total suspended solids; TP = total phosphorus.
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A key goal of the stream and associated riparian zone restoration was to help bring back a pioneer and endangered species: The green toad (Bufotes viridis). Surprisingly, the artificial ponds, which were initially only designed for stormwater management, have been colonized by this endangered toad as well as by other amphibians, thus providing an unexpected ecosystem service. The results of questionnaires from our semi-structured interviews of nearby residents have shown that they recognize and value this new habitat for amphibians (Bois et al. 2019) as well as the aesthetic enhancements provided by the restored stream and associated stormwater management UEI. Interestingly, the water quality and quantity regulating services provided by this UEI are still poorly perceived by local communities. This suggests an opportunity for scientists working in the system to expand their education and outreach activities in these neighboring communities.

4. Accidental Turquoise UEI in Phoenix AZ USA

The Salt River that runs through central Phoenix was once a perennial river. In prehistoric times its flow supported the agricultural and cultural productivity of the Hohokam people for nearly 1000 years (Murphy 2012). With the arrival of European settlers about 150 years ago, though, a lack of resilience to, and tolerance for, flooding became a major issue. By the late 1930s, the last of seven dams and reservoirs had been built upstream of Phoenix, on the Salt and Verde Rivers, sequestering 100% of the flow of both rivers for urban and agricultural use in the Phoenix metropolitan area. The Salt River has effectively not been a river since that time, except in extreme but rare events.

A lack of water in an urban riverbed does not necessarily preclude the possibility of wetlands, even in the arid southwestern U.S. As it turns out, Phoenix is a rather “leaky” city; storm drains that empty into the Salt River flow frequently, predictably, and even continuously, depending on the size of their urban pipe-sheds (Palta et al. 2017). The result is an array of “accidental” wetlands in the riverbed itself that provide unmanaged and unexpected ecosystem services, including nitrogen processing and removal and wildlife habitat (Figure 2G, H; Suchy 2016; Palta et al. 2017; Suchy et al. in press.). But an even more surprising collection of ecosystem services provided by these accidental wetlands was discovered when we began conducting field research in these systems. These perennial stormwater outflows and their associated Turquoise UEI are regularly used by homeless or indigent people throughout the Phoenix Metro area and provide many benefits, including cooling, bathing, and even food. These transient populations often prefer the wetlands to local shelters or cooling centers and have developed local knowledge of which outfalls have “good” (i.e., high quality) water and which do not (Palta et al. 2016). These accidental wetlands in the Salt River, that are not designed or managed, thus provide an array of unexpected ecosystem services to a diversity of city residents.

Synthesis and Conclusions

In this paper we present a more inclusive and simpler definition of Urban Ecological Infrastructure, refined from the earlier use of the concept by Li et al. (2017), that explicitly addresses all urban ecological components, including aquatic and wetland systems. We argue that UEI, as both a term and a concept, is preferable because the many existing terms for this idea are focused on goals and outcomes rather than on the ecological components themselves. For example, concepts such as ES and NBS merge functions and benefits and have required myriad papers to disentangle them. Additionally, existing related concepts (e.g., GI and UGS) are terrestrial-centric and thus downplay the importance of aquatic and wetland ecosystems in cities. In fact, all cities have aquatic components, including streams, rivers, canals, lakes, shorelines or coastlines, and all cities have various types of wetlands. A focus on mainly terrestrial ecological features is therefore an incomplete representation of nature in cities. Our refined definition of UEI is unabridged and includes all types of urban ecological systems. We use metaphorical colors to distinguish the different characteristics of, and services that come from, terrestrial, aquatic, and wetland ecosystems: Green, Blue, and Turquoise UEI, respectively. We include Brown UEI as a fourth type because non-vegetated terrestrial features are also common in all cities and urban soils as UEI provide important ecosystem functions and services.

But cities also contain a wide array of hybrid infrastructure types that span a full gradient from completely UEI to completely human-made (Figure 6; Grimm et al. 2016; Depietri and McPhearson 2017). As hybrid infrastructure incorporates more ecological characteristics and fewer built characteristics, a larger fraction of total benefits derived from it will be ecosystem services (Figure 6). Additionally, focusing on one single targeted service, as is often the case with NBS approaches, might prevent managers and stakeholders from recognizing, managing for, and benefitting from other ecosystem services that may be provided by UEI. It is this concept of hybridity in urban infrastructure, from mostly UEI to all built, that makes the UEI concept both fully inclusive and powerful. None of the other terms for nature in cities captures this fusion of the built and ecological features that we find throughout all cities.

[image: image]

Figure 6

Schematic of the infrastructure hybridity gradient from 100% UEI to 100% built.
 Conceptual depiction of a gradient from ecological to hybrid to built features for the four colors of UEI. Note that while cities contain a great deal of purely gray/built infrastructure which does not include UEI (far right), they often contain few examples of pure UEI (far left); most UEI is actually hybrid infrastructure. For each UEI color, several examples and their approximate location on the ecological ←→ built gradient are shown. The gradient in the ratio of total services provided to those that result from ecological structure and function is also shown; ≈1 is where virtually all are ecosystem services from UEI, ≈0 is virtually none of the services are ecosystem services. The infrastructure types from the four case studies are also shown (stormwater retention/detention basins, accidental wetlands, constructed wetlands, and manmade lakes).
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An important advantage of the UEI concept is that the term itself includes both “ecological” and “infrastructure”. Thus, the concept forms a key bridge between urban researchers and urban practitioners, and we anticipate that it will elevate urban ecological features to the same consideration by those practitioners as urban built features. This is key as cities expand their use of UEI in diverse biophysical and social contexts. At present, even without considering unintended benefits or consequences, UEI can deliver mixed outcomes. For example, although the use of bioretention swales is supposed to mitigate stormwater runoff and aid in pollutant removal, storm size and frequency alter the effectiveness of the swales (Norton et al. 2017). It is thus imperative that we continue to incorporate scientific knowledge into designs and management practices.

UEI may also allow practitioners from different sectors to account for synergies and tradeoffs among the services for which each sector is responsible. For example, vacant land may be managed as wildlife habitat, as a productive food landscape, or for storm water management (Kremer et al. 2013; McPhearson et al. 2013), depending on who takes leadership in management. But not all transformations from Brown to Green UEI result in the same ecosystem services. For example, although urban agriculture may provide food and pollinator habitat (Clinton et al. 2018), the over-application of fertilizers and other soil amendments by hobby gardeners (Metson et al. 2015; Lewis et al. 2018) may result in downstream water degradation rather than increasing water quality through stormwater retention. The UEI concept should allow diverse stakeholders (e.g., food policy councils, local water quality authorities, and zoning authorities in the example above) to talk to one another about how a parcel might be used to maximize benefits while avoiding damaging trade-offs. This is an advantage of the fact that UEI, as both a term and a concept, should resonate with designers, planners, and managers, strengthening the ecologist-practitioner bridge while advancing our ability to move knowledge to action in support of more sustainable and resilient urban futures. Our experience with co-producing a stormwater UEI monitoring design demonstrated this bridging effect. And this is already happening in our Strasbourg case study: The city’s Urban Ecology and Water Department worked with both scientists and local communities to define, design, and implement the restoration of the Ostwaldergraben (Bois et al. 2019).

The UEI concept has important implications for the future of cities. For example, there are projections that by 2050 four in five people will live in cities. This means that as much as half of the areas that will be urban in the future have yet to be built—a huge opportunity for not just “thinking out of the box”, but for “thinking of a whole new box” in terms of what urban development looks like and how it behaves (McPhearson et al. 2016; Alberti et al. 2018). With multiple social and environmental pressures, operating at myriad scales (e.g., climate change as an existential threat through extreme events, especially in coastal cities), the UEI concept provides a critical entry point for rethinking urban development so that it meets both sustainability and resilience goals. We argue that a key to this new vision of urban development is the transdisciplinary fusion of ecology and design, sensu Childers et al. (2015). Urban planners and designers, including architects, engineers, and landscape architects, need to be coaxed into thinking beyond a single project and urban scientists need to be coaxed into using their knowledge about urban ecosystems to make cities better places to live. The UEI concept inherently includes ecological connectivity, via a variety of hybrid UEI-built infrastructure types, as well as the spatial heterogeneity that characterizes all cities.

The literature is replete with analyses that demonstrate how UEI-based solutions are more adaptive and flexible than hard-engineered solutions, such that “safe to fail” infrastructure can impart resilience to urban systems while “fail-safe” infrastructure often does not (Chester and Allenby 2018). There is also copious evidence that the co-production of knowledge, designs, and solutions by urban practitioners and researchers is a key to more sustainable future pathways for cities—those that exist today and those yet to be built (Elmqvist et al. 2018). We argue that UEI is the best term and concept for nature in cities because it conceptually, and perhaps literally, bridges the worlds of knowledge generation and action. It should thus be a critical conduit for enhancing the co-production of urban sustainability solutions that will lead to more resilience cities.

Acknowledgements

Thanks to S.T.A. Pickett for helpful comments on a late draft, and to two anonymous reviewers for their input.

Funding information

The U.S. National Science Foundation supported this work through the Central Arizona-Phoenix Long-Term Ecological Research Program (Grant Nos. DEB-1026865, DEB-1637590, and DEB-1832016). G.S.M was supported by FORMAS, the Swedish research council for sustainable development (Grant #942-2016-69 992023). The Rhin-Meuse Water Agency and the French Biodiversity Agency supported the Ostwaldergraben work through the LumiEau-Stra Research Project. Additional research support was provided to P.B. by the ZAEU (French LTSER network). TM was supported by the Urban Resilience to Extreme Weather-Related Events Sustainability Research Network (UREx SRN; NSF Grant No. SES-1444755), SETS Resilience project (NSF Grant No. GCR-1934933) and NATURA network (NSF Grant No. Accel-Net 1927167).

Competing interests

The authors have no competing interests to declare.

Author contributions

The authors of this paper contributed equally to the conception and refining of the ideas, to the case study examples and related data, and to the writing of the manuscript. All authors approved the final version for publication.

References

Alberti, M, McPhearson, T and Gonzalez, A. 2018. Embracing urban complexity. In: The Urban Planet: Knowledge towards sustainable cities. Cambridge, UK: Cambridge University Press.

Andersson, E, Barthel, S, Borgstrom, S, Colding, J, Elmqvist, T, Folke, C and Gren, A. 2014. Reconnecting cities to the biosphere: Stewardship of green infrastructure and urban ecosystem services. Ambio 43: 445–453. DOI: https://doi.org/10.1007/s13280-014-0506-y

Andersson, E, Tengo, M, McPhearson, T and Kremer, P. 2015. Cultural ecosystem services as a gateway for improving urban sustainability. Ecosystem Services 12: 165–168. DOI: https://doi.org/10.1016/j.ecoser.2014.08.002

Aronson, MFJ, Lepczyk, CA, Evans, KL, Goddard, MA, Lerman, SB, MacIvor, JS, Nilon, CH and Vargo, T. 2017. Biodiversity in the city: Key challenges for urban green space management. Frontiers in Ecology & the Environ 15(4): 189–196. DOI: https://doi.org/10.1002/fee.1480

Barbosa, A, Martin, B, Hermoso, V, Arévalo-Torres, J, Barbiére, J, Martínez-López, J, Domisch, S, Langhans, SD, Balbi, S, Villa, F, Delacámara, G, Teixeira, H, Nogueira, AJA, Lillebø, AI, Gil-Jiménez, Y, McDonald, H and Iglesias-Campos, A. 2019. Cost-effective restoration and conservation planning in green and blue infrastructure designs. A case study on the Intercontinental Biosphere Reserve of the Mediterranean: Andalusia (Spain) – Morocco. Science of the Total Environment 652:1463–1473. DOI: https://doi.org/10.1016/j.scitotenv.2018.10.416

Benedict, MA and McMahon, ET. 2006. Green infrastructure: Linking landscapes and communities. Island Press.

Bettencourt, L, Lobo, J and West, G. 2009. The self-similarity of human social organization and dynamics in cities. In: Complexity Perspectives in Innovation and Social Change. Volume 7, Methods Series. Rotterdam, Netherlands; Springer. DOI: https://doi.org/10.1007/978-1-4020-9663-1_8

Bois, P, Beisel, JN, Heitz, C, Katinka, L, Laurent, J, Pierrette, M, Walaszek, M and Wanko, A. 2019. Integrated Blue and Green Corridor Restoration in Strasbourg: Green Toads, Citizens, and Long-Term Issues. In: Ecological Wisdom Inspired Restoration Engineering. Singapore: Springer. DOI: https://doi.org/10.1007/978-981-13-0149-0_9

Bois, P, Childers, DL, Corlouer, T, Laurent, J, Massicot, A, Sanchez, CA and Wanko, A. 2017. Confirming a plant-mediated “Biological Tide” in an aridland constructed treatment wetland. Ecosphere 8(3): 1–16. DOI: https://doi.org/10.1002/ecs2.1756

CAP LTER Tempe Town Lake water quality data. DOI: https://doi.org/10.6073/pasta/59d2e20260ad78d887e9bf3dd8987db4

CAP LTER Tres Rios water quality data. DOI: https://doi.org/10.6073/pasta/3eb1f02c8db033f63a144a6f9d778fa7

Chester, M and Allenby, BR. 2018. Toward Adaptive Infrastructure: Flexibility and Agility in a Non-stationarity Age. Sustainable and Resilient Infrastructure 3(1): 1–19.

Childers, DL, Cadenasso, ML, Grove, JM, Marshall, V, McGrath, B and Pickett, STA. 2015. An ecology for cities: A transformational nexus of design and ecology to advance climate change resilience and urban sustainability. Sustainability 7(4): 3774–3791. DOI: https://doi.org/10.3390/su7043774

Cilliers, S, Cilliers, J, Lubbe, R and Siebert, S. 2013. Ecosystem services of urban green spaces in African countries—perspectives and challenges. Urban Ecosystems 16: 681–702. DOI: https://doi.org/10.1007/s11252-012-0254-3

Clinton, N, Stuhlmacher, M, Miles, A, Uludere Aragon, N, Wagner, M, Georgescu, M, Herwig, C and Gon, P. 2018. A global geospatial ecosystem services estimate of urban agriculture. Earth’s Future 6: 40–60. DOI: https://doi.org/10.1002/2017EF000536

Cohen-Shacham, E, Walters, G and Janzen, C. 2016. Nature-based Solutions to address global societal challenges. Gland, Switzerland: IUCN. DOI: https://doi.org/10.2305/IUCN.CH.2016.13.en

David, F. 1995. Network cities: Creative urban agglomerations for the 21st century. Urban Studies 32(2): 313–327. DOI: https://doi.org/10.1080/00420989550013103

Depietri, Y and McPhearson, T. 2017. Integrating the grey, green, and blue in cities: Nature-based solutions for climate change adaptation and risk reduction. In: Nature-based Solutions to Climate Change in Urban Areas: Linkages Between Science, Policy, and Practice. New York, NY: Springer. DOI: https://doi.org/10.1007/978-3-319-56091-5_6

EC. 2000. Directive 2000/60/EC of The European Parliament and of the Council of 23 October 2000 Establishing a Framework for Community Action in the Field of Water Policy. Official Journal of the European Communities L327.

Eggermont, H, Balian, E, Azevedo, J, Manuel, J, Beumer, N, Brodin, V, Claudet, J, Fady, B, Grube, M, Keune, H, Lamarque, P, Reuter, K, Smith, M, van Ham, C, Weisser, W and Le Roux, X. 2015. Nature-based Solutions: New Influence for Environmental Management and Research in Europe. GAIA – Ecological Perspectives for Science and Society 24(4): 243–248. DOI: https://doi.org/10.14512/gaia.24.4.9

Elmqvist, T, Bai, X, Frantzeskaki, N, Griffith, C, Maddox, D and McPhearson, T. 2018. Urban Planet: Knowledge towards Sustainable Cities. Cambridge, UK: Cambridge University Press. DOI: https://doi.org/10.1017/9781316647554

Frantzeskaki, N, McPhearson, T, Collier, MJ, Kendal, D, Bulkeley, H, Dumitru, A, Walsh, C, Noble, K, van Wyk, E, Ordóñez, C, Oke, C and Pinter, L. 2019. Nature-based solutions for urban climate change adaptation: linking the science, policy, and practice community for evidence-based decision-making. BioScience. DOI: https://doi.org/10.1093/biosci/biz042

Gómez-Baggethun, E, Gren, Å, Barton, DN, Langemeyer, J, McPhearson, T, O’Farrell, P, Andersson, E, Hamstead, Z and Kremer, P. 2013. Urban Ecosystem Services. In: Cities and Biodiversity Outlook: Urbanization, Biodiversity and Ecosystem Services: Challenges and Opportunities. Rotterdam, Netherlands: Springer. DOI: https://doi.org/10.1007/978-94-007-7088-1_11

Grimm, NB, Cook, EM, Hale, RL and Iwaniec, DM. 2016. A broader framing of ecosystem services in cities: benefits and challenges of built, natural, or hybrid system function. In: Handbook on urbanization and global environmental change. New York, NY: Routledge.

Grimm, NB, Faeth, SH, Golubiewski, NE, Redman, CL, Wu, J, Bai, X and Briggs, JM. 2008. Global change and the ecology of cities. Science 319(5864): 756–760. DOI: https://doi.org/10.1126/science.1150195

Grimm, NB and Schindler, S. 2018. Nature of cities and nature in cities: prospects for conservation and design of urban nature in human habitat. In: Rethinking Environmentalism: Linking Justice, Sustainability, and Diversity 23. Stru¨ngmann Forum Reports. Cambridge, MA: MIT Press.

Haase, D, Larondelle, N, Andersson, E, Artmann, M, Borgström, S, Breuste, J, Gomez-Baggethun, E, Gren, Å, Hamstead, Z, Hansen, R, Kabisch, N, Kremer, P, Langemeyer, J, Rall, EL, McPhearson, T, Pauleit, S, Qureshi, S, Schwarz, N, Voigt, A, Wurster, D and Elmqvist, T. 2014. A quantitative review of urban ecosystem service assessments: concepts, models, and implementation. Ambio 43: 413–33. DOI: https://doi.org/10.1007/s13280-014-0504-0

Hale, RL, Turnbull, L, Earl, S, Childers, DL and Grimm, NB. 2015. Stormwater infrastructure controls runoff and dissolved material export from arid urban watersheds. Ecosystems 18(1): 62–75. DOI: https://doi.org/10.1007/s10021-014-9812-2

Hale, RL, Turnbull, L, Earl, S, Grimm, NB, Riha, K, Michaelski, G, Lohse, K and Childers, DL. 2014. Sources and transport of nitrogen in arid urban watersheds. Environ. Sci. Technol. 48(11): 6211–6219. DOI: https://doi.org/10.1021/es501039t

Herrmann, DL, Shuster, WD and Garmestani, AS. 2016. Vacant urban lot soils and their potential to support ecosystem services. Plant Soil 413: 45–57. DOI: https://doi.org/10.1007/s11104-016-2874-5

Ioja, I, Oscaci-Costache, G, Breuste, J, Hossu, CA, Gradinaru, SR, Onose, DA, Nita, MR and Skokanova, H. 2018. Integrating urban blue and green areas based on historical evidence. Urban Forestry & Greening 34: 217–225. DOI: https://doi.org/10.1016/j.ufug.2018.07.001

Kabisch, N, Korn, H, Stadler, J and Bonn, A. 2017. Nature-based Solutions to Climate Change in Urban Areas: Linkages Between Science, Policy, and Practice. Springer. DOI: https://doi.org/10.1007/978-3-319-56091-5_1

Keeler, BL, Hamel, P, McPhearson, T, Hamann, Donahue, MM, Meza Prado, K, Arkema, K, Bratman G, Brauman, K, Finlay, J, Guerry, A, Hobbie, S, Johnson, J, MacDonald, G, McDonald, R, Neverisky, N and Wood, S. 2019. Social-ecological and technological factors moderate the value of urban nature. Nature Sustainability 2: 29–38. DOI: https://doi.org/10.1038/s41893-018-0202-1

Keeley, M. 2011. The green area ratio: An urban site sustainability metric. Jour. Environ. Planning and Manage 54(7): 937–958. DOI: https://doi.org/10.1080/09640568.2010.547681

Koc, CB, Osmond, P and Peters, A. 2017. Towards a comprehensive green infrastructure topology: A systematic review of approaches, methods, and typologies. Urban Ecosystems 20: 15–35. DOI: https://doi.org/10.1007/s11252-016-0578-5

Kremer, P, Hamstead, Z and McPhearson, T. 2013. A Social-Ecological Assessment of Vacant Lots in New York City. Landscape and Urban Planning, 218–233. DOI: https://doi.org/10.1016/j.landurbplan.2013.05.003

Larsen, L. 2015. Urban climate and adaptation strategies. Frontiers in Ecology and the Environment 9(13): 486–492. DOI: https://doi.org/10.1890/150103

Lewis, O, Home, R and Kizos, T. 2018. Digging for the roots of urban gardening behaviours. Urban Forestry & Urban Greening 34: 105–113. DOI: https://doi.org/10.1016/j.ufug.2018.06.012

Li, F, Liu, H, Huisingh, D, Wang, Y and Wang, R. 2017a. Shifting to healthier cities with improved urban ecological infrastructure: From the perspectives of planning, implementation, governance, and engineering. Jour. Cleaner Prod. 163: S12–S18. DOI: https://doi.org/10.1016/j.jclepro.2016.11.151

Li, F, Liu, X, Zhang, X, Zhao, D, Liu, H, Zhou, C and Wang, R. 2017b. Urban ecological infrastructure: An integrated network for ecosystem services and sustainable urban systems. Jour. Cleaner Prod. 163: S1–S11. DOI: https://doi.org/10.1016/j.jclepro.2016.02.079

Locke, DH and McPhearson, T. 2018. Urban areas do provide ecosystem services. Frontiers in Ecology & the Environment 16(4): 203–205. DOI: https://doi.org/10.1002/fee.1796

Maes, J and Jacobs, S. 2017. Nature‐Based Solutions for Europe’s Sustainable Development. Conservation Letters 1: 121–124. DOI: https://doi.org/10.1111/conl.12216

McHarg, IL. 1969. Design with Nature. New York, NY: Natural History Press.

McPhearson, T, Kremer, P and Hamstead, Z. 2013. Mapping Ecosystem Services in New York City: Applying a Social-Ecological Approach in Urban Vacant Land. Ecosystem Services, 11–26. DOI: https://doi.org/10.1016/j.ecoser.2013.06.005

McPhearson, T, Parnell, S, Simon, D, Gaffney, O, Elmqvist, T, Bai, X, Roberts, D and Revi, A. 2016. Scientists must have a say in the future of cities. Nature 538: 165–166. DOI: https://doi.org/10.1038/538165a

Metson, GS and Bennett, EM. 2015. Phosphorus cycling in Montreal’s food and urban agriculture systems. PLoS ONE 10(3): e0120726. DOI: https://doi.org/10.1371/journal.pone.0120726

Mitsch, WJ and Gosselink, JG. 2015. Wetlands. New York, NY: John Wiley & Sons.

Murphy, JT. 2012. Exploring complexity with the Hohokam water management simulation: A middle way for archeological modeling. Ecological Modelling 241: 15–29. DOI: https://doi.org/10.1016/j.ecolmodel.2011.12.026

Nesshover, C, Assmuth, T, Irvine, KN, Rusch, GM, Waylen, KA, Delbaere, B, Haase, D, Jones-Walters, L, Keune, H, Kovacs, E, Krauze, K, Kulvik, M, Rey, F, van Dijk, J, Vistad, OE, Wilkinson, ME and Wittmer, H. 2017. The science, policy, and practice of nature-based solutions: An interdisciplinary perspective. Science of the Total Environment 579: 1215–1227. DOI: https://doi.org/10.1016/j.scitotenv.2016.11.106

Neuman, M and Smith, S. 2010. City planning and infrastructure: Once and future partners. Journal of Planning History 9: 21–42. DOI: https://doi.org/10.1177/1538513209355373

Niemelä, J, Saarela, S, Soderman T, Kopperoinen, L, Yli-Pelkonen, V, Vare, S and Kotze, DJ. 2010. Using the ecosystem services approach for better planning and conservation of urban green spaces: A Finland case study. Biodiversity Conservation 19: 3225–3243. DOI: https://doi.org/10.1007/s10531-010-9888-8

Norton, RA, Harrison, JA, Kent Keller, C and Moffett, KB. 2017. Effects of storm size and frequency on nitrogen retention, denitrification, and N2O production in bioretention swale mesocosms. Biogeochemistry 134: 353–370. DOI: https://doi.org/10.1007/s10533-017-0365-2

NSF Advisory Committee for Environmental Research and Education. 2018. Sustainable Urban Systems: Articulating a Long-Term Convergence Research Agenda. Alexandria, VA: National Science Foundation.

Palta, MM, du Bray, M, Stotts, R and Wutich, AY. 2016. Ecosystem services and disservices for a vulnerable human population: Findings from urban waterways and wetlands in an American desert city. Human Ecology 44(4): 463–478. DOI: https://doi.org/10.1007/s10745-016-9843-8

Palta, MM, Grimm, NB and Groffman, PM. 2017. “Accidential” urban wetlands: Ecosystem functions in unexpected places. Frontiers in Ecology and the Environment 15(5): 248–256. DOI: https://doi.org/10.1002/fee.1494

Pickett, STA, Boone, CG, McGrath, BP, Cadenasso, ML, Childers, DL, Ogden, LA, McHale, M and Grove, JM. 2013. Ecological science and transformation to the sustainable city. Cities 32: S10–S20. DOI: https://doi.org/10.1016/j.cities.2013.02.008

Pickett, STA, Cadenasso, ML, Childers, DL, McDonnell, MJ and Zhou, W. 2016. Evolution and future of urban ecological science: Ecology in, of, and for the city. Ecosystem Health & Sustainability 2(7): e01229. DOI: https://doi.org/10.1002/ehs2.1229

Sanchez, CA. 2019. Designing and implementing ecological monitoring urban ecological infrastructure: A case study. MS Thesis. Tempe, AZ, USA: Arizona State University. 

Sanchez, CA, Childers, DL, Turnbull, L, Upham, R and Weller, NA. 2016. Aridland constructed treatment wetlands II: Macrophyte-driven control of the wetland water budget makes the system more efficient than expected. Ecological Engineering 97: 658–665. DOI: https://doi.org/10.1016/j.ecoleng.2016.01.002

Steiner, FR. 2006. The Essential Ian McHarg: Writings on Design and Nature. West Palm Beach, FL: Island Press. 

Suchy, AK. 2016. Denitrification in accidental urban wetlands: Exploring the roles of water flows and plant patches. Ph.D. Dissertation. Tempe, AZ: Arizona State University.

Suchy, AK, Palta, MM, Stromberg, JC and Childers, DL. In press. Spatial and temporal patterns of potential denitrification in accidental urban wetlands in Phoenix AZ. Ecosystems.

Tzoulas, K, Korpela, K, Venn, S, Yli-Pelkonen, V, Kazmierczak, A, Neimelä, J and James, P. 2006. Promoting ecosystem and human health in urban areas using green infrastructure: A literature review. Landscape & Urban Planning 81: 167–178. DOI: https://doi.org/10.1016/j.landurbplan.2007.02.001

Walaszek, M, Bois, P, Laurent, J, Lenormand, E and Wanko, A. 2018. Urban stormwater treatment by a constructed wetland: Seasonality impacts on hydraulic efficiency, physico-chemical behavior and heavy metal occurrence. Science of the Total Environment 637–638: 443–454. DOI: https://doi.org/10.1016/j.scitotenv.2018.04.325

Weller, NA, Childers, DL, Turnbull, L and Upham, R. 2016. Aridland constructed treatment wetlands I: Macrophyte productivity, community composition, and nitrogen uptake. Ecological Engineering 97: 649–657. DOI: https://doi.org/10.1016/j.ecoleng.2015.05.044

Wigginton, NS, Fahrenkamp-Uppenbrink, J, Wible, B and Malakoff, D. 2016. Cities are the future. Science 352(6288): 904–905. DOI: https://doi.org/10.1126/science.352.6288.904

World Water Assessment Programme. 2018. The United Nations World Water Development Report 2018: Nature-Based Solutions for Water. Paris: UNESCO.

Copyright

© 2019 The Author(s). This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International License (CC-BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. See http://creativecommons.org/licenses/by/4.0/.

OEBPS/images/elementa-7-385-g6.png
construction parking

sites lots
green .
Toofs buildings
sewage &
stormwater
systems
" HIVELS, manmade water supply swimming
coasts  streams, lakes canals’ pools
natural lakes

ECOLOGICAL g HYBRD o GRAYBULT
FEATURES FEATURES FEATURES

B = R —— 7Y -]

RATIO OF ECOSYSTEM SERVICES
TO TOTAL SERVICES PROVIDED






OEBPS/images/elementa-7-385-g4.png
@

= Marsh NO3
© Open Water NO3
6
) t
54 o -
2 .
%2 st . ‘{ s, E{E :'; " {.
: R
0 E---I---. .I..IIIIII-'I§I$ -E-Ii ii
2071 202 2013 2014 2075 2016 2077 2078
3
e Nietar NHa
€ D
TR .
? 9 ) & # E% t F%‘ }EE i :
i .l L '
LR L e e
2011 2016 2017 2018

2012 2013 2014 2015
Date





OEBPS/images/elementa-7-385-g5.png
¢ -3 38 3 3 °











OEBPS/toc.xhtml




Contents







		Cover Page



		Title Page



		Copyright Page



		Contents



		Abstract



		Infrastructure and nature in cities



		A simplified definition of UEI



		Why UEI is more inclusive than currently used terms for nature in cities



		UEI as a bridge between urban scientists and practitioners



		Ecosystem services, and “surprise” services, provided by UEI



		Synthesis and Conclusions



		Acknowledgements



		Funding information



		Competing interests



		Author contributions



		References
















OEBPS/images/cover.jpg
}‘L ELEMENTA
ZIN\

Science of the Anthropocene =,

Urban Ecological Infrastructure:
An inclusive concept for the
non-built urban environment

Daniel L. Childers * Paul Bois * Hilairy E. Hartnett
* Timon McPhearson * Geneviéve S. Metson

* Christopher A. Sanchez

elementascience.org





OEBPS/images/elementa-7-385-g2.jpg





OEBPS/images/elementa-7-385-g3.png
Dissolved
Oxygen (mg L)

9.9
9.0

8.0
75

15

S

—
——
—F—
—
=

%%% §§§§§§ ‘

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

z
5
o
@
E]
3
3
3
£
3






OEBPS/images/elementa-7-385-g1.png
The Urban Ecosystem
The Urban Ecosystem

The Urban Ecosystem

Trade-offs, Resilience, &
Sustainability

Internal Presses & Pulses
Biophysial & Anthropogenic

Ecosystem DiS/Senices

. Provided by Urban Ecol Infrastrcturel .

Economic Template physical Template

Outcomes Function
Qualtyoffe,healh & Primary producton, nutient
wollbeing, isk & vunerabity, eycing, rganism neractons & be)
porcapins Bvakien bavio,water dynamics, functios,

ofbuitfeatures

Behavior, Decisions Structure

Institutional and individual scales, Buit environment, habitat
design, pianning reguaion, stuctre,spaies dversy,
" migrabon p geomarphology, food webs

External Presses & Pulses
Climate Change, Globalization,
Economic Disruptions






OEBPS/images/title.jpg
N7 ELEMENTA
I\

Science of the Anthropocen





OEBPS/images/Tab1.jpg
UEI Type UEI Color  Ecosystem Services Potential Ecosystem Disservices

Residential and park  Blue Enhanced property values (R/S), recreation (A/C),  Disease vectors (e.g. mosquitoes),
lakes local cooling (R/S), fishing (P) undesirable algal blooms
Urbanstreamsand  Blue Flood control (R/S), recreation (A/C),local cooling  Flooding, disease vectors, undesir-
rivers (R/S), fishing (P), transportation (R/5) able water quality
Riparian areas Turquoise  Flood control (R/S), water quality enhancement (R/S), Flooding, disease vectors, undesir-
local cooling (R/S), wildlife habitat (A/C),recreation able wildlife
(A/Q)
Water delivery canals ~ Blue Water supply (P),local cooling (R/S), recreation (A/C), - Disease vectors, undesirable wildlife
fishing (P)

Constructed treatment Turquoise ~ Water quality enhancement (R/S), local cooling (R/S), ~ Disease vectors, undesirable wildlife
wetlands wildlife habitat (A/C)

Accidental wetlands  Turquoise  Water quality enhancement (R/S), local cooling (R/S),  Disease vectors, undesirable wild-

wildlife habitat (A/C), human habitat (P) life, undesirable people
Vacant lots Brown  Stormwater regulation (R/S), groundwater recharge  Sources of blowing dust, aestheti-
(R/S), il development (R/), wildlife habitat (A/C)  cally undesirable
Constructionsites  Brown  Stormwater regulation (R/S), groundwater recharge  Sources of blowing dust
(R/S)
Fallow urban agricul-  Brown  Stormwater regulation (R/S), groundwater recharge  Sources of blowing dust, aestheti-

tural plots (R/S), soil development (R/S), wildlife habitat (A/C) cally undesirable





