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Abstract

:

Stormwater management has significant consequences for urban hydrology, water quality, and flood risk, and has changed substantially over history, but it is unknown how these paradigm shifts play out at the local scale and whether local changes in stormwater infrastructure use follow similar trajectories across cities. This research addressed: (1) How does current infrastructure use and past infrastructure transitions vary across three cities with similar biophysical and climatic contexts but different development histories? and (2) How did stormwater and flood management paradigms change from early urbanization to current day in a single city? The use of storm sewers, detention basins, and canals for stormwater management was quantified for three cities in Utah, USA, over the 20th century. Stormwater management paradigms were quantified using media content analysis of newspaper articles from historic and recent periods in Salt Lake City. Results suggest that stormwater infrastructure development is decoupled from imperviousness across cities, and that newer and smaller cities follow different trajectories of stormwater management over time. This research highlights that there is no single model of urban hydrology and that heterogeneity in urban water management over time and space reflects shifting priorities and social learning.
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1. Introduction


Urbanization has tremendous consequences for hydrological processes through the alteration of land cover [1], burial of streams [2], creation and destruction of lakes [3], re-plumbing of watersheds with stormwater infrastructure [4,5], and restoration and redesign of streams [6]. Depending on design, stormwater infrastructure can exacerbate or mitigate the effects of urbanization on the transport of water, nutrients, and other pollutants from urban watersheds [5,6,7,8,9,10]. Social consequences of stormwater infrastructure design include risk of exposure to flooding and water pollution [11], as well as benefits derived from multiuse infrastructure [12]. Information on stormwater infrastructure is important for understanding variation in the effects of urbanization on hydrological patterns across cities [13]. Therefore, knowledge about the locations, designs, and timing of stormwater infrastructure use is necessary to understand variation in the current and past patterns of urban hydrology, water quality, and flood risk across cities, as well as the consequences of climate change for those outcomes [11,14,15].



How urban hydrologic landscapes are designed and the objectives they are meant to address have changed over time at large [16,17,18] and local scales [4,5,19]. Much of the urban stream and urban hydrology literature assumes that all urban systems follow the same trajectory of change from no infrastructure, to centralized storm sewer systems, to decentralized systems and the use of green infrastructure [12,17,18,20,21], leading to relatively homogenous current conditions across cities [3,22]. A further assumption in this literature is that approaches and lessons about sustainable stormwater management are transferable across cities [21]. Yet we know from studies of other urban processes such as land cover change and urban metabolism that trajectories of urban structure and function can vary substantially across cities [23,24], and a recent review by Parr et al. [25] details why stormwater (and other water) infrastructure is likely to vary across cities based on current and historical paradigms and the stage, trajectory, intensity, and configuration of urban development. This suggests that spatial and temporal variation in urban stormwater infrastructure is likely more complex than current conceptual models suggest. Much of the previous research has focused on large, older cities that are more likely to have followed similar trajectories and to be subject to similar regulations and patterns of growth [20,22,26], but there is reason to believe that patterns may differ in smaller and new cities. As of the 2010 Census, 86% of urban clusters had populations of less than 50,000 and those represented 12% of the urban population and 18% of the urban land area in the United States. Small and mid-sized cities together, those with populations under 200,000 accounted for 95% of urban clusters, 24% of the urban population, and 35% of urban land area [27]. Thus small and mid-sized cities represent a significant contingent of urban systems in the United States. Incorporating information on stormwater management from small and mid-sized cities, which includes younger cities, is an important next step in developing a more complete understanding of cities beyond what we have learned from older and larger urban systems.



This research addresses two key unknowns about current and past stormwater and flood management. The first is to what degree cities follow the same trajectories. This is especially important to understand for newer and smaller cities. Can we apply the same models that we use to understand urban hydrology in older and larger cities, or are new models required? The second unknown is whether large scale paradigm shifts are relevant at the local scale. Much of the previous research assumes that local scale patterns will mirror national-level trends, but it is unknown to what extent local management goals are responsive to local conditions as well. This becomes particularly important for the consideration of future trajectories of change. I address two specific research questions:

	(1)

	
How does current infrastructure use and past infrastructure transitions vary across 3 cities with similar biophysical and climatic contexts but different development stages and histories?




	(2)

	
How did stormwater and flood management paradigms change from early urbanization to current day in a single city?










2. Materials and Methods


2.1. Study Sites


To address the first question, I focused on three small and mid-sized cities along the urbanizing Wasatch Range in northern Utah, Salt Lake City, Logan, and Heber City, UT (Figure 1). Question 2 addressed only Salt Lake City. As of 2010, the Wasatch Range Metropolitan Area (WRMA) had a population of approximately 2.4 million people, making it home to 86% of Utah’s population. The region is rapidly growing, and population is expected to double by 2060 [28]. The climate across the WRMA is semi-arid. Precipitation falls predominantly as snow during cold winters, while summers are hot and dry. All three study cities are located at mountain fronts. Rivers and streams carry snowmelt from adjacent mountains through urban areas, which can cause substantial flooding problems during spring snowmelt season. All three study cities have strong agricultural legacies. A key component of these legacies is the use of irrigation canals to move water across the landscape. These canals continue to be used to deliver irrigation water, as well as to drain groundwater and floodwaters from urban areas [29].



The three study cities have similar biophysical contexts and agricultural legacies, but they have each followed different growth trajectories. Salt Lake City is the largest and oldest city in Utah, though it is still mid-sized, was settled in 1847, underwent the most rapid population growth from 1880 to 1890 (11.5% annually) and 1900–1910 (7% annually), and has a current population of 191,180 (Table 1). Logan, UT is a small city with a population of 48,913. Population growth in Logan accelerated in the 1950s and population increased by 2%–3% annually from 1970 to 2000. Heber City is the smallest of the three cities, with a current population of 12,911. Population growth in Heber has only occurred recently, but since 1990, population has been increasing 5%–6% annually. Note that political, rather than morphological, boundaries were chosen for this study since decisions about stormwater infrastructure are made at the municipal level. While land use data are not available for the three study cities, it is likely that Salt Lake City, as an older city and as an urban hub for the region, has a larger proportion of commercial and industrial land area than the other two study cities.




2.2. Reconstructing Infrastructure Use


The current and historical use of infrastructure in each of the study cities was reconstructed using historic public records and satellite imagery. Shapefiles of stormwater infrastructure were obtained for Salt Lake City from the Salt Lake County Flood Control District, for Logan from Logan City Public Utilities, and for Heber from the City Engineering department. Data on the locations of retention and detention basins was available for Logan and Heber but not for Salt Lake City. The locations of basins in Salt Lake City were identified manually using LiDAR data and aerial imagery, following the methods of Hale et al. [5]. The current density of each type of stormwater infrastructure for each city was calculated as the total length (for storm sewers and channels) or the total area (for retention and detention basins) of infrastructure divided by the total area of built parcels for the city. Parcel data for each city, including the date of parcel construction were obtained from the county assessor’s offices in Salt Lake, Wasatch, and Cache Counties. Information on infrastructure construction dates was not readily available, so dates of infrastructure construction were estimated using parcel data. Stormwater infrastructure was assigned the age of the nearest parcel [5].



To compare trajectories of infrastructure use with changes in imperviousness, parcel and impervious land cover data were used to reconstruct imperviousness over the study period. The impervious surface cover dataset for 2011 from the National Land Cover Database [30,31] was used to calculate imperviousness for each parcel in each of the three cities. Assuming that imperviousness for each parcel has not changed since the parcel was originally built up, the construction dates associated with each parcel were used to calculate the average % impervious surface cover (as a percent of the area of built parcels as of 2010) for each city and each year from 1900 to 2010.




2.3. Defining Management Paradigms: Media Content Analysis


Stormwater and flood control management paradigms were assessed using content analysis of historic and current media. Media content analysis is a useful tool for understanding how environmental problems and solutions are framed [32]. The media provides a higher temporal resolution data source than management documents, such as stormwater master plans, which are updated infrequently, and additionally provides more detail on public discourse surrounding management decisions, including perspectives from business owners and urban residents. Management paradigms were defined as conceptual models of stormwater management, including: what disturbances or problems management aims to address, what the causes of those problems are, what the solutions are to those problems, what external and local constraints or drivers hinder or accelerate changes.



Historic newspaper articles were obtained from the Utah Digital Newspaper Archive [33] by searching for “flood” “stormwater” “storm water”. Because of the small number of articles available for early years and the uneven availability of different newspapers, articles were collected from three different local Salt Lake City newspapers: Deseret News, Salt Lake Telegram, and Salt Lake Tribune. More recent newspaper articles, for 2004 to 2013 were obtained by searching the ProQuest Newsstand database using the search terms “flood”, “stormwater”, and “storm water”. Articles were then read to determine relevance. Overall, 50 articles were coded for the historic period of 1900 to 1940, and 46 articles were coded for the recent period of 2004 to 2013 (see paragraph below on codebook). The historic period was a significant period of growth for Salt Lake City: imperviousness increased from nearly 0% to 10%, the population tripled to nearly 150,000 and the area of developed parcels increased to over 1300 ha. Although population growth was much lower in the recent period (population increased by 5000 from 2000 to 2010), the additions of impervious area and developed parcels were similar to those during the historic period (7% increase in imperviousness and 750 new ha of developed parcels). Fewer news articles on flooding and stormwater were published during the early period, an average of 1.2 articles per year, compared to 5.1 articles per year during the recent time period. Despite a larger volume of media on flooding and stormwater in the second period, only one specific flood event was reported, compared to 19 unique flood events in the early period. Thus, while there were fewer flooding events in the second period, there was substantially more media coverage of flooding and stormwater issues.



The codebook for the content analysis was developed iteratively through reading a subset of the sample articles. Suites of statements were developed for each the following aspects of management paradigms: problems caused by flooding or stormwater, causes of flooding or stormwater problems, solutions to address flooding or stormwater problems, and constraints or top-down factors that limit or require implementation of solutions. For each statement in the codebook, an article was coded 0 if there was nothing mentioned related to the code, 1 if the statement was found in the article. For analysis, counts of the coded results for each statement were summed by year, decade, or period depending on the analysis and divided by the total number of articles for that period to obtain the proportion of articles that mentioned each statement for each period. This normalized the frequency of statements by the frequency of articles for each time period and allowed comparisons across periods. Note that, because each article could have multiple ideas and coded statements were not mutually exclusive, proportions across statements can add up to less than or greater than 1.





3. Results


3.1. Research Question 1: Infrastructure Use across Cities


The overall patterns of infrastructure density—length or area of infrastructure normalized by impervious surface area or total area of developed parcels—were very different across the three study cities. As of 2010, pipe density was lowest in Salt Lake City (41 m/ha built parcels), highest in Heber (69 m/ha built parcels), the newest and smallest city, and intermediate in Logan (65 m/ha built parcels). Channel density was by far the highest in Heber (50 m/ha built parcels), more than double the density of channels in Logan (15 m/ha built parcels) and Salt Lake City (18 m/ha built parcels). In all three cities, these channels are irrigation canals that double as conveyance for stormwater and groundwater [29]. Heber had the highest density of basins (225 m2/ha built parcels). Salt Lake City had a lower density of retention and detention basin structures (158 m2/ha of built parcels) and the density of basin structures was lowest in Logan (81 m2/ha built parcels).



In terms of transitions in infrastructure use over time, Salt Lake City differed from Logan and Heber, the smaller study cities (Figure 2). The use of storm sewer pipes in Salt Lake City was highest in the early 1900s, when the use of other infrastructure was low. In the late 1970s, the use of retention and detention basins dramatically increased, responding to the establishment of a detention requirement for new development in 1978. The use of channels in Salt Lake City, primarily irrigation canals that double as stormwater conveyance channels, did not change substantially over the study period (Figure 2).



The use of infrastructure in Logan and Heber followed a different trajectory than Salt Lake City. In both of these cities, the use of all types of infrastructure was low at the beginning of the century relative to new development, but infrastructure use accelerated in the 1980s (Figure 2). The exception was the high use of channels in Heber from 1900 to 1950. Like the other cities, these channels are irrigation and drainage ditches that are legacies from previous agricultural land use. In Heber, the primary land use in the first half of the study period was agricultural, and these canals were likely constructed to deliver irrigation water and drain the young town from stormwater, snowmelt, and high groundwater.



At any given point in time, the three cities were using different combinations of infrastructure. However, these cities are at very different stages, and potentially paths, of development in terms of population and impervious surfaces. To address the question of whether these three cities are following similar paths relative to development (i.e., % imperviousness), it is useful to plot infrastructure density against % impervious surface cover—a proxy for urbanization (Figure 3). If the three cities are following the same trajectory, we would expect that for any given level of development (measured as the proportion of impervious cover for the city), the density of infrastructure at that point would be the same for each city. An alternative hypothesis is that cities follow different trajectories depending upon when they began urbanizing due to changes in the standards for stormwater management over time. In fact, the data show that some general patterns of these trajectories of infrastructure densities across these cities are similar, but with important variations (Figure 3). For pipe infrastructure, Salt Lake City had the highest density of pipe infrastructure at low impervious surface cover (~4% imperviousness), and the density of storm sewer pipes has been declining steadily over time as new development occurs without major increases in pipes. In contrast, pipe density in Logan and Heber has been increasing steadily as development has progressed. Rather than converging on a single density of pipes, the three cities appear to be diverging, with Heber increasing pipe density at the greatest rate, Logan increasing at a lower rate, and Salt Lake City declining (Figure 3).



Patterns of channel density over time were also highly variable across the three cities (Figure 3). Heber had by far the highest density of channels during early development, but that density has declined rapidly as new development occurs in areas with fewer legacy agricultural canals and no new canals are built. The density of canals in both Logan and Salt Lake City appear to be relatively stable over time, perhaps because there were no concentrated areas of canals or drainage ditches in these cities during early development. The use of retention and detention basins follows the most consistent pattern across the three cities (Figure 3). Basin density increased in all three cities at low levels of imperviousness and has increased steadily in all cities. The density of basins increased at similar rates in Logan and Salt Lake City but much more rapidly in Heber.




3.2. Research Question 2: Stormwater Management Paradigms in Salt Lake City


The media content analysis identified major shifts in problem definition, attributed causes of flooding and stormwater problems, solutions to address those problems, and constraints faced by Salt Lake City from the early 20th century to the early 21st century. How problems associated with flooding and stormwater were discussed in the media shifted from the early period to the more recent period (Figure 4). In the early period, from 1900 to 1940, 66% of coded articles discussed problems associated with flooding and stormwater, whereas only 44% of articles from the more recent period, 2004 to 2013, mentioned problems. The types of problems mentioned also differed between the two study periods (Figure 4). In the early period, the most frequently mentioned problems were that flooding and stormwater caused damages to private property (46%), flooded basements (36%), damages to public property (36%), and erosion and debris flows (22%). In contrast, news articles in the more recent period did not mention problems as often, yet there was a wider variety of problems mentioned compared to the early period. The most frequent problem mentioned remained damages to private property (20%). The other most frequently mentioned problems with flooding in the recent period was that it contaminated streams (11%), threatened the environment (9%), and caused injury or death (9%) (Figure 4).



The attribution of causes of flooding and stormwater problems also shifted over the study period (Figure 5). More articles in the first period discussed causes (76%) compared to the later period (54%). The most frequently mentioned causes in first period were river overflow (28%), inadequate infrastructure (26%), rain in urban areas (24%), rain in canyons (20%), and snowmelt (20%). Additionally mentioned was poor watershed management (10%). Early citations of poor watershed management were related to a recurring flood issues that caused mud and debris flows in the foothills of Salt Lake City in the early 1900s. These mud flows were particularly bad because of a combination of overgrazing and fire in the watershed above the city. In the more recent period, the most frequently mentioned cause of flooding was snowmelt (44%), followed by river overflow (24%), rain on snow (17%), and rain in canyons (15%).



Most of the articles in both periods (62% in the early period and 91% in the recent period) discussed solutions to address flooding and stormwater management problems in Salt Lake City (Figure 6). In the early period, the most frequently mentioned solutions to address flooding and stormwater were urban infrastructure (22%), river management (20%), more storm sewers (16%), and river infrastructure (16%). During this period, urban infrastructure included a centralized storm sewer system, and river management included the building of levees and dams to reduce river overflows. In the more recent period, the most frequently mentioned solutions included infrastructure maintenance (20%), largely preventing leaves and debris from clogging urban storm sewer intakes, the use of sandbags to protect private and public property (20%), and suggested changes to public behavior, such as the idea that businesses and homeowners should purchase flood insurance to protect their properties (20%). Other new solutions included the use of modeling to predict and prevent damages (10%) and protecting floodplains from development (13%, Figure 6).



Constraints were the least discussed category in both time periods, only 32% of articles in the early period and 28% of articles in the recent period mentioned constraints. In both periods, funding was the most commonly-mentioned constraint, 20% and 15% in the early and recent periods, respectively. However, conflicts over funding (e.g., funding sources, levels of funding) were rarely mentioned, only 2% and 7% of articles in the two periods. Issues with liability or jurisdiction were mentioned in 10% and 11% of articles in the two time periods. These included instances where jurisdiction over flood and stormwater management was unclear. Finally, about 4% of the articles in the first period and 2% of articles in the second time period mentioned inertia in changing stormwater and flood management in Salt Lake City. For example, a Salt Lake Telegram article in 1912 noted, “The question of storm sewers has been agitated for several years” [34].





4. Discussion


4.1. Moving to a More Nuanced Understanding of Urban Water Management Trajectories


Most importantly, the current pattern of infrastructure use across the three cities suggests that impervious surface area and stormwater infrastructure are decoupled across cities. Infrastructure is designed to manage runoff from impervious surfaces, so it might be expected that infrastructure density would be positively correlated with imperviousness across cities. However, I found that infrastructure density was consistently highest in the smallest, least impervious city. Therefore, studies that focus only on imperviousness are missing a critical component of urban hydrology, one that is not necessarily correlated with development. Although imperviousness is well correlated with hydrologic alteration in some studies [1,35,36,37], it may not be an effective predictor of urban hydrology across a wider range of urban contexts. This is particularly important for studies that forecast hydrologic implications of urbanization and interactions with climate change [38,39], as well as for understanding cross city variation [13].



There are several reasons why a smaller, younger city may have higher densities of stormwater infrastructure compared to an older, more established city. For one, newer cities with less impervious area may face fewer spatial constraints to implementing infrastructure projects. Retrofitting an area for infrastructure is likely to be more costly than implementing infrastructure during initial development, especially if installing storm sewer systems in an area that is already built up. Retrofitting an area with green infrastructure or detention basins is likely to be even more difficult because it essentially involves a land-use change [40,41] since existing infrastructure (including impervious surfaces) must be removed and space for retention-based infrastructure may not exist in already developed areas [12]. In addition to physical barriers, there may also be institutional barriers to infrastructure retrofits. Often changes in stormwater management infrastructure also require new regulatory and management frameworks [12,40,41], which might be more difficult to change in older more established cities than newly urbanizing areas. Indeed, variation in the density of detention basins across the three cities is likely related to differences in drainage standards for new development across the three cities. Logan and Salt Lake have the same standard: New development must not produce more than 0.2 cubic feet per second (cfs) of runoff per acre. In contrast, Heber has a stricter requirement of less than 0.1 cfs per acre. The importance of institutional barriers is particularly relevant within the context of broader frameworks for sustainable urban water management, which often suggest that management or infrastructure approaches are transferable across urban contexts. In Utah, strong prior appropriations law limits the use rainwater harvesting for either water reuse or reducing stormwater flow downstream [42,43]. As a result, forward-thinking frameworks, e.g., as mentioned in Reference [21], also need to evaluate the feasibility of proposed approaches across a wide range of cities.



In addition to current patterns of infrastructure, trajectories of infrastructure use varied across the three study cities. In particular, there were two distinct transition patterns, one followed by Salt Lake City, and a second followed by the two newer cities. Salt Lake City followed a characteristic transition that has been observed in other cities: the centralized storm sewer was developed in early city development followed by a shift to decentralized practices in the 1970s. This trajectory matches well with patterns observed in specific cities [5,20] and general descriptions of paradigm shifts [12,17,18,21]. Patterns of infrastructure use in the newer cities, however, did not fit this model. These cities had no need for extensive stormwater infrastructure in early 1900s; they were largely agricultural areas with limited development. In fact, these cities appeared to follow multiple paradigms at once. When these cities were reaching “urban” levels of imperviousness, the use of decentralized stormwater infrastructure, particularly detention basins, had become standard practice. Rather than transitioning from centralized to decentralized, these cities made use of both the current and older paradigms, combining decentralized detention basins and swales with storm sewers. As a result, Logan and Heber showed increase in all forms of infrastructure with urbanization. Again, this is critically important for understanding variations across cities and for making predictions about urban watershed function into the future. These results suggest that urbanization of small- and mid-sized cities in the United States could have very different consequences for hydrology and downstream ecosystems compared to current paradigms of urban hydrology [20,36] and urban streams [25,37] that are based on older and larger cities.



Earlier work has suggested that the time of urbanization is an important determinant of the type of stormwater infrastructure used in a particular location within a city [5,9,18]. However, the different trajectories followed by these three cities suggests that the time of urbanization for the city as a whole, rather than locations within a city, could determine the trajectory of infrastructure use. This is important because it presents a much more complex and nuanced picture of urban change than previous reviews which suggest that cities all follow similar or identical paths [17,18,20]. We know from urban metabolism studies that cities can follow different trajectories [23,44], yet it is particularly important to understand how and why stormwater infrastructure trajectories vary across cities. In a study of three older East-coast cities, Hopkins et al. [13] found that development intensity during peak growth was the best predictor of hydrologic changes due to urbanization and hypothesize that the period of peak urbanization controls hydrologic changes particularly by setting the dominant stormwater infrastructure and road network. As a result, infrastructure use trajectories can lend insight into not only structural but also functional variation across cities today.




4.2. Paradigm Shifts in Stormwater Management


The media content analysis revealed shifts in all aspects of management paradigms that paralleled observed shifts in infrastructure use in Salt Lake City. Problems shifted from a focus on property damage to more emphasis on environmental damage and an increased focus on water quality rather than just quantity. The causes of stormwater and flood problems cited in the news media also changed over time, shifting from rainfall and the lack of urban infrastructure to the dominance of snowmelt as a source of flooding. Similarly, range of solutions mentioned in the media broadened from the first to second period, with a shift from more structural solutions to behavioral (e.g., flood insurance, sandbags, modeling floods) and ecological (e.g., floodplain protection) solutions. Finally, in terms of constraints, the emergence of federal regulations, largely related to the Clean Water Act, was a major development by the second period that likely influenced other aspects of stormwater and flood management paradigms. These changes in management paradigms paralleled the trajectory of infrastructure use in Salt Lake City. Early focus on flood management and water quality in the early period was matched with use of storm sewers to remove flood and storm waters from the urban area. In the more recent period, the focus on water quality and discussion of more ecological and alternative solutions for stormwater management was matched by the dramatic increase in the use of detention and retention basins in the city.



While the analysis presented here does not address the causes of these changes, three general processes are suggested by the results and the existing literature. The first is that local scale paradigms mirror larger scale (e.g., national) trends, the second that the problems and solutions for stormwater management shifted because early problems were successfully addressed, and the third is that these changes were in response to local flooding events between the two study periods which catalyzed a paradigm shift. In reality, the changes documented here are likely due to a combination of these three processes.



The paradigm shifts observed in Salt Lake City mirror the larger trends in stormwater management presented in earlier studies. Other authors have noted that for stormwater management and urban hydrology in general, the problems and objectives of management have shifted over time, in particular from a single focus on reducing urban flooding to the inclusion of water quality and the effects of stormwater on the environment [12,17,18,20]. The solutions available for stormwater management have also changed at broad scales. Authors have noted shifts from conveyance to retention-based infrastructure and the use of infrastructure that meets broader sets of objectives, including recreation, pollution abatement, and sustainability, in addition to flood control [12,17,18,21,45]. The emergence of regulations, notably the EPA’s Phase I and II stormwater permit rules in 1990 and 1999, have been cited as a major driver of changes in the objectives of stormwater management, particularly the relatively recent focus on water quality [12,46]. For several reasons, it is to be expected that local paradigms of stormwater management should reflect broader scale patterns. Cities do not exist as independent entities; they exist within social and technological networks across which information flows are substantial [47]. Indeed, similarities in paradigm shifts across cities have been observed for other water management issues [48]. Furthermore, cities are subject to similar cross scale drivers; in the United States, federal requirements are an important example [12,47]. Yet other socioeconomic drivers can be important as well. For example, a major argument advanced for the development of the centralized storm sewer system in Salt Lake City was that it would provide work for the many men who were unemployed due to the Great Depression (e.g., [49]). The same processes occurred in Kansas City, where infrastructure projects, including for stormwater and flood control, were used as a stimulus measure [50]. Similarly, large scale social shifts may also be important, such as normative shifts in how people value the environment, which can shape the development of new technologies and vice versa [45,51].



The second potential processes driving changes in management paradigms in Salt Lake City could be that flooding problems declined due to the effectiveness of existing management and infrastructure, leading to the decline in the perception of flooding as a problem. It is likely that successful infrastructure improvements have lowered incidences of flooding. However, according to the NOAA National Climate Data Center Storm Event Database [52], flood damages in Salt Lake County from 1997 to 2014 totaled $5.8 million, suggesting that this problem has not been eliminated. As a result, it seems unlikely that major changes in the occurrence of hydrologic floods changed perceptions of flooding as a problem. Instead, what may have changed is the social construction of flooding. Previous work has shown that flood risk perceptions can change without any changes in physical risk due to political and economic processes [53]. In Quebec, Canada, Castonguay [53] documented increases in social perceptions of vulnerability to floods over time, as elites needed public support to regulate the river for industrial purposes. It is possible that the inverse process occurred in Salt Lake City. More in line with the directionality of my findings, Brugger and Crimmins [54] found a similar pattern in perceptions of climate change, notably, a shift from trying to “overcome” climate change to “living with the climate”. This approach of acknowledging environmental processes and the potential for hazards but approaching through adaptation rather than control, has parallels with perspectives in Salt Lake City. In particular, the use of models and sandbags to predict flooding and prevent damages, in combination with encouragement of residents and businesses to purchase flood insurance, suggest a more adaptive and accepting approach of living with flooding, rather than trying to control it.



Finally, paradigm shifts may also have been driven by local, rather than external, processes. In particular, management approaches may have changed in response to several large flooding events that occurred during the time between these two study periods. Major flooding events occurred in 1952, 1963, 1982, and 1983. Much research has been devoted to understanding responses to major floods and other hazards [55,56,57], and a key hypothesis in policy change is that major events or crises can create windows of opportunity for policy and institutional change [58,59,60]. Because this analysis is focused on two distinct periods before and after these floods, more research is needed to understand the dynamics of paradigm transitions in the interim period. The likelihood is that the paradigm shifts observed here were due to the individual and interactive effects of many social, physical, and technological processes at local to global scales.





5. Conclusions


Even across three cities with similar social and ecological context, stormwater infrastructure use, in terms of design and density, was variable across cities and within cities over time. A clear understanding of the factors driving variation in stormwater infrastructure use is lacking, highlighting the need for similar studies with large sample sizes. However, it is clear from these three cities that land cover change and hydrologic engineering are not parallel processes and that the ways in which cities are drained need to be taken into account in order to accurately understand and make predictions about urban hydrology. Future studies are needed to link spatiotemporal patterns of infrastructure use with analysis of drivers (e.g., planning policies) and hydrologic outcomes to design our cities to be resilient and adaptable to climate change and population growth.



It is clear from this and previous work that the paradigms that guide decision-making about urban infrastructure have changed significantly over the past 100 years, with major shifts in the goals and solution space for stormwater management. Importantly, local paradigm shifts are variable, but they are certainly linked to larger scale trends. For example, the emergence of federal regulations can change local dialogue about problems and solutions. This highlights the importance of understanding historical context of each individual city, as well as the difficulty in projecting or predicting future changes in urban infrastructure. Our decisions about how to manage our cities in the future may be based on novel paradigms that we may or may not be able to anticipate. Importantly, while there is evidence that larger scale trends influence local paradigms, there remains the variation in infrastructure trajectories across these three study cities. This suggests that overall, broad paradigms seem influence all three cities, but newer cities follow different trajectories. In this case, there is some evidence for the idea of leap-frog development, where newer cities skip initial development stages, and yet there is also evidence that new cities are also playing catch up—building conveyance as well as retention infrastructure—and borrowing from multiple paradigms. Future work is needed to explore the dynamics of management paradigms in these newer cities. Ultimately, how cities are designed, including urban infrastructure, is a reflection of how humans see the world: What problems are being addressed and what the best available solutions are. There have been major changes over time in how urban problems are defined and addressed, and these changes have created heterogeneity within and across cities as cities develop.
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Figure 1. Location and imperviousness of three study cities. Imperviousness data from 2011 National Land Cover Database [30]. 
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Figure 2. Annual infrastructure use (new infrastructure normalized by new development), population, and imperviousness (%) for Salt Lake City, Logan, and Heber City, UT from 1900 to 2010. 
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Figure 3. Changes in infrastructure density with % imperviousness (a proxy for urbanization) in Salt Lake City, Logan, and Heber City, UT. 
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Figure 4. Problems associated with flooding and stormwater during two periods as mentioned in the Salt Lake City news media. 
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Figure 5. Causes of flooding and stormwater problems during two periods as mentioned in the Salt Lake City news media. 
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Figure 6. Solutions proposed to address flooding and stormwater during two periods as mentioned in the Salt Lake City news media. 
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Table 1. Characteristics of three study cities.
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Characteristics

	
Salt Lake City

	
Logan

	
Heber City






	
Population (2013)

	
191,180

	
48,913

	
12,911




	
First settled

	
1847

	
1859

	
1859




	
Average Annual Population Growth

	
˗

	
˗

	
˗




	
1900 to 1950

	
4.80%

	
4.18%

	
1.40%




	
1950 to 2000

	
0.00%

	
3.08%

	
2.96%




	
2000 to 2014

	
0.14%

	
0.14%

	
1.43%




	
Decade with fastest growth rate

	
1900 (73%)

	
1950 (42%)

	
2000 (56%)




	
City stormwater management

	
Public Utilities

	
Public Works

	
City Engineering




	
Impact fees for stormwater (per single family unit)

	
$374

	
$306

	
$0




	
Impervious surface (%, 2011)

	
54

	
40

	
31










© 2016 by the author; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).
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